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Summary 

The present PhD thesis is a compendium of four publications broadening 
the knowledge on osteoclastogenesis under simulated bone augmentation, 
more especially about the effects of saliva and bone-conditioned medium 
on osteoclastogenesis. Resorption of bone grafts and host bone, can be a 
challenge especially when a bonny defect has to be regenerated or there 
is a lack of host bone due to a trauma, pathology, aging or tooth extraction 
among others. In the oral cavity, saliva is present and can reach mineralized 
surfaces, however, the relationship between saliva and bone resorption is 
yet unknown. Herein, we examined whether saliva affects the process of 
osteoclastogenesis in vitro, possibly affecting bone healing and bone re-
generation. Bone regeneration is a common procedure in traumatology, 
periodontology, oral and maxillofacial surgery that involves the use of bone 
fillers. Bone autograft is considered to be the gold standard bone substitute 
due to its trinity of properties: osteoinductivity, osteoconductivity and osteo-
genesis. Paracrine factors released from bone autografts might contribute 
to the overall process of graft consolidation, however the underlying mecha-
nisms are unknown. Here, we determined the protein spectrum released 
from porcine bone chips into the conditioned medium (BCM) to mimic the 
paracrine environment of cortical bone grafts. Some of the factors released 
by bone autografts could maybe influence on the autograft resorption and 
therefore explain why 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. Here we determined whether 
these soluble factors change the differentiation of hematopoietic cells into 
osteoclasts, still unknown.

Based on the in vitro results here presented, it can be observed that saliva 
suppresses osteoclastogenesis and leads to the development of a phago-
cytic cell phenotype, therefore affecting function of osteoclasts, the bone 
resorbing cells. Resorption of bone autografts could be attributed to some 
of the proteins detected on the secretions of bone autografts, termed bone 
conditioned medium (BCM). Proteomic analysis showed that BCM contains 
more than 150 proteins, among which, 43 were categorized into “secreted” 
and “extracellular matrix”. We discovered growth factors that are not only 
detectable in BCM, but potentially also target cellular processes involved 
in bone regeneration e.g. pleiotrophin, galectin-1, TGF-β-induced gene 
(TGFBI), latency-associated peptide forming a complex with TGF-β1, and 
TGF-β2. Results here presented on the influence of BCM on osteoclas-
togenesis demonstrated that activated BCM by heat is 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 regulatory 
mechanisms. Moreover the presented protocols on the use of BCM should 
encourage to further reveal the paracrine effects of bone grafts during bone 
regeneration and open a path for translational research in the broad field of 
reconstructive surgery.

Taking everything together, it can be concluded that saliva affects bone re-
sorption towards the development of a phagocytic cell line, and that not only 
saliva affects bone resorption but also the secretions from autologous bone 
grafts. There is enough evidence to conclude that bone autografts not only 
have three properties, but one more: a regulation property, the fourth dimen-
sion of autologous bone grafts. 
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Background 

Reflexions as a PhD candidate

PhD or Phylosophiae Doctor does not refer solely to the field of philosophy, 
but is used in a broader sense in accordance with its original Greek mean-
ing, which is “love of wisdom” (Wikipedia.org).

Doing a PhD implicates and has to implicate a broad sense overpassing the 
threshold of science. It comes, as the original name says, to a higher philo-
sophical level, a lover of wisdom. It refers to any kind of wisdom, scientific 
and personal wisdom. It implicates another way of thinking, to interact with 
your environment, with the people that surround you.

On bone cells

Osteoclasts
Osteoclasts are the unique bone resorbing cells. Osteoclasts originate from 
hematopoietic stem cells, when the key factor, receptor activator of nuclear 
factor kappa-B ligand (RANKL), is present (1). Osteoclastogenesis also re-
quires the M-CSF receptor (c-fms) (2). Osteoclasts are characterized by 
their multinucleated morphology and the expression of tartrate-resistant 
acid phosphatase (TRAP), cathepsin k (CatK) and the calcitonin receptor 
(CTR). Osteoclasts express co-stimulatory molecules activating the im-
munoreceptor tyrosine-based activation motif (ITAM)-dependent pathway 
(3). Osteoclast-associated receptor (OSCAR) and triggering receptor ex-
pressed in myeloid cells (TREM2) are receptors that are associated with the 
respective adaptor molecules Fc receptor common gamma chain (FcRγ) 
and DNAX-activating protein 12kDa (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 mas-
ter regulators of osteoclastogenesis. Moreover, microphthalmia-associated 
transcription factor (MITF) and PU.1 can modulate osteoclastogenesis (4). 
Also relevant are genes that regulate cell fusion i.e. dendritic cell–specific 
transmembrane protein (DC-STAMP) and the ATPase, H+ transporting, lys-
osomal 38kDa, V0 subunit d2 (Atp6v0d2) (5, 6). 

When osteoclasts are developed, activation can occur. Activated osteoclasts 
are polarized and form distinct and unique membrane domains, including 
the sealing zone, the ruffled border and the functional secretory domain. 
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(7) Osteoclasts polarization includes rearrangement of F-actin fibers from 
the cytoskeleton adopting a ring-shape that consists on a dense continu-
ous zone of highly dynamic podosomes (8). These podosomes help osteo-
clasts to move around the mineralized surface creating resorption grooves 
or tunnels. Osteoclasts are not only important to remodel bone, but also to 
release calcium phosphates and growth factors contained in the bone ma-
trix, to the environment. (9) Osteoclast numbers are controlled through the 
regulation of the formation process and the lifespan. Normally osteoclasts 
die by apoptosis, however in some conditions, osteoclast survival can be 
extended in some pathological conditions like in Paget’s disease. (10) Os-
teoclast formation, activity and survival can also be regulated by hormones, 
like calcitonin - acts directly upon osteoclasts to inhibit their activity or oes-
trogen - acts indirectly, via the regulation of several cytokines. (11).

Osteoblasts and osteocytes
Osteoblasts are the bone forming cells. Osteoblasts belong to the mesen-
chyme linage and their formation and development is controlled through all 
life locally and systemically. (12) Osteoblast function can also depend on 
different proteins, like the bone morphogenetic protein (13). Bone morpho-
genetic proteins for example, can be used clinically to stimulate bone forma-
tion during fracture repair or bone regeneration (14). Osteoblasts produce 
a range of different molecules, like cell-cell adhesion proteins, particularly 
cadherins, which affect osteoclast differentiation and function. (11) Other 
proteins like Connexin 43 (11) allow connection between osteoblasts, very 
important to facilitate exchange of ions and small molecules like ATP, nitric 
oxide and prostaglandins. 

Osteocytes, that are the most abundant cells in the bone, are osteoblasts 
that have freed apoptosis at the end of their cycle and have been trapped 
in the bone matrix. Contrary to osteoblasts, osteocytes can live decades 
entombed in the bone matrix. Osteoblasts undergo profound morphologic 
changes, losing cytoplasm organelles and acquiring a stellar shape with nu-
merous extensions that will connect to other osteocytes through a network 
inside the mineralized bone, called canalicular network. (15) Osteocytes 
can transmit signals through the canalicular network like a neuron would do, 
influencing osteoclasts and osteoclasts. It was initially thought that osteo-
cytes had only a mechanical transduction function (16), but has been shown 
that not only can transduce mechanical stimuli but also release paracrine 
signals to the environment to control from the distance osteoblasts and os-
teoclasts (15, 17). 
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Paracrine factors
Bone cells can communicate with themselves and with their environment. 
Different cross-talks exist between the cells to regulate bone formation and 
resorption via the RANK-RANKL (1), but not only to regulate bone formation 
and resorption. Osteoblasts complete complex communication networks to 
interact between them for example releasing Parathyroid hormone-related 
protein to stimulate the activity of mature osteoblasts, oncostatin M, a mem-
ber of the IL-6/gp130 family of cytokines, to stimulate osteoblast activity or 
ephrins to regulate osteoblast differentiation. (18) Osteocytes, considered 
now the master directors of bone, release chemicals and mechanical sig-
nals to regulate osteoblasts and osteoclasts. (19) For example, osteocytes 
can regulate osteoblasts by producing different molecules such as nitric 
oxide and prostaglandin E2 or sclerostin (20).

