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Abstract

Objectives: Osteoclasts rapidly form on the surface of bone chips at augmentation sites. The

underlying molecular mechanism, however, is unclear. Soluble factors released from bone chips

in vitro have a robust impact on mesenchymal cell differentiation. Whether these soluble factors

change the differentiation of hematopoietic cells into osteoclasts remains unknown.

Methods: Osteoclastogenesis, the formation of tartrate-resistant acid phosphatase-positive

multinucleated cells, was studied with murine bone marrow cultures exposed to RANKL and M-CSF,

and conditioned medium from fresh (BCM) and demineralized bone matrix (DCM). Histochemical

staining, gene and protein expression, as well as viability assays were performed.

Results: This study shows that BCM had no impact on osteoclastogenesis. However, when BCM

was heated to 85°C (BCMh), the number of tartrate-resistant acid phosphatase-positive

multinucleated cells that developed in the presence of RANKL and M-CSF approximately doubled.

In line with the histochemical observations, there was a trend that BCMh increased expression of

osteoclast marker genes, in particular the transcription factor c-fos. The expression of c-fos was

significantly reduced by the TGF-b receptor I antagonist SB431542. DCM significantly stimulated

osteoclastogenesis, independent of thermal processing.

Conclusions: These data demonstrate that activated BCM by heat and DBM are able to stimulate

osteoclastogenesis in vitro. These in vitro results support the notion that the resorption of

autografts may be supported by as yet less defined paracrine mechanisms.

Bone augmentation is a common procedure

in oral, maxillofacial, and orthopedic surgery

(Chiapasco et al. 2009; Myeroff & Archdea-

con 2011; Buser et al. 2013). Malformation,

trauma, and dental implant surgery can make

bone grafts necessary for reconstruction sur-

gery (Chiapasco et al. 2009). Autografts have

unique characteristics, which make them a

favorable material for bone regeneration; they

contain living cells that can contribute to

bone formation (Bohr et al. 1968), serve as a

scaffold (Saulacic et al. 2014), and contain

bioactive molecules that are released from

the bone matrix upon resorption (Crane &

Cao 2014). This trinity of properties is

known as osteogenicity, osteoconductivity,

and osteoinductivity (Khan et al. 2005; Gra-

bowski & Cornett 2013). It does not rule out

that there may be further properties, as yet

poorly defined, which add to the existing

knowledge of how autografts modulate bone

regeneration.

The paracrine function, or at least the pas-

sive release of soluble factors of harvested

bone, can be considered the fourth property

of autografts and should be distinguished

from the endocrine function of orthotropic

bone in whole-organism physiology (Karsenty

& Ferron 2012). Proteomic analysis detected

numerous molecules, including growth fac-

tors, in bone-conditioned medium (BCM) (Ca-

ball�e-Serrano et al. 2014) and has therefore

extended existing knowledge of the composi-

tion of whole bone (Kupcova Skalnikova

2013; Romanello et al. 2013). Osteocyte-

derived molecules are also found in BCM

(Brolese et al. 2014), and BCM potently

affects the differentiation of mesenchymal

cells in vitro (Peng et al. 2014). Thus, there

is increasing evidence that freshly prepared
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bone chips release bioactive molecules,

thereby supporting the hypothesis that auto-

grafts have a transient paracrine-like func-

tion.

Resorption of autografts is a clinical chal-

lenge and occurs early during graft consolida-

tion. Multiple osteoclasts rapidly appear

when bone chips are placed into bone defects

(Saulacic et al. 2014), likely explaining why

no residual autografts were detectable 2 years

after contour augmentation (Jensen et al.

2014). Resorption occurs with bone harvested

from different anatomical regions and placed

into different augmentation sites, for exam-

ple, bone harvested from the iliac crest or

ramus and used for sinus floor elevation or

ridge augmentation (Spin-Neto et al. 2013;

Schmitt et al. 2014). Bone graft resorption is

thus not only a clinical principle in regenera-

tive medicine, but also an evolutionary prin-

ciple removing dead bone after injury or

disease. The molecular mechanisms control-

ling osteoclastogenesis on the surface of bone

grafts are unknown. It is possible that mole-

cules released by the bone grafts initiate or at

least support the process of osteoclastogene-

sis.

Osteoclasts originate from hematopoietic

stem cells when the key factor – receptor

activator of nuclear factor kappa-B ligand

(RANKL) – is present (Suda et al. 1999). Os-

teoclastogenesis also requires the M-CSF

receptor (c-fms) (Hofstetter et al. 1992). Oste-

oclasts are characterized by their multinucle-

ated morphology and the expression of

tartrate-resistant acid phosphatase (TRAP),

cathepsin k (CatK), and the calcitonin recep-

tor (CTR). Osteoclasts express costimulatory

molecules activating the immunoreceptor

tyrosine-based activation motif (ITAM)-

dependent pathway (Koga et al. 2004). Osteo-

clast-associated receptor (OSCAR) and trig-

gering receptor expressed in myeloid cells 2

(TREM2) are receptors that are associated

with the respective adaptor molecules Fc

receptor common gamma chain (FcRc) and

DNAX-activating protein 12 kDa (DAP12),

respectively. Downstream signaling pathways

culminate in the increased expression of

transcription factors c-fos and nuclear factor

of activated T cells c1 (NFATc1), both master

regulators of osteoclastogenesis. Moreover,

microphthalmia-associated transcription fac-

tor (MITF) and PU.1 can modulate osteoclas-

togenesis (Sharma et al. 2007). Also relevant

are genes that regulate cell fusion, that is,

dendritic cell-specific transmembrane protein

(DC-STAMP) and the ATPase, H+ transport-

ing, lysosomal 38 kDa, and V0 subunit d2

(Atp6v0d2) (Lee et al. 2006; Miyamoto et al.

