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Abstract

Bone defects are the cause of functional disability and the restoration of skeletal function
remains an important challenge on orthopedics, neurosurgery and oral and maxillofa‐
cial  surgery.  Because  of  the  limitations  of  the  currently  used  techniques  for  the
reconstruction  of  bone  defects  and the  difficulties  for  the  implementation  of  new
therapeutic strategies, a new paradigm in the field of reconstructive surgery has arisen,
leading  to  tissue  engineering  and regenerative  medicine.  Mesenchymal  stem cells
(MSC) have emerged as a promising alternative for the treatment of bone lesions. It was
postulated that the therapeutic action was the result of proliferation and differentia‐
tion of MSCs, replacing injured tissue. However, recent studies have shown that MSCs
secrete a number of trophic factors that have a strong effect during repair and tissue
regeneration. This represents a shift from a paradigm centered on MSC proliferation
and differentiation to a new paradigm in which the MSCs exert their beneficial effect
by the secretion of paracrine factors that induce endogenous repair mechanisms. This
chapter will bring together basic and clinical aspects, focused on novel findings on MSC
paracrine effect and the development of new therapeutic strategies based on growth
factors, cytokines and signaling molecules involved in bone regeneration.

Keywords: mesenchymal stem cells, paracrine effect, bone regeneration, growth fac‐
tors, cytokines

1. Introduction

The regeneration of bone tissue remains an important challenge in the field of orthopedic and
maxillofacial surgery. Bone defects produced by trauma, tumors, infectious diseases, biochem‐
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ical disorders, congenital disorders or abnormal skeletal development are the major causes of
functional disability, and esthetic and psychological trauma for patients.

One of the goals of treating a bone defect is to restore the normal morphology and function of
the affected structure. Specific surgical techniques such as distraction osteogenesis, implanta‐
tion of biomaterials (bone substitutes) and implants of bone grafting have been developed to
reach bone regeneration [1, 2]. Demand for bone grafts is considerable and represents the
second most common procedure after blood transplants, with more than 2.2 million bone grafts
performed annually worldwide in orthopedics and dentistry [3].

Despite advances in bone regeneration and the availability of many treatments, most clinicians
and researchers continue to come to the same conclusion: autologous bone grafting remains
the “gold standard,” compared to other reconstructive procedures [4–9]. Bone from the same
patient lacks immunogenicity and contains all the elements necessary to effectively induce
tissue regeneration. It has osteoprogenitor cells which go directly to the implant site, cytokines
and extracellular matrix [5], providing the three classic elements of an ideal bone graft:
osteogenesis, osteoconduction and osteoinduction [5–7, 9, 10]. However, autologous bone
grafts have several important limitations, including high risk of morbidity in the donor site [5,
6, 11], with disadvantages in terms of costs, time of surgical procedure, discomfort for the
patient and possible complications.

Additionally, many times the volume of tissue available for the procedure is not sufficient to
fill or cover a defect, given the limited availability of autologous tissue [4, 10], and the quality
of the autograft is highly variable and is influenced by age and metabolic abnormalities of the
patient [7]. To overcome these limitations, a variety of exogenous substitutes, including
allografts, xenografts and alloplastic materials, have been introduced into clinical practice in
the past three decades [4]. However, these substitutes have less osteogenic and osteoinductive
properties [6, 12] and a greater possibility of transmission of infectious diseases [6, 8], restrict‐
ing their use [8].

In order to successfully overcome the shortcomings of current approaches for bone regenera‐
tion, tissue engineering emerged as a discipline that provides the necessary tools for bone
regeneration and restoration. The presence of cell populations that orchestrate the release of
growth factors, the maintenance of a stable matrix and the stimulation of angiogenesis are key
factors to successful regeneration of bone tissue, because they play a decisive role in the healing
process [13, 14]. The technologies developed recently based on tissue engineering, such as gene
therapy, stem cell therapy and the application of osteoinductive growth factors, looking for
the control of the dynamics of these elements to enable more predictable bone regeneration
surge as a significant promise in clinical practice [15].

Cell-based therapy for the regeneration of bone tissue has been extensively investigated.
Several cell types have been used as alternatives for the reconstruction of bone tissue, including
osteoblasts, embryonic stem cells, periostium derived-progenitor cells (a specialized cell type
that covers bone surfaces and have the potential to differentiate into multiple mesenchymal
tissues, including bone) and mesenchymal stem cells, also known as multipotential stromal
cells (MSC) [16].
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MSC has become one of the best alternatives in cell therapy and specifically in bone regener‐
ation. MSCs can be isolated from virtually all vascularized tissue and they are able to differ‐
entiate into various mesenchymal tissues such as bone, cartilage, muscle, tendon, adipose
tissue and hematopoiesis-supporting stroma. However, a growing number of recent reports
in the literature have revealed that even if a therapeutic effect can be documented, the
implanted MSC cells do not differentiate and do not survive for a long time [17, 18].