Some of the osteocyte secreted signals, like sclerostin, are also found in bone 
autograft supernatant, also termed bone conditioned medium (BCM). (21) 
BCM mainly contains proteins released because of mechanical deterioration 
of the bone matrix and from the remaining viable cells, including osteocytes 
(21) – but not selectively those being actively released by osteoclasts during 
bone resorption (22). Autografts presumably release soluble factors distin-
guished from the endocrine function of orthotropic bone in whole-organism 
physiology (23). This factors released by bone autografts have the potential 
to affect the differentiation of mesenchymal cells in vitro. (24) The first con-
vincing evidence for a regulation function of bone is based on the observation 
that supernatants from murine long bones that were freed from bone marrow 
as well as periosteal and endosteal cells, support myelopoiesis in vitro (25). 
In this model, the osteocytes contributed to the production of growth factors 
that accumulated in the cell culture medium (25, 26). Bone conditioned me-
dium (BCM) therefore contains the complex mixture of secreted proteins from 
native cortical bone that is commonly termed “secretome” (27, 28). A charac-
terization and quantification of this secreted proteins by means of a proteomic 
analysis is always a good tool to study secreted factors . Putting everything 
together, there is increasing evidence that freshly prepared bone chips re-
lease bioactive molecules, thereby supporting the hypothesis that autografts 
have a transient paracrine-like function.

On bone regeneration and graft consolidation

Principles
The process of bone regeneration involves different types of cells and a 
variety of signalling pathways to ensure the success of the process. (29) 
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Bone regeneration consists on three steps. The first step includes hema-
toma formation and inflammatory reaction. This phase, is short compared 
to the other two phases, and plays an essential role in the bone regenera-
tion process as prepares the environment for the following phases. After the 
injury, the formation of a blood clot and the activation of platelets occur. The 
fibrin matrix provided by the blood clot, facilitates the infiltration of immune 
cells that would clean and help to release growth factors trapped in the fi-
brin matrix. Moreover these inflammatory cells release signalling molecules 
and cytokines that would help to recruit cells necessary for the second and 
third step. (29, 30) At the end of this phase, osteoclasts are present on the 
surface of the bone defect. 

The second step is the repair phase. In this phase the bone callus is formed, 
connecting different bone fragments. Endothelial cells and blood vessels 
start to penetrate the defect area with mesenchymal cells, forming the gran-
ulation tissue. This step is crucial to enable the mechanical stabilization 
of broken parts and to initiate bone formation. Mesenchymal cells will cre-
ate an osteochondrogenic tissue that will turn into bone. At the end of this 
phase, woven bone is present that will be later replaced by high-quality 
lamellar bone. (31) The last step is the remodelling phase. During this last 
step, the callus is gradually removed and new direct connection between 
bone parts takes over its mechanical function. Finally, woven bone under-
goes structural changes and is replaced in a remodelling process by fully 
functional lamellar bone. (32)
    

 Hematoma formation & Inflammatory Phase Repair Phase Remodelling Phase

From the book: Bone Regeneration and Repair. Biology and Clinical Applications. Lieber-
man J.R & Friedlaender G.E.; Springer 2005.

Bone augmentation (GBR)
Bone augmentation is a common procedure in oral, maxillofacial and ortho-
paedic surgery (33-35). Malformation, trauma, and dental implant surgery 
can make bone grafts necessary for reconstruction surgery (34). Bone aug-
mentation by means of guided bone regeneration (GBR) was introduced by 
Dahlin et al. in 1988 to achieve bone regeneration with the aid of a barrier 
membrane. (36) Before 1988, a concept to create a closed environment to 
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promote healing was already in use to regenerate nerves and tendons. (37, 
38) In the bone field, in 1957 Murray et. al. (39) reported bone formation 
under plastic cages in bone defects in a dog model. This study and many 
others provided first evidence that bone regeneration is enhanced when 
soft tissue ingrowth into the bonny defect is avoided. With the help of guided 
tissue regeneration concepts, where regeneration of tissue is achieved by 
allowing cells with regenerative capacity to populate the defect, GBR strate-
gies started to develop.

GBR surgical protocol mandates the use of an occlusive membrane fac-
ing bone surface in order to prevent ingrowth of soft tissue cells and allow 
ingrowth of osteogenic cells from the surroundings. (36, 40-43) Different 
types of occlusal membranes can be used, including resorbable and non-
resorbable (44). A bone filler is also needed to prevent the membrane to 
collapse – if the membrane is not rigid enough- and to guide bone regen-
eration. (45-47) Different bone fillers can be used, being the autologous 
bone the gold standard due to its properties and the ability to achieve good 
results in a long term (48). Overall, GBR is a predictable method to lead re-
generation in bone defects and to create de novo bone formation recapping 
intramembranous ossification. (49)

Bone grafts
Bone grafts are needed for different purposes aiming to guide or support the 
bone regeneration. They can be used to bridge small and large defects, to 
support a barrier membrane or to avoid resorption of a bone augmentation. 
It is important that the bone grafts are safe, biocompatible and do not trans-
mit pathogens to the host. Different types of bone grafts can be differentiat-
ed according to their origin, or method of production. The following diagram 
shows the different categories of bone grafts ranging from grafts obtained 
from the same individual (autografts), obtained from another individual from 
the same specie (allograft), obtained from other species (xenografts) and 
bone fillers that are synthetically produced (alloplastic materials). 
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From the book: 20 Years of Guided Bone Regeneration in Implant Dentistry. Buser D; Quin-
tessence publishing 2009.

These different bone grafts and fillers have different properties. Autografts 
have unique characteristics which make them a favourable material for 
bone regeneration; they contain living cells that can contribute to bone 
formation (50), serve as a scaffold (51), and contain bioactive molecules 
that are released from the bone matrix upon resorption (22). This trinity of 
properties is known as osteogenicity, osteoconductivity, and osteoinduc-
tivity (52, 53). However, this trinity of properties do not rule out that there 
may be further properties, as yet poorly defined, which add to the exist-
ing knowledge of how autografts modulate bone regeneration. Autologous 
bone is widely used in the clinical practice involving different specialties 
like maxillofacial surgery, dentistry or orthopedics. Availability of bone au-
tografts depends on the host, making sometimes suitable the use of other 
bone grafts with less grafting morbidity. Bone allografts have less avail-
ability issues and no grafting morbidity, however have other limitations 
such as immunologic dissimilarities from the recipient, potential disease 
transmission, limited availability or high costs (54). Bone allografts also 
contain growth factors like BMPs (55-57) and can be considered osteoin-
ductive. Resorption of autografts and allografts is similar (58), however 
it is not understood why these types of grafts are resorbed. It is possible 
that molecules released by this bone grafts initiate or at least support the 
process of osteoclastogenesis.
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Xenografts and alloplastic bone substitutes eliminate almost all the risk of 
immune reactions and cross-infection- only few infection cases have been 
described (59). Xenografts, specially the derived from natural bone, have 
been well studied. Proteins and organic components are withdrawn inten-
sively by means of heat and chemical action to ensure that the material is 
inert and still biocompatible. Resorption of xenografts is less pronounced 
compared to autografts or allografts. Hematopoietic stem cells, are able to 
proliferate in the surface of the xenografts, differentiating into a osteoclast-
like cells and resorbing the surface minimally. (60) Graft resorption however 
is almost inexistent, considering xenografts clinically nonresorbable. Finally, 
alloplastic bone substitutes can be made of different materials such as tri-
calcium phosphate, hydroxyapatite or a combination of both. Alloplastic ma-
terials are highly biocompatible and support bone formation having variable 
rates of resorption (61). Tricalcium phosphates can also be osteoinductive 
(62-64). Nevertheless, any bone graft or bone filler can get over the proper-
ties of bone autografts.

Macrophages & dendritic cells in the context of bone regeneration
Macrophages belong to the myeloid lineage and differentiate from bone 
marrow (BM) hematopoietic stem cells. (65) Macrophages in bone can re-
side in periosteal and endosteal bone-lining tissues and increase in number 
in areas with high bone anabolism. (66-68) Macrophages in bone can be 
characterized by a weak expression of tartrate-resistant acid phosphatase, 
CD115 or CD68 among other markers. (66, 67) Resident macrophages can 
co-exist and interact with inflammatory macrophages derived from mono-
cytes during fracture healing (66, 69), a phenomenon that has not been well 
described. It is known the role of macrophages in soft tissue regeneration 
and repair. (70) However, the importance of macrophages on bone regen-
eration is less known. 