2012). This study determined the expression

levels of the respective genes to understand

the role of BCM during osteoclastogenesis

in vitro.

TGF-b is a heat-stable molecule present in

BCM (Caball�e-Serrano et al. 2014; Peng et al.

2014) and in conditioned medium from demin-

eralized bone (DCM) (Schuldt Filho et al.

2015) that can considerably increase osteoclas-

togenesis in bone marrow cultures (Fuller

et al. 2000). Thus, current evidence supports

the idea that BCM can enhance osteoclasto-

genesis via a TGF-b-dependent mechanism

but not involving c-fos (Fox et al. 2008). Prote-

omic analysis of BCM (Caball�e-Serrano et al.

2014) further revealed other molecules that

can stimulate osteoclastogenesis, such as ann-

exin A2 (Menaa et al. 1999) – but maybe more

interestingly, also molecules that inhibit os-

teoclastogenesis, such as apolipoprotein E

(Kim et al. 2013), lactotransferrin (Lorget et al.

2002), macrophage migration inhibitory factor

(Jacquin et al. 2009), and angiogenin (Morita

et al. 2008). Thus, it remains unclear whether

the pro-osteoclastogenic or the anti-osteoclas-

togenic molecules dominate in BCM. The bio-

assay presented integrates the overall impact

of BCM and DCM on the complex process of

osteoclastogenesis in vitro.

Material and methods

Bone-conditioned medium

Bone-conditioned medium (BCM) was pre-

pared from porcine fresh cortical bone chips as

described recently (Caball�e-Serrano et al.

2014; Kuchler et al. 2014; Peng et al. 2014). In

brief, bone was obtained from adult pigs

within 6 h postmortem (Metzger Meinen,

Bern, Switzerland). Cortical bone chips were

harvested from the mandible and placed into

sterile plastic dishes containing DMEM sup-

plemented with antibiotics and antimycotics

at 50% (wet weight/volume) (all Life Technol-

ogies, Grand Island, NY, USA). BCM was col-

lected after 24 h, filtered sterile, and kept

frozen at �20°C. The stocks were thawed

immediately before the experiments. BCM

was also heated at 85°C for 10 min. If not

otherwise indicated, BCM was fourfold. Varia-

tions in BCM activity can occur due to various

factors, such as techniques used for harvest-

ing, individual characteristics of the animals,

and handling of the samples.

Demineralized bone matrix-conditioned
medium

Demineralized bone matrix-conditioned med-

ium (DCM) was prepared from porcine corti-

cal bone blocks. Bone blocks were cut from

the buccal side of the porcine mandibles and

trimmed to obtain pieces measuring 3 mm in

thickness and 12 mm in length. Bone blocks

were subjected to defatting and demineraliza-

tion with 0.5 M HCL at 4°C for 24 h. Defat-

ting was performed twice with acetone and

methanol (1 : 1). Residual acid was neutral-

ized by repeatedly washing the bone blocks

with demineralized water for 30 min. Follow-

ing elimination of residual acid, samples

were freeze-dried and ground. After 24 h of

incubating the demineralized bone matrix

with serum-free DMEM containing antibiot-

ics and antimycotics, conditioned medium

was filtered sterile and kept frozen at �20°C.

Variations on the DCM activity can occur

due to various factors, such as processing of

the bone.

Osteoclastogenesis in murine bone marrow
cultures

Bone marrow cells were prepared by flushing

the femur and tibiae of 4- to 6-week-old

female mice (strain Balb/c) and seeded at

one million bone marrow cells per cm² in

Eagle’s minimum essential medium-alpha

modification (aMEM) supplemented with

10% fetal calf serum (FCS), antibiotics, and

macrophage colony-stimulating factor (M-

CSF) at 30 ng/ml for 48 h. For osteoclasto-

genesis, medium was supplemented with M-

CSF at 30 ng/ml and soluble receptor activa-

tor of nuclear factor kappa-B ligand (RANKL)

at 30 ng/ml for 3 days. BCM was used at a

fourfold dilution as recently reported (Peng

et al. 2014). Recombinant proteins were pur-

chased from Prospec (Ness-Ziona, Israel).

SB431542 was used at 10 lM (Santa Cruz

Biotechnology, Santa Cruz, CA, USA). After

4 days, histochemical staining for TRAP

(Sigma Aldrich, St. Louis, MO, USA) was

performed. Cells were considered osteoclasts

when positive for TRAP and having three or

more nuclei as observed by light microscopy.

For the resorption assay, bone marrow cul-

tures were performed on dentin disks, which

were cleaned with ultrasound and stained

with toluidine blue (1%) to show resorption

pits.

Expression of marker genes in murine bone
marrow cultures

Total RNA was isolated using the High Pure

RNA Isolation Kit (Roche Applied Science,

Rotkreuz, Switzerland). Reverse transcription

(RT) was performed with Transcriptor Uni-

versal cDNA Master, and PCR was performed

with TaqMan Universal PCR Master Mix

(Applied Biosystems, Carlsbad, CA, USA) or

the FastStart Universal Probe Master Rox on

a 7500 Real-Time PCR System (Roche).
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Probes for CTR, TRAP, CatK, OSCAR,

TREM2, FcRc, DAP12 and b-actin were

obtained from TaqMan Gene Expression

Assays service (Applied Biosystems). All

other primers were designed with the online

Universal Probe Library System (Table 1).