The use of MSCs in the treatment of musculoskeletal injuries was initially based on their ability
to differentiate into various cell types [1, 7, 8]. The rationale was that after implantation or MSC
injection, the cells would be able to colonize the injured site and differentiate into the appro‐
priate lineages. This mechanism has now been challenged by a new paradigm to extend it to
an alternative mechanism called paracrine effect, where MSCs secrete biologically active
molecules which have beneficial effects on the injured tissues [9] by inhibiting fibrosis,
apoptosis and inflammation [10, 11] and promoting angiogenesis and tissue regeneration [19–
21].

2. Physiological process of bone regeneration

For the development of new therapeutic tools for restoring bone defects exceeding the critical
size, it is necessary to look at the prototype model of physiological bone regeneration. This
process, involving a coordinated interaction of cells, growth factors and extracellular matrix,
consists of multiple and well-orchestrated stages that start immediately after the injury occurs,
with a local inflammatory response followed by the mobilization of hematopoietic and
mesenchymal stem cells to the site of injury to form new vascular networks, soft tissue matrix,
cartilage and/or bone and finally inducing mature bone formation [22–24]. All four compo‐
nents involved in the site of injury, including cortical bone, periosteum, bone marrow and
external soft tissue, contribute to a different extent in the healing process, depending on various
parameters such as growth factors, hormones and nutrients, pH, oxygen tension, the electrical
environment and mechanical stability [25].

Immediately after bone trauma, damage of the local vasculature at the site of injury is respon‐
sible for producing a blood clot or hematoma [24, 26, 27]. This hematoma is a localized
collection of blood products, including platelets, leukocytes, macrophages, fibrin, soluble
growth factors and cytokines, which in turn provides a matrix that allows the migration of
inflammatory cells, endothelial cells and fibroblasts [24] (Figure 1).

This first stage of fracture healing is the beginning of the so-called inflammatory phase, which
begins within the first 12 to 14 hours, has its peak during the first 24 hours and is completed
around 7 days after the injury. It is characterized by a destructive phase, with a local acute
inflammatory response and hypoxia. The first cells to arrive at the site of injury are neutrophils,
and subsequently macrophages and lymphocytes. Macrophages not only phagocyte necrotic
tissue but also release a number of growth factors and cytokines that initiate the healing process
of bone wound [26] (Figure 1).
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Figure 1. Temporal progression of bone healing. The healing response to bone injury is characterized by overlapping
biological processes: immediately after bone injury, hematoma formation and inflammatory response permits the re‐
lease of pro-inflammatory cytokines and growth factors that initiate the process of wound healing. Between days 1–7,
MSCs proliferate and differentiate into the osteogenic or chondrogenic lineages and increase the production of blood
vessels from pre-existing vessels. New bone formation occurs through intramembranous or endochondral ossification
that is finally mineralized, forming a mature bone that is continuously remodeled through the rest of his life.

The factors secreted by platelets, macrophages and bone cells include transforming growth
factor beta (TGF-β), vascular endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF), interleukins 1 and 6 (IL-1 and IL-6), tumor necrosis growth factor alpha (TNF-α), bone
morphogenetic proteins (BMPs) [26, 27], fibroblast growth factor (FGF) and insulin-like growth
factors I and II (IGF-I and IGF-II) [26]. These factors stimulate the migration of multipotent
stem cells, probably originated from the periosteum, bone marrow, blood vessels and the
surrounding soft tissue and induce the differentiation of cells to different mesenchymal cell
types including angioblasts, fibroblasts, chondroblasts and osteoblasts [26].

During the following days, the construction phase starts. This phase is characterized by the
formation of new blood vessels [17], and the thrombus reorganization into granulation tissue,
which is then condensed in a soft callus providing an osteoid and/or cartilage scaffold, which
acts as a stabilization structure and a template for subsequent mineralization [26] (Figure 1).

Depending on the type of bone, the type of bone lesion, the morphology and structure of the
tissue and the fixation method, bone healing can take two forms: primary healing, where
osteoblasts secrete an osteoid matrix for future mineralization (intramembranous ossification);
and secondary healing, which occurs through the formation of a cartilage matrix produced by
chondrocytes, which is then replaced by an osteoid matrix with subsequent mineralization
(endochondral ossification) [24–27]. Most common growth factors related to bone healing,
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osteoinduction and osteoconduction are: PDGF, BMPs [15, 28, 29], IGFs [28, 30], TGF-β [15,
28], FGF [24, 29] and VEGF [15, 24, 29].

Local vascularization at the site of injury has been identified as one of the most important
parameters that influence the healing process [14, 31, 32]. Bone formation can only proceed
successfully if the tissue is adequately vascularized [15]; therefore, angiogenesis is a key
component in bone repair. The new blood vessels carry oxygen and nutrients to the metabol‐
ically active callus, allowing gas exchange and the output of waste products and serve as a
route for inflammatory cells, and cartilage and bone precursor cells [33, 34], and also provide
the gateway of systemically circulating factors that can modify the bone healing process [34].
Vascularization is needed for both the formation of intramembranous and endochondral bone.
During the formation of endochondral bone, cartilage avascular environment is invaded by
blood vessels that allow the osteoblastic, chondroblastic and progenitor cells, to deposit new
bone on the surface of the islands of cartilage. During intramembranous ossification, vascu‐
larization is also needed to allow the arrival of osteoblast precursor cells [34].