The role of macrophages in soft-tissue healing is not comparable to the 
role they play in bone regeneration and repair. Bone healing, dislike the 
soft tissue repair, results in a regenerated tissue without the formation of a 
scar that is able to support load. Bone regeneration or healing starts with 
an inflammatory phase that will lead to an anabolic phase and later on to a 
remodelling that will shape the tissue to its final functional morphology. (71) 
After bone fracture occurs, hard tissue integrity is damaged and a hema-
toma is formed. After the hematoma is formed, the mesenchymal cells start 
to excrete signals that would activate innate immune cells including bone 
resident macrophages. After resident macrophages are activated, other in-
flammatory immune cells will be recruited that will help to clean and disinfect 
the fracture area. (71) Fracture healing failure or development of inflamma-
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tory diseases can occur if inflammatory macrophages, that have a short 
life span, remain in the bone tissues. (72) After the inflammatory phase, 
resident macrophages might play a role in both the catabolic and anabolic 
phases of bone repair (73-75) suggesting that their action goes beyond the 
inflammatory phase. Interestingly, resident macrophages can possibly have 
a cross talk with the osteoclasts also influencing bone remodelling. (76) 

Knowing the importance of resident and inflammatory macrophages in bone, 
it is important to understand the crosstalk between the immune and osse-
ous systems in order to develop new strategies to improve fracture healing, 
bone regeneration or graft consolidation. Specially is important to elucidate 
relation and cross-talks of the immune bone system and osteoclasts, the 
latter ones playing a central role in resorption of bone fillers, for example 
bone autografts .

On Saliva

Composition
Saliva is produced by the submandibular, parotid, and minor salivary 
glands, providing a continuous rich source of electrolytes, mucus, antibac-
terial compounds, enzymes, and growth factors that support lubrication and 
initiate food digestion. For example, proteomic analysis revealed that sa-
liva contains more than three thousand different proteins including cystatins 
carbonic anhidrases or proline-rich proteins. (77, 78) Defense proteins in-
volved in both innate and acquired immunity, like salivary immunoglobulins 
and salivary chaperokine HSP70/HSPAs (70 kDa heat shock proteins), are 
also included in the list. (79) Saliva proteins also provide the pellicle layer on 
enamel to support mineralization and the formation of a biofilm. (80) Human 
saliva has a pro-inflammatory effect on fibroblasts. (81) Cases in which pa-
tients suffer from a lack of saliva such as the systemic autoimmune disease 
Sjögren syndrome (82) or patients receiving head and neck radiotherapy 
(83) emphasize the physiologic functions of saliva important for the integrity 
of the oral mucosa. Moreover, saliva has been implicated in the support 
of oral soft tissue healing, for example, desalivated rodents have impaired 
healing of extraction sites. (84) Saliva can reach sites where oral hard tis-
sue is present and molecules within saliva such as the protease inhibitor 
cystatin C can suppress bone resorption (85). So far, however, there has 
been no clear relationship established between saliva and bone resorption. 
Nevertheless, saliva can reach the dental hard tissues, so it is possible that 
saliva may have an impact on the differentiation of local hematopoietic cells 
that can become osteoclasts but also phagocytic cells.



18

Context in bone healing and resorption
Not much is known about the role of saliva in bone healing and bone re-
sorption. Different types of cells are involved during bone healing, includ-
ing cells derived from the hematopoietic linage like phagocytic cells and 
osteoclasts. Despite the fact that saliva can reach the bone surface and 
holds soluble factors known to modulate osteoclastogenesis (86), the ef-
fect of whole saliva on osteoclastogenesis remains unknown. In physiologic 
situations, osteoclast activity is required for bone remodeling (such as in 
the repair of fatigue damage) and modeling (such as where bone adapts 
to functional loading) as has been demonstrated in alveolar bone (87). In 
pathologic situations, overwhelming osteoclast activity causes systemic 
and local bone loss, which is the hallmark of osteoporosis and periodontal 
and peri-implant disease, respectively. Saliva has also shown to prevent 
bone loss in desalivated rats with induced periodontitis (88). Moreover, sa-
liva can induce expression of inflammation markers in osteoblasts (89) also 
shown in fibroblasts (90). It is essential to elucidate how saliva affects bone 
regeneration, especially bone resorption –present in the first phase of bone 
regeneration- as saliva can enter easily in contact with bone surface during 
the routine clinical procedures and may therefore affect the outcome of the 
bone regeneration. 

Taking everything together, clinical knowledge on bone regeneration and 
graft consolidation is wide but, what is missing to know? We do not know 
much about the biologic potential of the gold standard graft, the autologous 
bone. Bone autografts are easily resorbed and promote faster bone forma-
tion and graft consolidation, but why? Moreover to which extent saliva is 
affecting or playing a role to the bone healing or bone regenerations is also 
unknown. Saliva can enter in contact with bone very easily, specially during 
dental treatments. There is not still any knowledge about what happens to 
bone when is exposed to saliva. Therefore in the present PhD thesis we will 
aim to answer the presented questions to broaden the knowledge in den-
tistry, specially in the fields of bone healing and regeneration . 
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Aims

General aim
Study the behaviour of osteoclasts and their progenitor cells subjected to 
different conditions present in the oral cavity “in vitro”.

Secondary aims
1;  Compare activity of osteoclasts subjected to different growth factors.
2; Analyse the protein levels and genetic expression through different tech-

niques of molecular biology.

3; Perform phagocitation studies with various cell types under diverse con-
ditions.

4; Analyse composition of stimulation substances used, specially bone con-
ditioned medium and saliva.

5; Test stimulation substances in oral fibroblasts as a proof of principle.

Aim of the papers

Paper I
The aim of the study was to examine whether saliva affects the process of 
osteoclastogenesis as well as the formation of phagocytic cells in vitro.

Paper II
The aim of the study was to characterize the paracrine factors of bone con-
ditioned medium by means of proteomic analysis.

Paper III
The aim of the study was to analyse the impact of fresh and demineralized 
bone conditioned medium on osteoclast formation.

Paper IV
The aim of the study was to present how to prepare bone conditioned me-
dium and test its activity in vitro.
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Results of each paper

In the following section, results of each paper are presented. Complete re-
sults with the figures and tables are included in the papers.

Paper I
Saliva suppresses RANKL-induced osteoclastogenesis in vitro
To investigate the impact of saliva on osteoclastogenesis, murine bone mar-
row cells were grown in the presence of RANKL, M-CSF, and TGF-β. As ex-
pected, progenitors differentiated into TRAP-positive multinucleated cells. 
Fresh sterile saliva greatly inhibited this process down to a concentration 
of 10% saliva in the culture medium. Expression of osteoclast genes CTR, 
CathK, and TRAP were statistically significantly reduced in bone marrow cul-
tures treated with saliva from six independent donors. Overall, freshly pre-
pared saliva suppressed osteoclastogenesis in murine bone marrow cultures. 

Saliva suppresses RANK, signaling molecules, and fusion genes
To determine whether the effect of saliva is caused by a decreased respon-
siveness to RANKL or M-CSF, the expression levels of the respective re-
ceptors RANK and c-fms were determined. The addition of saliva led to a 
substantial decrease in the expression of RANK and to a lesser extent also 
c-fms. In line with this observation, the expression of PU.1 and MITF, both of 
which are regulators of RANK (91), was decreased. Saliva also decreased 
the expression of TRAF6 and the respective downstream master regulators 
of osteoclastogenesis, c-fos and NFATc1, which are needed for DC-STAMP 
and Atp6v0d2 expression (92, 93). In agreement, saliva markedly decreased 
the expression of DC-STAMP and Atp6v0d2. Because saliva substantially 
increased NF-κB target genes in oral fibroblasts (81), we also examined 
expression levels in the in saliva-treated murine bone marrow cells. Ac-
cordingly, the mRNA expression of CXCL1, CXCL2, CCL2, IL6, PTGS2, 
and CSF2, known downstream target genes of NF-κB, was increased. Al-
together, the addition of saliva led to a decrease in the expression of genes 
involved in osteoclastogenesis while NF-κB target genes were increased. 