The mRNA levels were calculated by nor-

malizing to the housekeeping gene beta-actin

using the DCt method.

Western blot analysis

For Western blot analysis, RAW 264.7 cells,

kindly provided by J€urg Gertsch (Institute of

Biochemistry and Molecular Medicine, Uni-

versity of Bern), were serum-starved over-

night and stimulated with fourfold BCM for

30 min. Cells were lysed in SDS buffer con-

taining protease and phosphatase inhibitors

(Roche). Cell extracts were separated by

SDS-PAGE and transferred onto nitrocellu-

lose membranes. After blocking, binding of

the first antibody raised against phospho

Smad3, phospho JNK, phospho p38 MAPK

(all Cell Signaling Technology, Danvers,

MA, USA), phospho ERK, and b-actin (both

Santa Cruz Biotechnology, SCBT) was

detected with the appropriate secondary anti-

body (LI-COR Biosciences; Lincoln, NE,

USA), directly labeled with near-infrared

dyes and visualized with the appropriate

imaging system (LI-COR).

BCM incubation with blood fresh-frozen
plasma

In indicated experiments, BCM was incu-

bated with human fresh-frozen plasma

( €Osterreichisches Rotes Kreuz, Austria) at

1 : 1. Coagulation was activated by adding

5 U/ml thrombin from bovine plasma (Sigma,

St Louis, MO, USA). After 12 h of incubation

at 37°C, samples were centrifuged and super-

natant was immediately used in bone mar-

row cultures at a twofold dilution.

Cell viability and proliferation

For cell viability, bone marrow cells were

exposed to BCMh for 24 h and staining was

performed (Live-Dead cell staining kit; Enzo

Life Sciences AG, Lausen, Switzerland) where

green cells are alive and red cells are dead.

To further understand the impact of BCMh

on proliferation, expression analysis of rele-

vant genes such as myb-related protein B

(MYBL2), serine/threonine protein kinases

BUB1 (budding uninhibited by benzimidaz-

oles 1), polo-like kinase 1 (PLK-1), and anti-

gen identified by monoclonal antibody Ki-67

(MKI67) was investigated.

Statistical analysis

Data are reported using dot plots showing all

data points and the median. Experiments

were repeated at least four times in dupli-

cates. Paired t-test was used to analyze RT-

PCR data of the controls vs the stimulated

groups. T-test was calculated with EXEL and

P-values indicated in the figures. Figure 1

was based on post-ANOVA comparisons with

the Tukey’s HSD test (SPSS Software, IBM,

NY, USA). In Supplement figures, no statisti-

cal analysis was used due to a small sample

size.

Results

BCMh supports RANKL-induced
osteoclastogenesis in vitro

To investigate the impact of BCM on osteocl-

astogenesis, the number of TRAP+ MNCs in

the presence of RANKL and M-CSF was deter-

Table 1. Primers for RT-PCR

Gene Forward primer Reverse primer

m c-fms gaccatggtgaatggtaggg ggataacgttgaatcccactg
m c-fos gcaactttctatgacactgaaacac tctctctagggctgcattgg
m ACTA2 ctctcttccagccatctttcat tataggtggtttcgtggatgc
m Atp6Od2 aagcctttgtttgacgctgt gccagcacattcatctgtacc
m BUB1 tcctgtaagtggccagtcatt tgaattcatgaacactttgattcac
m CTGF tgacctggaggaaaacattaaga agccctgtatgtcttcacactg
m DC-Stamp aagctccttgagaaacgatca caggactggaaaccagaaatg
m IL11 ctgtggggacatgaactgtg aggggcaacgactctatctg
m MIKI67 gctgtcctcaagacaatcatca ggcgttatcccaggagact
m MITF gacaccagccataaacgtca ttttccaggtgggtctgc
m MYBL2 gcccataaagtcctgggtaac cacagcattgtccgtcctc
m NFATc-1 ccgttgcttccagaaaataaca tgtgggatgtgaactcggaa
m PLK1 ttgtagttttggagctctgtcg cagtgccttcctcctcttgt
m PU.1 ggagaagctgatggcttgg caggcgaatctttttcttgc
m RANK gtgctgctcgttccactg agatgctcataatgcctctcct
m TRAF6 ttgcacattcagtgtttttgg tgcaagtgtcgtgccaag
m b-actin ctaaggccaaccgtgaaaag accagaggcatacagggaca

(a)

(c) (d) (e)

(b)

Fig. 1. BCMh supports RANKL-induced osteoclastogenesis in vitro. Murine bone marrow cultures were grown in

the presence of RANKL and M-CSF supplemented with BCM and BCMh at a fourfold dilution. (a, b) The number

and size of TRAP+ MNCs increased significantly in the presence of BCMh. Cells counted positive had three or more

nuclei. (c) Expression of osteoclast differentiation markers CTR, CatK, and TRAP approximately doubled in the

presence of BCMh. (d) BCMh also increased expression of osteoclast costimulatory molecules OSCAR and FcRc,

with the costimulatory molecules DAP12 and TREM2 remaining unchanged. (e) Expression of osteoclast fusion

gene DC-Stamp was increased. P < 0.05 compared to the two other groups.
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mined. As shown in Fig. 1a,b, BCM failed to

cause any visible changes in osteoclastogene-

sis. As TGF-b can enhance osteoclastogenesis

(Fuller et al. 2000), TGF-b is found in BCM

(Peng et al. 2014), and TGF-b can be activated

by heat (Brown et al. 1990), BCM was exposed

to 85°C for 10 min. The presence of BCMh

increased the number of TRAP+ MNCs in the

presence of RANKL and M-CSF (Figs 1a,b and

S1), but not in the presence of fresh-frozen

plasma (Fig. S2). There was also a trend that

BCMh increased the expression of osteoclast

markers and fusion genes (Fig. 1c,d). A resorp-

tion assay performed on dentin disks con-

firmed the activity of osteoclasts, but no

quantification was performed because of the

large variations within and between the exper-

iments (Fig. S3). It is noteworthy to mention

that most but not all preparations of BCMh

supported osteoclastogenesis (data not shown).

Together, these findings show that BCMh

moderately enhances osteoclastogenesis in vi-

tro.

BCMh increases osteoclast signaling molecule
expression

To determine whether the effect of BCMh

involves increased responsiveness of cells to

RANKL or M-CSF, the expression levels of the

respective receptors RANK and c-fms were

determined. BCMh increased expression of

RANK by around twofold but did not increase

expression of c-fms (Fig. 2a). There was also a

trend that BCMh increased expression of

TRAF6 and the respective downstream master

regulators of osteoclastogenesis, NFATc1, and

c-fos (Fig. 2b). Expression of PU.1 and MITF

was not changed considerably (Fig. 2b). Taken

together, BCMh moderately enhanced the

expression of some but not all osteoclast

signaling molecules.

BCMh-induced c-fos expression requires TGF-b
signaling

In line with a potential role of TGF-b in

mediating the effect of BCMh on osteoclasto-

genesis, blocking of TGF-bR1 kinase with

SB431542 decreased c-fos expression (Fig. 3a).

TRAP staining showed the suppression of os-

teoclastogenesis by SB431542 (Fig. 3b). Fur-

ther support for a potential role of TGF-b

signaling in the bone marrow macrophages

comes from observations that BCMh

increased the respective target genes IL11,

ACTA2, and CTGF in an SB431542-depen-

dent manner (Fig. 4a) and that BCMh slightly

stimulated phosphorylation of SMAD3 and

p38 in a macrophage cell line (Fig. 4b).

Together, these data support the assumption

that BCMh mediates at least part of its activ-

ity via TGF-b signaling.

DCM supports RANKL-induced
osteoclastogenesis in vitro

To determine whether DCM, previously pre-

pared by acid demineralization, which possi-

bly activates TGF-b (Schuldt Filho et al.

2015), had an effect on osteoclastogenesis,

the number of nuclei per TRAP+ MNCs in

the presence of RANKL and M-CSF was

determined (Fig. 5a,b). DCM increased

expression of osteoclast differentiation mark-

ers CTR, CatK, and TRAP (Fig. 5c). Expres-

sion levels of cell fusion markers DC-Stamp

and Atp6v0d2 were also significantly

enhanced (Fig. 5d). These findings are in line

with the basic concept that acid-activated

TGF-b supports osteoclastogenesis in the

presence of RANKL and M-CSF.

BCMh does not affect cell viability and
proliferation

To assess whether BCM could affect cell viabil-

ity, live–dead staining of cultures supplemented

with BCM and genetic expression analysis of

cell-cycle-related genes was executed. Live–

dead staining, where green indicates viable cells

and red indicates dead cells, showed no differ-

ences between the groups with and without

BCMh (Fig. S4A). To determine whether BCMh

affected proliferation of bone marrow cultures,

expression analysis of the cell-cycle-related

genes MYBL2, BUB1, PLK1, and MIKI67 was

performed. Expression of cell-cycle-related

genes was not affected by BCM (Fig. S4B).

Therefore, cells remain viable but are not forced

to expand when exposed to BCMh.

(a) (b)

Fig. 2. BCMh increased expression of RANK, signaling molecules, and activity of osteoclasts. To analyze whether

the effect of BCMh on bone marrow macrophages was due to increased responsiveness to RANKL or M-CSF, expres-

sion of RANK and c-fms receptors was determined. (a) Expression of the RANK receptor was notably increased in

the presence of BCMh compared to cultures with RANKL and M-CSF (RM) alone. (b) Expression of TRAF6 and the

respective downstream master regulators of osteoclastogenesis, c-fos and NFATc1, was enhanced in the presence of

BCMh. Expression of RANK regulators PU.1 and MITF was unchanged.

(a) (b)

Fig. 3. SB431542 partially blocks the impact of BCMh on c-fos expression. To understand how BCMh exerts its

effect on osteoclastogenesis, the TGF-bR1 antagonist (SB431542) was used. (a) SB431542 reduced but did not block

the expression of c-fos. (b) Addition of SB431542 to cultures with RM and BCMh abolished the formation of TRAP+

MNCs. TRAP staining is representative for two experiments with two replicates.
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Discussion

Resorption of autografts and allografts

remains a major challenge in implant den-

tistry and other fields dealing with bone

reconstruction. Osteoclasts have been

detected early, within days, on the surface of

transplanted bone (Saulacic et al. 2014). The

underlying molecular mechanism, however,

remains unknown. There is reason to suggest

that soluble factors released from trans-

planted bone support osteoclastogenesis, par-

ticularly because BCM and DCM contain

TGF-b (Peng et al. 2014; Schuldt Filho et al.