Saliva supports the formation of phagocytic cells 
Next, the impact of saliva on the co-stimulatory molecules of osteoclas-
togenesis was examined. Saliva decreased OSCAR, which is considered 
an osteoclast marker gene regulated by NFATc1, while the three other co-
stimulatory molecules DAP12, TREM2, and FcRγ, which are also character-
istic for myeloid cells, including phagocytic cells, remained unchanged. This 
indicates the potential that saliva induces the development of phagocytic 
cells. To test this assumption, a phagocytosis test was performed. Latex 
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beads were ingested, consistent with the possibility that phagocytic cells 
develop in the presence of saliva. Also, multinucleated osteoclast-like cells 
ingested latex beads, however, much less compared to the cells that formed 
in the presence of saliva. Moreover, bone marrow cultures exposed to sa-
liva showed increased levels of CD40, CD80, and CD86, all co-stimulatory 
molecules to prime T-cells. Saliva increased the expression of CD11c, an 
adhesion molecule that binds to the extracellular matrix (e.g., fibrinogen 
and ICAMs). Overall, the data point towards the development of a phago-
cytic phenotype when bone marrow cells are cultivated in the presence of 
saliva. It was further investigated if the shift of bone marrow cultures to-
wards phagocytic cells was accompanied by increased expression of in-
flammation-related genes. GM-CSF and IL-18 are interdependent inhibi-
tors of osteoclastogenesis (94) and were shown to be slightly upregulated; 
meanwhile the expression of IL-4, IFN-, IL-10, IL-33, and IFN- remained 
similar to the control. Overall, it remains unclear how saliva causes a shift 
towards the formation of phagocytic cells. 

Saliva blocks fusion of osteoclasts
Saliva prevents the differentiation of osteoclasts from their progenitors. The 
question then arose of whether saliva can reverse this process. To answer 
this question, osteoclastogenesis was initiated for 4 days, after which filter-
sterilized saliva was added to the cultures for another 3 days. Saliva sup-
pressed the formation of the large multinucleated cells with a massive cyto-
plasm, but did not reverse the TRAP staining of the cells present. Also, the 
expression of the osteoclast marker genes was not considerably changed by 
saliva under these conditions. In support of the histology, the expression of 
the two fusion genes, DC-STAMP and Atp6v0d2, was decreased in the pres-
ence of saliva. When mature osteoclasts were seeded onto dentin slides, the 
addition of saliva allowed resorption pits to become visible, although with a 
moderately reduced diameter. Thus, saliva hindered fusion of differentiated 
osteoclasts but did not reverse differentiation or inhibit resorption. 

Saliva does not negatively affect cell viability
To assess if saliva could affect cell viability, live-dead staining of cultures 
supplemented with saliva was performed. Live-dead staining, where green 
are viable cells and red are dead cells, showed no differences between 
the groups with and without saliva. To check whether saliva affected pro-
liferation of bone marrow cultures, an expression analysis of the cell-cycle 
related genes MIKI67, PLK1, and BUB1 was performed. All of these genes 
showed slight upregulation in the presence of saliva. Taken together, cells 
remained viable when grown in the presence of 20% saliva. 



22

Paper II
Protein categorization and interaction construction
A total of 175 proteins were detected in BCM with different concentrations 
and variations among the three batches. Out of the 175 proteins, 43 were 
described as being secreted or present in the extracellular matrix. The PAN-
THER classification system was used to classify these proteins according to 
their function or to the biological process in which they are involved. PAN-
THER classified the proteins into thirteen groups according to their function 
and into twelve groups according to their biological process. 

The largest group according to the protein function was involved in extra-
cellular matrix processes (15%) and in signaling functions (15%). A signifi-
cant number of proteins were also involved in enzyme modulation (12%) 
or transfer carrier (12%). Two major groups of biological processes - cel-
lular process and metabolic process - were represented by 16% of proteins 
each. Other biological processes are cell communication (13%), transport 
(10%), developmental process (10%), and cell adhesion (10%). This wide 
range of categories indicates that proteins present in conditioned medium of 
freshly prepared cortical bone chips have diverse cellular functions and they 
are involved in widespread biological processes.

Protein-protein interaction analysis
To understand the interactions among the 43 proteins, a protein-protein inter-
action analysis was carried out. A 72% (34 out of 43) of the proteins could be 
networked. Six out of the seven possible interactions were described; interac-
tions with neighborhood evidence were not described. Most interactive protein 
was decorin (DCN). Decorin showed to have fusion evidence, co-occurrence 
evidence, experimental evidence, text-mining evidence, database evidence 
and co-expression evidence interactions with biglycan. Moreover, DCN also 
had two types of interactions with Complement C1q subcomponent subunit 
A (C1QA). These two interactions were fusion evidence, co-expression evi-
dence. Other strong interactions are for example the ones between decorin 
and transforming growth factor beta-1 (TGF- β1), TGF- β1 and transforming 
growth factor beta-2 (TGF- β2) or SPARC with TGF- β1. The interaction with 
text-mining evidence was the most common among the proteins, which are 
interactions described in the scientific literature.

Paper III
BCMh supports RANKL-induced osteoclastogenesis in vitro
To investigate the impact of BCM on osteoclastogenesis, the number of 
TRAP+ MNCs in the presence of RANKL and M-CSF was determined. As 
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shown in Figure 1A,B, BCM failed to cause any visible changes in osteo-
clastogenesis, even though at the RNA level of the marker and fusion genes 
CTR, TRAP, Oscar, and ATP6 were increased. Since TGF-β can enhance 
osteoclastogenesis (95), TGF-β is found in BCM (24), and TGF-β can be ac-
tivated by heat (96). BCM was exposed to 85°C for 10 minutes. Accordingly, 
BCMh increased the expression of osteoclast markers and fusion genes ap-
proximately two-fold. A resorption assay performed on dentin discs confirmed 
the activity of osteoclasts but no quantification was performed because of the 
large variations within and between the experiments. Together these findings 
show that BCMh moderately enhances osteoclastogenesis in vitro. 

BCMh increases osteoclast signaling molecule expression 
To determine whether the effect of BCMh possibly involves increased respon-
siveness 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 two-fold but did not increase expression of c-fms. BCMh 
also increased expression of TRAF6 and the respective downstream master 
regulators of osteoclastogenesis, NFATc1 and particularly c-fos. Expression 
of PU.1 and MITF was not changed significantly. Taken together, BCMh in-
creased the expression of some but not all osteoclast signaling molecules.

BCMh-induced c-fos expression requires TGF-β signaling
In line with a potential role of TGF-β in mediating the effect of BCMh on 
osteoclastogenesis, blocking of TGF-βR1 kinase (SB431542) decreased 
c-fos expression. TRAP staining also showed the suppression of osteo-
clastogenesis by SB431542. Further support for a potential role of TGF-β 
signaling in the bone marrow macrophages comes from observations that 
BCMh increased the respective target genes IL11, ACTA2 and CTGF, and 
that BCMh stimulated phosphorylation of SMAD3, p38, and JNK in a mac-
rophage cell line. Together, these data support the assumption that BCMh 
mediates at least part of its activity via TGF-β signaling.

BCMh does not affect cell viability and proliferation
To assess if BCM could affect cell viability, live-dead staining of cultures 
supplemented with BCM and genetic expression analysis of cell-cycle relat-
ed genes was executed. 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. Therefore, cells remain viable but 
are not forced to expand when exposed to BCMh. 
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Paper IV
Bone Conditioned Medium was prepared from fresh porcine bone chips. 
General overview of the process to prepare BCM and to use biomaterials in 
combination with BCM is shown. During the BCM preparation, it is important 
to obtain large bone chips with long movements as short movements or very 
small bone chips can affect the quality of the final BCM. Quality of BCM can 
be controlled by analyzing the gene expression of BCM target genes: ADM, 
PTX3, IL11, NOX4 and PRG4. ADM and PTX3 are downregulated down to 
0.4-fold and IL11, NOX4 and PRG4 can be upregulated to 200-fold. If oral 
fibroblasts do not express BCM target genes at the level shown, check the 
health of the cells or prepare new BCM from new mandibles. Oral fibroblasts 
stimulated with 20% of conditioned medium from pasteurized bone chips 
and conditioned medium from demineralized bone chips, showed similar 
gene expression to cells stimulated with BCM. However, gene expression 
of oral fibroblasts exposed to conditioned medium from sterilized (121°C) 
bone chips, was comparable to unstimulated controls.
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General Discussion

The oral cavity is a unique organ in the Animal Kingdom. It is where all 
starts. Food enters the organism and starts a journey through the body 
starting in the stoma. Is important to preserve the integrity of the mouth, as 
without intake, life is threatening. It is therefore rational to think that the oral 
cavity might have some exclusive properties and characteristics that will not 
be shared with the rest of the body. One of these unique characteristics is 
for example, the presence of saliva. Saliva is produced by the submandibu-
lar, parotid, and minor salivary glands, providing a continuous rich source of 
electrolytes, mucus, antibacterial compounds, enzymes, and growth factors 
that support lubrication and initiate food digestion. Saliva seems to play a 
crucial role in the conservation of the integrity of the oral cavity, for example 
healing faster soft tissue wounds. (84) But, what happens when a major 
wound is created and saliva enters in direct contact with bone?

In the results presented in Paper I, saliva inhibited osteoclastogenesis to-
wards the development of a phagocytic cell type. All osteoclast markers 
were suppressed and those characteristics of phagocytic cells, were up-reg-
ulated. In bone, two different types of macrophages can exist: the resident 
macrophages and the inflammatory macrophages. (66, 69) The resident 
macrophages interact with the inflammatory macrophages when a fracture 
or injury in the bone occurs. In the first phase of healing, the inflammatory 
phase, recruited inflammatory cells clean and disinfect the injured area. (71) 
In the oral cavity saliva can reach the bone surface in many occasions like 
in traumas, teeth extraction, periodontal treatment or dental implant place-
ment. In these occasions bacteria and other pathogens present in the oral 
cavity, can contact and infiltrate the bone. It is therefore rational to think 
that the response of the resident and inflammatory macrophages will be 
increased to clean and disinfect the area. Saliva might play a very important 
role in this first stage of bone healing, not only by preventing an exacerbate 
bone resorption but also stimulating the immune system and increasing the 
amount of cells able to clean and disinfect the area. The present study is a 
good primer to start investigating the connections between saliva, the im-
mune system and bone resorption. 

Bone resorption in the oral cavity is not only a matter of concern when saliva 
enters in contact with bone like in tooth extractions or fractures, but also 
when bone has to be regenerated artificially to restore its function. Bone 
can be regenerated using different methods and different bone substitutes, 
being autologous bone grafts the gold standard. (52, 53) In Paper II, III and 
IV we chose a clinically inspired approach to study bone autografts where 
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fresh bone chips were left in culture medium allowing passive release of 
proteins in a physiologic environment. Using these settings, cells had the 
ability to continue producing growth factors that might have a function on 
the course of graft consolidation. In Paper II, the proteomic analysis re-
vealed that BCM contained a big number of proteins like: galectin-1, trypsin, 
angiogenin, tenascin-c, biglycan, SPARC, decorin, macrophage migration 
inhibitory factor, annexin A1, lactotransferrin, insulin-like growth factor-bind-
inc protein 5, transforming growth factor beta-1, transforming growth factor 
beta-2, many of them already described in bone supernatants but using oth-
er extraction methods (27, 97, 98). There is evidence to suggest that soluble 
factors released from transplanted bone support bone resorption and osteo-
clastogenesis, particularly because BCM and DCM contain TGF-β (24, 99), 
and TGF-β supports in vitro osteoclastogenesis (95).

Resorption of bone autografts is a matter of concern and occurs early during 
graft consolidation. Large number of osteoclasts rapidly develop when bone 
chips are placed into bone defects (51), likely explaining why no residual 
autografts were detectable two years after contour augmentation (100). Re-
sorption occurs independently from the anatomical regions where the bone 
is harvested and the reception sites, e.g., bone harvested from the iliac crest 
or ramus and used for sinus floor elevation or ridge augmentation (101, 
102). Bone graft resorption is then a clinical principle in bone regeneration 
that also helps to remove debris and dead bone after injury or disease. The 
results presented in Paper III supports the notion that bone autografts re-
lease factors that affect osteoclastogenesis and therefore bone resorption. 
However BCM had to be exposed to 85°C to considerably enhance osteo-
clastogenesis, probably activating by heat latent growth factors like TGF-β 
(103-106). Based on these results, current clinical concepts can be comple-
mented in order to predict the outcomes of bone augmentation. Finally, in 
paper IV we showed how by means of the BCM, different treatments of the 
bone or biomaterials can be studied in order to test their ability to retain and 
release growth factors liberated by bone autografts therefore present in the 
regeneration site. Taken together, BCM papers here presented prove a new 
fourth characteristic of bone autografts: the regulation property. 

The clinical relevance of the research here presented is still open for de-
bate. Bone resorption sometimes is a clinical challenge in many situations 
like after a tooth extraction, fracture or when performing a guided bone re-
generation procedure. Results here presented on the effects of saliva on 
bone resorption and the use of bone autografts, contribute to extend the 
knowledge on how osteoclastogenesis works under different conditions. 
Result presented on the innate and even the adaptive immune response 
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to saliva suggests that bone exposed to saliva is less resorbed. Does this 
means that if saliva enters in contact with bone during dental and maxillo-
facial procedures we will have less bone resorption? At this point, whether 
the in vitro data translate into clinics is a matter of speculation. In the same 
direction are the novel observations on bone resorption and autografts. If 
autografts resorption occurs due to the presence of TGF-β in vivo, remains 
unknown. Bone autografts are widely used and improve the results of bone 
regeneration procedures, pioneer knowledge here presented explains some 
of the properties of autografts and corroborates its especial characteristics 
compared to other types of grafts. Results here presented can inspire clini-
cians to continue or start using bone autografts. Moreover, the in vitro data 
of this thesis seems to support the clinical observations concerning bone 
graft resorption. The information presented here can be used to advance 
current clinical concepts in order to predict the outcome of bone augmenta-
tion procedures . 
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Conclusions

• Saliva shifts the differentiation of hematopoietic cells towards the phago-
cyte lineage, overcoming the simulated microenvironment of osteoclas-
togenesis. (Paper I)

• Cortical bone chips release proteins into the culture medium that are 
partially described to have an impact on bone regeneration, including 
forty-three different growth factors. (Paper II)

• Soluble factors released from fresh cortical bone affect osteoclastogen-
esis, increasing osteoclast specific genes and resorption of dentin discs. 
(Paper III)

• Release of molecules from fresh and processed bone grafts can be test-
ed by the use of conditioned mediums. (Paper IV)
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Future perspectives

Life expectancy worldwide is rising, therefore increasing as well the age of 
our patients. It is common to see elderly patients that lost their teeth and 
require an oral rehabilitation, including surgical procedures to increase the 
amount of bone. This bone augmentation and subsequent graft consolida-
tion, is sometimes tricky and requires more than one step. In successful 
cases, after 4 to 6 months a bone-like tissue is ready to receive a dental im-
plant. But sometimes bone regeneration cannot be achieved due to a lack 
of host bone or failure of the regeneration.

Future studies and research on bone regeneration should address these 
drawbacks on bone regeneration such as failure of graft consolidation. Fu-
ture strategies should be developed to improve procedures and materials to 
support bone regeneration faster and safer without the need of grafting au-
tologous bone, the gold standard. In the studies here presented, an attempt 
was made to further characterize autologous bone grafts and explore their 
activity once placed in the regeneration site. These pioneer data should 
be the trigger for future studies on the characterization of bone autografts, 
knowing that a better knowledge on autografts would help to engineer fu-
ture regeneration materials. Understanding how growth factors contained 
in BCM play a role in vivo, should be also a matter of concern. In vivo stud-
ies placing BCM with a carrier, for example lyophilized, in a bonny defect 
could help to understand how factors released by bone autografts work. 
Also, would be interesting to place BCM subcutaneously in naked mice to 
determine how BCM affects soft tissue. Could be that the 43 growth fac-
tors contained in the BCM, also play a role in the survival or proliferation of 
soft tissue cells. Another aspect that could be studied is the contribution of 
osteocytes on the BCM composition. BCM contains sclerostin, a molecule 
that is only secreted by cementoblasts and osteocytes. What would contain 
a BCM from bone without osteocytes? Will its effect be comparable to the 
BCM from bone with osteocytes?

The results here presented on saliva and osteoclasts are intriguing. Saliva 
is present in the mouth of almost every human and every mammal. How-
ever not much is known about its effect on bone. Multidisciplinary research 
teams including immunologists, oral surgeons and scientists should go into 
deep about the effect here described on osteoclastogenesis and osteoclast 
function and saliva. Saliva does not seem only to inhibit osteoclastogen-
esis, possibly affecting bone regeneration and graft consolidation, but also 
to primer development of immune cells like phagocytes. This interesting 
finding can be used to design new strategies on the study of xerostomy and 
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Sjögren’s Syndrome as well as the influence of saliva on bone healing and 
regeneration. Studies with desalivated models –mice, rats or dogs- could 
investigate how bone healing occurs after a tooth extraction or an exposure 
of bone to the oral cavity. Moreover, what would happen if saliva is placed 
intentionally into a bonny defect for example in a lyophilized form? Rand-
omized clinical trials on patients could also be design to study the success 
of bone regenerations with low saliva flow.