2015), and TGF-b supports in vitro osteoclas-

togenesis (Fuller et al. 2000). The results of

the present work generally support this

notion, but with one premise: BCM had to be

exposed to 85°C to enhance osteoclastogene-

sis. On the basis of these findings, it can be

concluded that in vitro, soluble factors

released from bone chips can enhance osteo-

clastogenesis.

If we relate our findings to those of other

authors, BCM greatly increased IL11 expres-

sion in mesenchymal cells, which was inhib-

ited by blocking TGF-b signaling (Peng et al.

2014). Also in the present study, BCMh

increased IL11 and other TGF-b target genes

in bone marrow cultures, again requiring

TGF-b signaling. Increased phosphorylation

of the TGF-b signaling molecules Smad3 and

p38 was also observed in the present study

(Cicek et al. 2011; Lou et al. 2013; Peng et al.

2014). Further support for TGF-b signaling

comes from observations that SB431542

reduced BCMh-induced c-fos expression (Wy-

grecka et al. 2012). Also consistent with the

present hypothesis, TGF-b is secreted in a

latent form and needs to be activated (Miyaz-

ono et al. 1988; Barcellos-Hoff 1996; Koli

et al. 2001; Hyytiainen et al. 2004), for exam-

ple by heat or low pH (Brown et al. 1990).

What was surprising, however, was that

TGF-b signaling in mesenchymal cells was

achieved without heating BCM (Peng et al.

2014). Also, the effects of recombinant TGF-b

are usually stronger than those observed with

BCMh (Fuller et al. 2000). Another explana-

tion for the enhanced osteoclastogenesis

could be the increased responsiveness to

RANKL, as BCMh considerably increased

expression of RANK. Thus, the effect of

BCM on osteoclastogenesis is likely more

complex than simply blaming it on TGF-b.

The clinical relevance of the present find-

ings can be related to the long-recognized

need to understand the mechanisms of bone

graft resorption. This information can be

used to advance current clinical concepts to

predict the outcome of bone augmentation.

Early resorption is not restricted to bone

grafts, however (Saulacic et al. 2014). Early

expression of RANKL (Kon et al. 2001) and

inflammatory cytokines such as TNF-a (Ger-

stenfeld et al. 2003), both involved in osteocl-

astogenesis, is fundamental for fracture

healing in mice. Osteoclastogenesis is also a

(a)

(b)

Fig. 4. BCMh does not affect cell viability and proliferation. (a) BCMh increased the expression of respective target

genes IL11, ACTA2, and CTGF in bone marrow cultures, which were blocked by the inhibitor for TGF-bR1 kinase,

SB431542. (b) BCMh stimulated phosphorylation of SMAD3 and p38 in the macrophage cell line RAW 264.7. Wes-

tern blot data are representative for three experiments with one replicate.

(a)

(c) (d)

(b)

Fig. 5. DCM supports RANKL-induced osteoclastogenesis in vitro. Murine bone marrow cultures were grown in

the presence of RANKL and M-CSF supplemented with DCM at a fourfold dilution. (a, b) The number of nuclei per

TRAP+ MNCs was increased significantly in the presence of DCM. (c, d) Expression of osteoclast differentiation

markers CTR, CatK, and TRAP was increased up to fivefold in the presence of DCM. DCM also increased expres-

sion of fusion genes DC-Stamp and Atp6v0d2.
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hallmark of the early phase following tooth

extraction (Cardaropoli et al. 2003) and

implant insertion (Vasak et al. 2013). Overall,

osteoclastogenesis and bone resorption pre-

cede osteoclastogenesis and bone formation –

which is a general biological principle in

bone regeneration. Whether the function of

particulated bone, exemplified by the rather

weak in vitro impact of BCMh and DCM on

osteoclastogenesis, explains the rather strong

in vivo osteoclastogenesis remains to be

determined.

Many questions remain to be answered.

First, it is unclear whether the stimulation of

osteoclastogenesis by BCMh is due to heat-

labile inhibitors or heat-activated stimulators

of osteoclastogenesis, or a mixture of both.

Second, we cannot simulate in vitro, if and

how BCM will be activated in vivo, consider-

ing that even if unheated, BCM has potent

effects on mesenchymal cells (Peng et al.

2014). Our attempt to use fresh-frozen

plasma to simulate the proteases of blood

clots, and thereby activate BCM, failed

because of the strong inhibition of osteoclas-

togenesis (Agis et al. 2013). Third, it remains

unclear whether BCMh and DCM use the

same mechanisms to stimulate osteoclasto-

genesis. Fourth, it is still uncertain whether

the changes in c-fos caused by BCMh, the

partial implication of TGF-b signaling, and

the phosphorylation of Smad3 and other kin-

ases have implications for osteoclastogenesis.

Fifth, it is surprising that BCM changes the

expression of osteoclast genes to almost the

same extent that BCMh does, but only the

latter preparation visibly supports osteoclas-

togenesis after histochemical staining of

TRAP. Finally, BCM mainly contains pro-

teins released because of mechanical deterio-

ration of the bone matrix and from the

remaining viable cells, including osteocytes

(Brolese et al. 2014; Caball�e-Serrano et al.

2014) – but not selectively those being

actively released by osteoclasts during bone

resorption (Crane & Cao 2014). Many ques-

tions remain unanswered. Nonetheless, the

present data provide a scientific basis for

more in-depth research in the field of bone

regeneration – and specifically, in graft

resorption.