Overall, more research has to be done in both topics: bone resorption on 
autografts and saliva. In the long future, new biomaterials with the four prop-
erties of bone autografts could be developed. Also in the long term, proteins 
responsible for the effect on bone resorption of saliva could be recognized 
and isolated in order to use them therapeutically to avoid bone resorption 
and enhance immune response in the site. 
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Abstract

Autologous bone grafts are widely used in oral and maxillofacial surgery, orthopedics, and traumatology. Autologous bone grafts not only
replace missing bone, they also support the complex process of bone regeneration. This favorable behavior of autografts is attributed to the
three characteristics: osteoconductivity, osteogenicity, and osteoinductivity. However, there is another aspect: Bone grafts release a myriad of
molecules, including growth factors, which can target mesenchymal cells involved in bone regeneration. The paracrine properties of bone grafts
can be studied in vitro by the use of bone-conditioned medium (BCM). Here we present a protocol on how to prepare bone-conditioned medium
from native pig cortical bone, and bone that underwent thermal processing or demineralization. Cells can be directly exposed to BCM or seeded
onto biomaterials, such as collagen membranes, previously soaked with BCM. We give examples for in vitro bioassays with mesenchymal cells
on the expression of TGF-β regulated genes. The presented protocols should encourage to further reveal the paracrine effects of bone grafts
during bone regeneration and open a path for translational research in the broad field of reconstructive surgery.

Video Link

The video component of this article can be found at http://www.jove.com/video/52707/

Introduction

Autologous bone is widely used to bridge defects that occurred as a consequence of malformation, resective surgery, reconstructive trauma
surgery, and prior to implant placement 1,2. Understanding the biological principles of how bone grafts support the process of graft consolidation
is not only key to understand why autografts are considered to be the gold standard in reconstructive surgery, it is also bionic to the improved
design of bone substitutes 3. Still, graft consolidation is faster with autologous bone compared to bone substitutes 4,5. Thus, it is imperative to
reveal the molecular and cellular mechanisms that make autologous bone so effective to support bone regeneration.

There are three textbook characteristics of autografts that are considered to support the consolidation process 6,7. First, autologous bone is
osteoconductive, providing guidance for the newly formed bone to grow into the defect. Secondly, autologous bone is osteogenic, meaning
that it contains mesenchymal cells that can differentiate into osteoblasts 8. Third, autologous bone is osteoinductive as growth factors like bone
morphogenetic proteins entombed in the matrix can initiate the process of endochondral or even intramembranous bone formation 9. There is
another aspect: freshly prepared bone chips hold a paracrine function based on the in vitro observations with “bone-conditioned medium” 10-15.
Also the impact of myelopoiesis should be mentioned 16. A similar term “demineralized bone matrix-conditioned medium” was already coined
in 1996 and supports the overall concept of a paracrine function of bone, even when processed by demineralization 17. For our purposes, BCM
can be prepared from fresh pig mandibles 10,11. Proteomic analyses of BCM revealed the complex composition, including growth factors and
constituents of the extracellular matrix 10, also extending existing knowledge on the proteasome of whole bone 18,19. Thus, BCM should reflect
the released activity of various modifications of bone grafts in vitro.

What happens when mesenchymal cells, for example those isolated from bone chips or from oral soft tissue, are exposed to BCM? In vitro, BCM
reduces osteogenic and adipogenic differentiation, and provokes a strong increase of IL11 expression 11. Genome wide microarray revealed
more genes to be differentially expressed in mesenchymal cells in response to BCM. Among these genes are adrenomedullin (ADM), IL11,
IL33, NADPH oxidase 4 (NOX4), proteoglycan 4 (PRG4, or lubricin) and pentraxin 3 (PTX3) 15. BCM obtained from autoclaved bone chips failed
to change the expression of the respective genes 14. BCM from bone chips that underwent pasteurization and freezing was able to change
gene expression 14. Also conditioned medium of demineralized bone matrix (DBM-CM) changes the expression of TGF-β-regulated genes 20.
Interestingly, collagen barrier membranes used to shield the bone chips from the surrounding soft tissue 21,22, adsorbed those parts of BCM that
are responsible for the changes in gene expression 23. BCM research can be extended to other cell types involved in bone regeneration such as
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bone-resorbing osteoclasts and endothelial cells, to name a few. Overall, the accumulating in vitro data provide the scientific basis for the design
of a preclinical study.

The present protocol is two-fold: First, it shows how to prepare BCM. Secondly, it shows how to test its biological activity based on mesenchymal
cells in vitro.

Protocol

1. BCM Preparation

1. Obtain pig mandibles from the local butcher as fresh as possible. Place the mandibles onto a firm surface and release a full thickness flap
paying special attention not to leave any soft tissue or periosteum attached to the bone. Work in a clean environment without the need to
work under the flow hood.

2. Once a full thickness flap is released, use a bone scraper to harvest the bone chips from the buccal side. Please note that the bone scraper
has to be sharp. Handle firmly the bone scraper and with long movements collect the bone. Discard bone chips smaller that 1mm.

1. To maintain native bone chips, place directly the bone chips in plastic dishes of 10cm diameter with Dulbecco's Modified Eagle's
medium (DMEM) supplemented with 1% antibiotics and antimycotics not letting them to dry out.

2. To evaluate the impact of thermal processing, subject bone chips to pasteurization for 30 min at 80 °C or autoclave for 20 min at 121
°C.

3. To evaluate the impact of demineralization, shake bone chips in 1 M HCL for 4-6 hr at 4 °C and wash repeatedly with culture medium
until the pH is neutral.

3. Place a total of 5 g of bone chips per 10 ml fresh DMEM supplemented with 1% antibiotics and antimycotics into a new plastic dish.
4. Place the plastic dishes in a humidified atmosphere at 37 °C for 24 hr. Then, harvest BCM. Centrifuge the BCM at 200 x g for 10 min to

remove debris, filter it sterile (0.2 nm), and keep aliquots frozen at -80 °C.
5. Thaw the BCM stock immediately before use and avoid repeated cycles of freezing and thawing.
6. For indicated experiments, soak collagen membranes with BCM or serum-free medium for 1 hr at room temperature (RT). Wash vigorously

the membranes with PBS and place them into 96 well plates. Wet membranes are seeded with cells.
7. BCM preparation process is summarized in Figure 1.

2. Bioassays Based on Mesenchymal Cells

1. Seed human mesenchymal cells (for example bone cells, gingival and periodontal ligament fibroblasts) into a 12-well plate with a
concentration of 30,000 cells/cm2. To seed the cells use growth medium consisting of DMEM, 10% fetal calf serum and antibiotics. Let the
cells attach to the plate over night.

2. Discard the culture medium and wash the cells with pre-warmed PBS at 37 °C. Stimulate the cells by adding pre-warmed serum-free culture
medium with and without 20% BCM. Place the cells in a humidified atmosphere at 37 °C for 24 hr.

3. Discard the culture medium, rinse the cells with pre-warmed PBS and extract the RNA according to your preferred protocol.
4. Adjust the concentration of RNA in order to have the same amount of RNA in each sample. Prepare cDNAs and perform a qRT-PCR to

analyse the selected genes using the primers shown in Table 1.
NOTE: These are the dilutions of every component: 2x SYBR Green, 20x primer forward, 20x primer reverse, 5x sterile DD water, 5x cDNA.
The qRT-PCR is performed in 40 cycles of 95 °C 15 sec and 60 °C 1 min.

5. Calculate the relative expression levels by normalizing to the housekeeping gene GAPDH using the Δ(ΔCt) method where ΔCT is CT target -
CT GAPDH and Δ(ΔCT) is ΔCT stimulated - ΔCT control.

6. After this quality control, add BCM to culture medium to stimulate all types of cells including mesenchymal cells, hematopoietic cells or
endothelial cells.

Representative Results

Bone Conditioned Medium is prepared from fresh porcine bone chips. General overview of the process to prepare BCM and to use biomaterials
in combination with BCM is shown in Figure 1 and Figure 2 respectively. During the BCM preparation, it is important to obtain large bone chips
with long movements as short movements or very small bone chips can affect the quality of the final BCM. Quality of BCM can be controlled by
analyzing the gene expression of BCM target genes: ADM, PTX3, IL11, IL33, NOX4 and PRG4 (Figure 3). ADM and PTX3 are down-regulated
down to 0.4-fold and IL11, IL33, NOX4 and PRG4 can be up-regulated to 200-fold. If oral fibroblasts do not express BCM target genes at the
level shown, check the health of the cells or prepare new BCM from new mandibles. Figure 4 displays typical results from the expression of
BCM target genes in oral fibroblasts seeded onto a collagen barrier membrane. Oral fibroblasts stimulated with 20% of conditioned medium from
pasteurized bone chips and conditioned medium from demineralized bone chips, showed similar gene expression to cells stimulated with BCM
(Table 2 and Table 3). However, gene expression of oral fibroblasts exposed to conditioned medium from sterilized (121 °C) bone chips, was
comparable to un-stimulated controls.
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Figure 1: Summary of the process used to prepare bone-conditioned medium from fresh pig mandibles.
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Figure 2: Summary of the bioassays based on mesenchymal cells with BCM.

Figure 3: Gene expression of bone-conditioned medium target genes in oral fibroblasts. Typical results of six genes used to control
the quality of BCM. Genes ADM and PTX3 are downregulated (A) and IL11, IL33, NOX4, PRG4 are upregulated (B).

Figure 4: Gene expression of bone-conditioned medium target genes in oral fibroblasts seeded onto a collagen barrier membrane.
Typical results of six genes used to control the quality of BCM. Genes ADM and PTX3 are downregulated (A) and IL11, NOX4, PRG4 are
upregulated (B). Depending on the biomaterial used, the absorption of growth factors can differ. Collagen membranes failed to absorb factors
that control IL33 expression, therefore IL33 expression is not regulated in this setting.
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Abbreviation Primer forward Primer reverse

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

ADM GGACATGAAGGGTGCCTCTC TGTTCATGCTCTGGCGGTAG

IL11 TGCACCTGACACTTGACTGG AGTCTTCAGCAGCAGCAGTC

IL33 TCAGGTGACGGTGTTGATGG GGAGCTCCACAGAGTGTTCC

NOX4 TCTTGGCTTACCTCCGAGGA CTCCTGGTTCTCCTGCTTGG

PRG4  CGACGCCCAATGTAAGAAGT GGTGATGTGGGATTATGCACT

PTX3 TGTATGTGAATTTGGACAACGAA CATTCCGAGTGCTCCTGAC

Table 1: Primer sequence of the 6 genes used.

Genes 80 °C Mean ± SD 121 °C Mean ± SD

ADM 0.2 ± 0.1 1.1 ± 0.2

PTX3 0.1 ± 0.1 0.9 ± 0.2

IL11 20 ± 10 1.5 ± 1

IL33 15 ± 5 1.2 ±  4

NOX4 35 ± 15 2 ± 1

PRG4  40 ± 10 1.8 ± 1

Table 2: Typical gene expression of ADM, PTX3, IL11, IL33, NOX4 and PRG4 in oral fibroblasts stimulated with 20% of conditioned
medium from heat-treated bone chips.

Genes Mean ± SD

ADM 0.1 ± 0.1

PTX3 0.1 ± 0.1

IL11 15 ± 5

IL33 20 ± 10

NOX4 60 ± 15

PRG4 50± 20

Table 3: Typical gene expression of ADM, PTX3, IL11, IL33, NOX4 and PRG4 in oral fibroblasts stimulated with 20% of conditioned
medium from demineralized bone chips.

Discussion

Bone-conditioned medium reflects the released activity of bone grafts during the early stages of bone regeneration. The protocol described here
can be adapted to study the response of different types of cells involved in bone regeneration. Furthermore, the protocol can be used to prepare
conditioned medium from processed bone or bone fillers. The methods are easy to perform and rely on a simple concept: the factors released
from various native and processed bone. Understanding how BCM affects mesenchymal cells can help to learn more about graft consolidation
and properties of bone autografts. Based on this concept we have accumulated knowledge on the impact of BCM obtained from native 11,15

and processed bone 14,20 on gene expression of mesenchymal cells, but also on proliferation, migration, and differentiation into the three main
lineages; osteoblasts, adipocytes and chondrocytes 11. BCM was also examined for its capacity to target hematopoietic cells, for example with
respect to the modulation of osteoclastogenesis 13. Many potential target cells are waiting to respond to BCM in vitro, the protocols presented
here, can serve as a primer for this research.

The presented protocols should also animate to further reveal the molecular mechanisms of how BCM activates particularly TGF-β-regulated
genes in mesenchymal cells. For example, the TGF-β receptor I antagonist SB431542 blocked the effect of BCM on the expression of the gene
panel ADM, IL-11, NOX4, PRG4, and PTX3 11,15. Interestingly, alkaline phosphatase and IL33 were not reversed by SB431542 11,15 suggesting
that other as yet unknown pathways are regulated by BCM. Another open question is what are the molecules in BCM being responsible for the
cellular response? BCM contains TGF-β but is does not explain the complex cellular reactions 10,11. Besides the in vitro cellular aspects, the
overall question remains: to which extend does the released activity of bone grafts as reflected by BCM, have an impact on the in vivo process of
bone regeneration? The protocols and data from bioassays should introduce research in this direction.

This protocol has limitations. BCM cannot be fully standardized because of variations between donors and harvesting techniques. Moreover,
how enzymes present in vivo can affect the composition or activity of BCM remains unknown. Future studies should, for example, focus on how
harvesting techniques affect the “biological activity” of BCM. The role of osteocytes on the composition of BCM should also be studied in detail.
BCM contains sclerostin, a molecule released almost exclusively by osteocytes 12. Limitations, however, provide the inspiration for the next steps
in research. Even though the clinical relevance of research with BCM remains hypothetical, our protocols support the long-standing concept that
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bone grafts, either native or after processing, release a “biological activity”. Understanding how BCM affect cells in vitro can presumably help to
understand how bone autografts will work in vivo.
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Annex I - Summary of the PhD thesis in Catalan

Resum

La present tesis doctoral és un compendi de quatre publicacions ampliant 
el coneixement de l’osteoclastogènesis en les regeneracions òssies, més 
especialment sobre els efectes de la saliva i el medi condicionat ossi en 
l’osteoclastogènesis. La reabsorció dels empelts ossis i de l’os de l’hoste, 
pot ser un repte especialment quan un defecte ossi ha de ser regenerat 
en condicions desfavorables o grans atròfies com per exemple després 
de traumatismes, diverses patologies, edat avançada o extraccions múlti-
ples. En la cavitat oral, la saliva pot entrar en contacte amb superfícies 
mineralitzades, tot i això la relació entre saliva i reabsorció òssia és encara 
desconeguda. En la present tesis hem examinat si la saliva afecta el procés 
de l’osteoclastogènesis in vitro, possiblement afectant a la regeneració i 
cicatrització òssia. La regeneració òssia és un procés comú en traumatolo-
gia, periodòncia, cirurgia oral i maxil•lofacial que involucra l’ús de substituts 
ossis. Els empelts d’os autòleg són considerats l’estàndard d’or dels sub-
stituts ossis degut a la seva trinitat de propietats: osteoconductivitat, oste-
oinducció i osteogènesis. Els factors paracrins alliberats  pels empelts d’os 
autòleg podrien contribuir en el conjunt de processos que donen com a re-
sultat la consolidació del empelts, tanmateix  els mecanismes que regeixen 
aquest processos no són coneguts. En el present treball hem pogut carac-
teritzar un conjunt de proteïnes alliberades per partícules d’os cortical porcí  
en el medi condicionat ossi (BCM) per imitar l’ambient paracrí dels em-
pelts d’os cortical. Alguns dels factors alliberats pels empelts d’os autòleg 
podrien influenciar la reabsorció òssia explicant per què els osteoclasts es 
formen ràpidament a la superfície de les partícules d’os autòleg en els llocs 
regenerats. Tot i això els mecanismes moleculars que regeixen aquest pro-
cés, encara son desconeguts. Factors solubles alliberats pels empelts d’os 
autòleg in vitro tenen un impacte robust a la diferenciació de cèl•lules mes-
enquimals. En la present tesis doctoral, hem determinat si aquests factors 
solubles son capaços de canviar la diferenciació de cèl•lules mare hemat-
opoètiques a osteoclasts, desconegut abans de realitzar els estudis aquí 
presentats. 