Future studies should determine the role of

osteocytes as a source of paracrine factors

and their role in osteoclastogenesis during

bone regeneration in general and in particular

the resorption of autologous bone grafts. Os-

teocytes are important because their apopto-

sis initiates osteoclastogenesis in mouse

models (Tatsumi et al. 2007) and because

they also control this process during normal

bone remodeling, even being responsible for

the adaptation of bone to loading (Nakashima

et al. 2011; Xiong et al. 2011). Nevertheless,

we have no direct evidence that osteocytes

contribute to the activity of BCMh in osteo-

clastogenesis; exploring this remains a cen-

tral aim of future studies. Furthermore, a

genome-wide microarray of hematopoietic

cells subjected to BCM would possibly pro-

vide valuable clues to a deeper understanding

of the paracrine function of particulated

autologous or demineralized and freeze-dried

allogenic bone at regeneration sites.

In conclusion, this pioneer study presents

preliminary data on how soluble factors

released from bone grafts affect osteoclasto-

genesis. This information likely serves as one

piece of a puzzle allowing us to understand

the complex process of graft resorption

within the overall sequential process of graft

consolidation.

Acknowledgements: We would like

to thank Catherine Solioz for skillful

technical assistance. Kosaku Sawada helped

harvest the bone chips and prepare the BCM.

Jordi Caball�e-Serrano received a scholarship

from the Foundation of Dental Research and

Education, Basel, Switzerland. No other

external support was received.

References

Agis, H., Schrockmair, S., Skorianz, C., Fischer,

M.B., Watzek, G. & Gruber, R. (2013) Platelets

increase while serum reduces the differentiation

and activity of osteoclasts in vitro. Journal of

Orthopaedic Research 31: 1561–1569.

Barcellos-Hoff, M.H. (1996) Latency and activation

in the control of TGF-beta. Journal of Mammary

Gland Biology and Neoplasia 1: 353–363.

Bohr, H., Ravn, H.O. & Werner, H. (1968) The oste-

ogenic effect of bone transplants in rabbits. The

Journal of Bone and Joint Surgery. British Vol-

ume 50: 866–873.

Brolese, E., Kuchler, U., Buser, D., Schaller, B. &

Gruber, R. (2014) Human bone chips release of

sclerostin and FGF-23 into the culture medium:

an in vitro pilot study. Clinical Oral Implants

Research 26: 1211–1214.

Brown, P.D., Wakefield, L.M., Levinson, A.D. &

Sporn, M.B. (1990) Physicochemical activation

of recombinant latent transforming growth

factor-beta’s 1, 2, and 3. Growth Factors 3: 35–

43.

Buser, D., Chappuis, V., Kuchler, U., Bornstein,

M.M., Wittneben, J.G., Buser, R., Cavusoglu, Y.

& Belser, U.C. (2013) Long-term stability of early

implant placement with contour augmentation.

Journal of Dental Research 92: 176S–182S.

Caball�e-Serrano, J., Bosshardt, D.D., Buser, D. &

Gruber, R. (2014) Proteomic analysis of porcine

bone conditioned medium. The International

Journal of Oral & Maxillofacial Implants 29:

1208–1215.

Cardaropoli, G., Araujo, M. & Lindhe, J. (2003)

Dynamics of bone tissue formation in tooth

extraction sites. An experimental study in dogs.

Journal of Clinical Periodontology 30: 809–818.

Chiapasco, M., Casentini, P. & Zaniboni, M. (2009)

Bone augmentation procedures in implant den-

tistry. The International Journal of Oral & Max-

illofacial Implants 24(Suppl): 237–259.

Cicek, M., Vrabel, A., Sturchio, C., Pederson, L.,

Hawse, J.R., Subramaniam, M., Spelsberg, T.C.

& Oursler, M.J. (2011) TGF-beta inducible early

gene 1 regulates osteoclast differentiation and

survival by mediating the nfatc1, akt, and

mek/erk signaling pathways. PLoS One 6:

e17522.

Crane, J.L. & Cao, X. (2014) Bone marrow mesen-

chymal stem cells and TGF-beta signaling in

bone remodeling. The Journal of Clinical Investi-

gation 124: 466–472.

Fox, S.W., Evans, K.E. & Lovibond, A.C. (2008)

Transforming growth factor-beta enables NFATc1

expression during osteoclastogenesis. Biochemi-

cal and Biophysical Research Communications

366: 123–128.

Fuller, K., Lean, J.M., Bayley, K.E., Wani, M.R. &

Chambers, T.J. (2000) A role for TGFbeta(1) in

osteoclast differentiation and survival. Journal of

Cell Science 113(Pt 13): 2445–2453.

Gerstenfeld, L.C., Cho, T.J., Kon, T., Aizawa, T.,

Tsay, A., Fitch, J., Barnes, G.L., Graves, D.T. &

Einhorn, T.A. (2003) Impaired fracture healing in

the absence of tnf-alpha signaling: the role of tnf-

alpha in endochondral cartilage resorption. Jour-

nal of Bone and Mineral Research 18: 1584–1592.

Grabowski, G. & Cornett, C.A. (2013) Bone graft

and bone graft substitutes in spine surgery: cur-

rent concepts and controversies. The Journal of

the American Academy of Orthopaedic Surgeons

21: 51–60.

Hofstetter, W., Wetterwald, A., Cecchini, M.C.,

Felix, R., Fleisch, H. & Mueller, C. (1992) Detec-

tion of transcripts for the receptor for macrophage

colony-stimulating factor, c-fms, in murine osteo-

clasts. Proceedings of the National Academy of

Sciences of the United States of America 89:

9637–9641.

Hyytiainen, M., Penttinen, C. & Keski-Oja, J.

(2004) Latent tgf-beta binding proteins: extracellu-

lar matrix association and roles in TGF-beta acti-

vation. Critical Reviews in Clinical Laboratory

Sciences 41: 233–264.

Jacquin, C., Koczon-Jaremko, B., Aguila, H.L., Leng,

L., Bucala, R., Kuchel, G.A. & Lee, S.K. (2009)

Macrophage migration inhibitory factor inhibits

osteoclastogenesis. Bone 45: 640–649.

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 231 | Clin. Oral Impl. Res. 27, 2016 / 226–232

Caball�e-Serrano et al �Bone-conditioned medium increases osteoclastogenesis



Jensen, S.S., Bosshardt, D.D., Gruber, R. & Buser,

D. (2014) Long-term stability of contour

augmentation in the esthetic zone. Histologic

and histomorphometric evaluation of 12 human

biopsies after 14 to 80 months of function. Jour-

nal of Periodontology 85: 1549–1556.

Karsenty, G. & Ferron, M. (2012) The contribution

of bone to whole-organism physiology. Nature

481: 314–320.

Khan, S.N., Cammisa, F.P., Jr, Sandhu, H.S., Diwan,

A.D., Girardi, F.P. & Lane, J.M. (2005) The biol-

ogy of bone grafting. The Journal of the American

Academy of Orthopaedic Surgeons 13: 77–86.

Kim, W.S., Kim, H.J., Lee, Z.H., Lee, Y. & Kim, H.H.

(2013) Apolipoprotein E inhibits osteoclast differ-

entiation via regulation of c-fos, NFATc1 and NF-

kappaB. Experimental Cell Research 319: 436–446.

Koga, T., Inui, M., Inoue, K., Kim, S., Suematsu, A.,

Kobayashi, E., Iwata, T., Ohnishi, H., Matozaki,

T., Kodama, T., Taniguchi, T., Takayanagi, H. &

Takai, T. (2004) Costimulatory signals mediated

by the itam motif cooperate with RANKL for

bone homeostasis. Nature 428: 758–763.

Koli, K., Saharinen, J., Hyytiainen, M., Penttinen,

C. & Keski-Oja, J. (2001) Latency, activation, and

binding proteins of tgf-beta. Microscopy Research

and Technique 52: 354–362.

Kon, T., Cho, T.J., Aizawa, T., Yamazaki, M.,

Nooh, N., Graves, D., Gerstenfeld, L.C. & Ein-

horn, T.A. (2001) Expression of osteoprotegerin,

receptor activator of nf-kappab ligand (osteopro-

tegerin ligand) and related proinflammatory cyto-

kines during fracture healing. Journal of Bone

and Mineral Research 16: 1004–1014.

Kuchler, U., Schmid, C., Buser, D. & Gruber, R.

(2014) The shape of a bone scraper: an in vitro

pilot study using porcine bone chips. Interna-

tional Journal of Oral and Maxillofacial Surgery

43: 879–882.

Kupcova Skalnikova, H. (2013) Proteomic tech-

niques for characterisation of mesenchymal stem

cell secretome. Biochimie 95: 2196–2211.

Lee, S.H., Rho, J., Jeong, D., Sul, J.Y., Kim, T., Kim,

N., Kang, J.S., Miyamoto, T., Suda, T., Lee, S.K.,

Pignolo, R.J., Koczon-Jaremko, B., Lorenzo, J. &

Choi, Y. (2006) V-atpase v0 subunit d2-deficient

mice exhibit impaired osteoclast fusion and

increased bone formation. Nature Medicine 12:

1403–1409.

Lorget, F., Clough, J., Oliveira, M., Daury, M.C.,

Sabokbar, A. & Offord, E. (2002) Lactoferrin

reduces in vitro osteoclast differentiation and re-

sorbing activity. Biochemical and Biophysical

Research Communications 296: 261–266.

Lou, Z., Yang, Y., Ren, T., Tang, S., Peng, X., Lu,

Q., Sun, Y. & Guo, W. (2013) Smad3 is the key to

transforming growth factor-beta1-induced osteo-

clast differentiation in giant cell tumor of bone.

Medical Oncology 30: 606.

Menaa, C., Devlin, R.D., Reddy, S.V., Gazitt, Y.,

Choi, S.J. & Roodman, G.D. (1999) Annexin II

increases osteoclast formation by stimulating the

proliferation of osteoclast precursors in human

marrow cultures. The Journal of Clinical Investi-

gation 103: 1605–1613.

Miyamoto, H., Suzuki, T., Miyauchi, Y., Iwasaki,

R., Kobayashi, T., Sato, Y., Miyamoto, K., Hoshi,

H., Hashimoto, K., Yoshida, S., Hao, W., Mori,

T., Kanagawa, H., Katsuyama, E., Fujie, A., Mori-

oka, H., Matsumoto, M., Chiba, K., Takeya, M.,

Toyama, Y. & Miyamoto, T. (2012) Osteoclast

stimulatory transmembrane protein and dendritic

cell-specific transmembrane protein cooperatively

modulate cell-cell fusion to form osteoclasts and

foreign body giant cells. Journal of Bone and Min-

eral Research 27: 1289–1297.

Miyazono, K., Hellman, U., Wernstedt, C. & Hel-

din, C.H. (1988) Latent high molecular weight

complex of transforming growth factor beta 1.

Purification from human platelets and structural

characterization. The Journal of Biological Chem-

istry 263: 6407–6415.