Basant-nos en els resultats in vitro aquí presentats, es pot observar que 
la saliva suprimeix l’osteoclastogènesis i promociona el desenvolupament 
de cèl•lules amb un fenotip fagocític, afectant a la funció dels osteoclasts, 
les cèl•lules encarregades de reabsorbir l’os.  La reabsorció dels empelts 
d’os autòleg es pot atribuir a l’efecte d’algunes de les proteïnes detecta-
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des en les secrecions dels auto-empelts, anomenant aquestes secrecions 
Medi Condicionat d’Os (BCM). Un estudi proteòmic del BCM va mostrar 
que aquest medi condicionat conté més de 150 proteïnes, de les quals 43 
es van caracteritzar com “secretades” i presents en la matriu extracel•lular. 
Vàrem descobrir que alguns dels factors continguts en el BCM com per 
exemple pleiotropina, galectina-1 o TGF-β1 poden afectar processos 
cel•lulars involucrats en la regeneració òssia.  El resultats presentats en 
aquesta tesis sobre l’influencia del BCM en l’osteoclastogènesis demostra 
que el BCM termo-activat és capaç d’estimular l’osteoclastogènesis in vitro. 
Aquests resultats in vitro suporten la noció que la reabsorció dels auto-
empelts ossis pot ser que estigui estimulada per mecanismes reguladors 
encara no definits. En aquesta línia, els protocols presentats sobre l’ús del 
BCM haurien d’animar a revelar els efectes paracrins dels empelts d’os 
autòleg durant el procés de regeneració òssia i obrir nous camins a investi-
gacions translacionals en l’ampli camp de la cirurgia reconstructora.

Resumint-ho tot, podem concloure  que la saliva afecta la reabsorció òssia 
promocionant el desenvolupament de cèl•lules amb un fenotip fagocític, i que 
no només la saliva pot afectar a la reabsorció òssia, sinó que també les se-
crecions dels injerts d’os autòleg. En aquest punt, hi ha suficient evidencia per 
concloure que els auto-empelts d’os no només tenen tres propietats, sinó una 
més: la propietat reguladora, la quarta dimensió dels empelts d’os autòleg. 

Objectius

Objectius generals
Estudiar el comportament dels osteoclasts i les seves cèl•lules progenitores 
sotmeses a diferents condicions presents en la cavitat oral in vitro.  

Objectius secundaris
1; Comparar l’activitat dels osteoclasts sotmesos a diferents factors de 

creixement.

2; Analitzar l’expressió proteica i genètica utilitzant diverses tècniques de 
biologia molecular.

3; Dur a terme estudis de fagocitació amb diversos tipus de cèl•lules sotme-
ses a condicions diverses. 

4; Analitzar la composició de les substàncies estimulants utilitzades, espe-
cialment del medi condicionat d’os i la saliva.
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5; Provar substàncies estimulants en fibroblasts orals com a proba de prin-
cipis. 

Objectius dels articles

Article I
L’objectiu de l’estudi va ser examinar si la saliva afectava al procés de 
l’osteoclastogènesis i a la formació de cèl•lules amb capacitat fagocítica in 
vitro.

Article II
L’objectiu de l’estudi va ser caracteritzar els factors paracrins del medi con-
dicionat d’os mitjançant un estudi proteòmic.

Article III
L’objectiu de l’estudi va ser analitzar l’impacte de medi condicionat d’os 
fresc I desmineralitzat en la formació d’osteoclasts.

Article IV
L’objectiu de l’estudi va ser presentar com preparar medi condicionat d’os i 
provar la seva activitat in vitro.

Conclusions

• La saliva desvia la diferenciació de les cèl•lules hematopoètiques cap a 
un fenotip fagocític superant el microambient pro-osteoclastògènic creat 
in vitro. (Article I)

• Les partícules d’os cortical alliberen proteïnes en el medi de cultiu, al-
gunes d’elles amb efectes en la regeneració òssia, incloent quaranta-
tres factors de creixement diferents. (Article II)

• Els factors solubles alliberats per partícules d’os cortical afecten a 
l’osteoclastogènesis, incrementant l’expressió de marcadors osteoclàs-
tics i la reabsorció de discs de dentina. (Article III)

• La capacitat d’alliberar molècules d’empelts d’os frescs i desmineralit-
zats  pot ser avaluada mitjançant l’ús de medis condicionats. (Paper IV) 
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Perspectives de futur

L’esperança de vida a tot el mon està incrementant com també l’edat dels 
nostres pacients. És comú veure pacients de la tercera edat que han perdut 
les dents i necessites una rehabilitació oral, incloent procediments quirúr-
gics per incrementar la quantitat d’os. Aquests processos de regeneració 
òssia i la conseqüent consolidació dels empelts, a vegades és complex i 
requereix més d’una cirurgia. En els casos exitosos, al cap de 4 o 6 mesos 
un teixit similar a l’os està preparat  per rebre un implant dental. Tot i això, a 
vegades, la regeneració òssia no té l’èxit esperat degut a grans atròfies de 
l’os del pacient o degut a un fallo en la consolidació de l’empelt ossi. 

Investigacions i estudis futurs en el camp de la regeneració òssia haurien 
d’adreçar aquestes falles en la regeneració òssia. Estratègies futures s’han 
de desenvolupar per millorar aquests procediments i materials per recolzar 
la regeneració òssia d’una manera més ràpida i segura sense la necessitat 
de recollir os autòleg, de moment encara l’estàndard d’or. En els diferents 
estudis aquí presentats, es va dur a terme un intent per caracteritzar en pro-
funditat els empelts d’os autòleg i explorar la seva activitat un cop col•locats 
en el lloc de la regeneració. Aquests resultats pioners, han de ser els ini-
ciadors de futurs estudis sobre la caracterització dels auto-empelts ossis, 
sabent  que un millor coneixement dels auto-empelts pot ajudar a dissenyar 
futurs materials de regeneració. Entenent cóm els factors de creixement 
continguts en el BCM juguen un paper in vivo, hauria de ser també un as-
pecte a tenir en compte. Estudis in vivo col•locant BCM, per exemple liofilit-
zat, amb un material de transport i col•locat en un defecte ossi podria ajudar 
a entendre com els factors de creixement alliberats pels empelts d’os au-
tòleg funcionen. També seria interessant col•locar BCM subcutàniament en 
ratolins nus per determinar com el BCM afecta als teixits tous. Podria ser 
que els 43 factors de creixement continguts en el BCM, també juguin un 
paper en la supervivència i proliferació de les cèl•lules del teixit tou. Un altre 
aspecte que seria interessant investigar es la contribució dels osteòcits a la 
composició del BCM. El BCM conté esclerostina, una molècula que és no-
mes segregada pels cementoblasts i els osteòcits. Què contindria un BCM 
provinent d’un os sense osteòcits? Seria el seu efecte comparable al BCM 
d’os normal? 

Els resultats aquí presentats sobre la saliva i els osteoclasts son intri-
gants. La saliva esta present a la cavitat oral de quasi tot els humans i 
dels mamífers en general. Tanmateix, no es coneix massa el seu efecte 
sobre l’os. Equips multidisciplinaris incloent immunòlegs, cirurgians orals i 
científics haurien d’aprofundir en els efectes aquí descrits de la saliva sobre 
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l’osteoclastogènesis i la funció osteoclàstica.  La saliva no només inhibeix 
l’osteoclastogènesis, possiblement afectant a la regeneració òssia i a la 
consolidació dels empelts ossis, sinó que també inicia el desenvolupament 
de cèl•lules del sistema immunitari. Aquesta troballa tant interessant pot ser 
utilitzada per dissenyar noves estratègies en l’estudi de la xerostomia i el 
Síndrome d’Sjögren com també l’influencia de la saliva en la curació de fer-
ides al os i la regeneració òssia. Estudis amb models desalivats – ratolins, 
rates o gossos- podria servir per investigar la curació i regeneració òssia 
després d’una extracció dental o una exposició òssia a la cavitat oral. Així 
mateix, què passaria si saliva for col•locada en un defecte ossi, per exem-
ple concentrada o liofilitzada? Estudis clínics randomitzats podrien ser dis-
senyats per estudiar l’èxit de les regeneracions òssies en pacients amb un 
flux baix de saliva. 

En conjunt, més recerca és necessària en ambdós tòpics: regeneració òs-
sia i la saliva. En el futur llunyà, nous biomaterials amb les quatre propietats 
dels empelts d’os autòleg podrien ser desenvolupats. També  en el futur 
llunyà, les proteïnes de saliva responsables dels efectes en la reabsorció 
òssia podrien ser isolades i aplicar-les terapèuticament per evitar la reabs-
orció òssia i incrementar les respostes del sistema immunitari in situ.
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