Morita, Y., Matsuyama, H., Serizawa, A., Takeya,

T. & Kawakami, H. (2008) Identification of

angiogenin as the osteoclastic bone resorption-

inhibitory factor in bovine milk. Bone 42:

380–387.

Myeroff, C. & Archdeacon, M. (2011) Autogenous

bone graft: donor sites and techniques. The Jour-

nal of Bone and Joint Surgery. American Volume

93: 2227–2236.

Nakashima, T., Hayashi, M., Fukunaga, T., Kurata,

K., Oh-Hora, M., Feng, J.Q., Bonewald, L.F., Kod-

ama, T., Wutz, A., Wagner, E.F., Penninger, J.M.

& Takayanagi, H. (2011) Evidence for osteocyte

regulation of bone homeostasis through rankl

expression. Nature Medicine 17: 1231–1234.

Peng, J., Nemec, M., Brolese, E., Bosshardt, D.D.,

Schaller, B., Buser, D. & Gruber, R. (2014) Bone-

conditioned medium inhibits osteogenic and adi-

pogenic differentiation of mesenchymal cells

in vitro. Clinical Implant Dentistry and Related

Research 17: 938–949.

Romanello, M., Piatkowska, E., Antoniali, G., Ce-

saratto, L., Vascotto, C., Iozzo, R.V., Delneri, D.

& Brancia, F.L. (2013) Osteoblastic cell secretom-

e: a novel role for progranulin during risedronate

treatment. Bone 58: 81–91.

Saulacic, N., Bosshardt, D.D., Jensen, S.S., Miron,

R.J., Gruber, R. & Buser, D. (2014) Impact of bone

graft harvesting techniques on bone formation

and graft resorption: a histomorphometric study

in the mandibles of minipigs. Clinical Oral

Implants Research 26: 383–391.

Schmitt, C., Karasholi, T., Lutz, R., Wiltfang, J.,

Neukam, F.W. & Schlegel, K.A. (2014) Long-term

changes in graft height after maxillary sinus aug-

mentation, onlay bone grafting, and combination

of both techniques: a long-term retrospective

cohort study. Clinical Oral Implants Research

25: e38–e46.

Schuldt Filho, G., Caball�e-Serrano, J., Sawada, K.,

Bosshardt, D.D., Aur�elio Bianchini, M., Buser, D. &

Gruber, R. (2015) Conditioned medium of deminer-

alized freeze-dried bone activates gene expression

in periodontal fibroblasts in vitro. Journal of Peri-

odontology. Accepted.

Sharma, S.M., Bronisz, A., Hu, R., Patel, K., Man-

sky, K.C., Sif, S. & Ostrowski, M.C. (2007) Mitf

and pu.1 recruit p38 MAPK and NFATc1 to target

genes during osteoclast differentiation. The Jour-

nal of Biological Chemistry 282: 15921–15929.

Spin-Neto, R., Stavropoulos, A., Dias Pereira, L.A.,

Marcantonio, E. Jr & Wenzel, A. (2013) Fate of

autologous and fresh-frozen allogeneic block bone

grafts used for ridge augmentation. A CBCT-

based analysis. Clinical Oral Implants Research

24: 167–173.

Suda, T., Takahashi, N., Udagawa, N., Jimi, E., Gil-

lespie, M.T. & Martin, T.J. (1999) Modulation of

osteoclast differentiation and function by the

new members of the tumor necrosis factor recep-

tor and ligand families. Endocrine Reviews 20:

345–357.

Tatsumi, S., Ishii, K., Amizuka, N., Li, M., Kobay-

ashi, T., Kohno, K., Ito, M., Takeshita, S. & Ike-

da, K. (2007) Targeted ablation of osteocytes

induces osteoporosis with defective mechano-

transduction. Cell Metabolism 5: 464–475.

Vasak, C., Busenlechner, D., Schwarze, U.Y., Leit-

ner, H.F., Munoz Guzon, F., Hefti, T., Schlottig,

F. & Gruber, R. (2013) Early bone apposition to

hydrophilic and hydrophobic titanium implant

surfaces: a histologic and histomorphometric

study in minipigs. Clinical Oral Implants

Research 25: 1378–1385.

Wygrecka, M., Zakrzewicz, D., Taborski, B., Didias-

ova, M., Kwapiszewska, G., Preissner, K.T. &

Markart, P. (2012) TGF-beta1 induces tissue fac-

tor expression in human lung fibroblasts in a

PI3K/JNK/AKT-dependent and AP-1-dependent

manner. American Journal of Respiratory Cell

and Molecular Biology 47: 614–627.

Xiong, J., Onal, M., Jilka, R.L., Weinstein, R.S., Ma-

nolagas, S.C. & O’Brien, C.A. (2011) Matrix-

embedded cells control osteoclast formation. Nat-

ure Medicine 17: 1235–1241.

Supporting Information

Additional Supporting Information may be

found in the online version of this article:

Figure S1. Independent preparations of

BCMh, with equally enhanced osteoclasto-

genesis shown by purple TRAP staining,

compared to cultures with RANKL and M-

CSF alone.

Figure S2. BCM incubated with fresh frozen

plasma (FFP) failed to reverse negative effects

of blood plasma on osteoclastogenesis.

Figure S3. Activity of osteoclasts was

assessed by resorption of dentin discs, indi-

cating that also isolated osteoclasts exposed

to BCMh were capable of resorbing bone. No

attempts were made to quantify dentine

resorption.

Figure S4. BCMh does not affect cell viability

and proliferation.
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