Angiogenesis and migration of vascular endothelial cells are stimulated by pro-angiogenic
factors such as VEGF, BMPs, TGF-β, FGF and angiopoietins (especially angiopoyectina I and
II) [26].

Finally, over the course of months to years, the third stage, the remodeling phase of bone
healing occurs, whose main objective is to reshape the bone in order to restore its original
structure and strength. During this phase, osteoclasts reabsorb recently formed bone tissue,
due to the stimulation of growth factors and cytokines that promote osteoclastogenesis as TNF-
α, TGF and BMPs. Osteoblasts deposit more osteoid and calcium phosphate in the newly
regenerated bone, increasing the density of mineralized matrix. Therefore, the transverse
diameter of the bone decreases but the density of internal structure increases, closer and closer
to the architecture of the intact bone. As this stage keeps going, cellularity is gradually reduced
and bone density is enhanced [26].

3. Biological factors in bone regeneration

During the process of bone regeneration, the release of growth factors occurs as a series of
highly time-space regulated biological events. These soluble molecules are able to regulate
signaling cascades that specifically influence cellular responses such as differentiation and
proliferation [28].

Biological signaling molecules function effectively by a limited window of time to get a proper
result in the target cell. Therefore, it is necessary to have a precise understanding of the
temporal pathways for natural bone regeneration. Biological signaling agents can be classified
into the following categories: pro-inflammatory cytokines, growth and differentiation factors
and angiogenic factors. Pro-inflammatory cytokines are activated immediately after bone
injury and establish and maintain the acidic and hypoxic environment for the initial destruc‐
tion phase. Growth and differentiation factors function during the constructive and destructive
phases, while angiogenic factors are focal points for the revascularization of the wounded area
[25, 26, 35] (Table 1).
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Signaling
Molecules

Expression Pattern Source Target cells function

Cytokines
(IL-1,IL-6,
TNF-α)

Increased levels
from days 1 to 3
and during bone
remodeling

Macrophages
Inflammatory cells
Cells of mesenchymal
origin

Mesenchymal and
inflammatory cells

Chemotactic effect on other
inflammatory cells
Stimulation of extracellular
matrix synthesis, angiogenesis,
recruitment of endogenous
fibrogenic cells to the injury site
and at later stages bone
resorption

TGF-β Expressed from very
early stages
throughout fracture
healing

Degranulating platelets
Inflammatory cells
endothelium, extracellular
matrix, chondrocytes,
osteoblasts

MSCs,
osteoprogenitor
cells, osteoblasts,
chondrocytes

Potent mitogenic and
chemotactic for bone-forming
cells, chemotactic for
macrophages

PDGF Released at very
early stages of
fracture healing

Degranulating platelets,
macrophages, monocytes
(during the granulation
stage) and endothelial
cells, osteoblasts (at later
stages)

Mesenchymal and
inflammatory cells,
osteoblasts

Mitogenic for mesenchymal cells
and osteoblasts, chemotactic for
inflammatory and mesenchymal
cells

BMPs Various temporal
expression patterns

Osteoprogenitors and
mesenchymal cells,
osteoblasts, bone
extracellular matrix and
chondrocytes

Mesenchymal and
osteoprogenitor
cells, osteoblasts

Differentiation of
undifferentiated mesenchymal
cells into chondrocytes and
osteoblasts and osteoprogenitors
into osteoblasts

FGFs Expressed from the
early stages until
osteoblasts
formation

Monocytes, macrophages,
mesenchymal cells,
osteoblasts, chondrocytes

Mesenchymal and
epithelial cells,
osteoblasts and
chondrocytes

Angiogenic and mitogenic for
mesenchymal and epithelial
cells, osteoblasts, chondrocytes
α-FGF mainly effects
chondrocyte proliferation
β-FGF (more potent) involved in
chondrocytes
maturation and bone resorption

IGFs Expressed
throughout fracture
healing
and endochondral
ossification

Bone matrix, endothelial
and mesenchymal cells (in
granulation stage) and
osteoblasts and non-
hypertrophic chondrocytes
(in bone and cartilage
formation)

MSCs, endothelial
cells, osteoblasts,
chondrocytes

IGF-I: mesenchymal and
osteoprogenitor cells recruitment
and proliferation
IGF-II: cell proliferation and
protein synthesis
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Signaling
Molecules

Expression Pattern Source Target cells function

VEGFs Expressed during
endochondral and
bone formation

Bone matrix, endothelial
and mesenchymal cells

Endothelial
progenitor cells

Potent stimulators of endothelial
cell proliferation

Angiopoietin
(I and II)

Expressed from the
early stages
throughout fracture
healing

Extravascular tissue cells Endothelial
progenitor cells

Formation of larger vessel
structures, development of co-
lateral branches from existing
vessels

Essential signaling molecules in bone regeneration: their time of expression, source, target cells and their major
functions (Adapted with the permission from Dimitriou et al. [25]. Copyright© 2005).

Table 1. Biological factors in bone regeneration.

In the next section, we will list some of the common molecules associated with the bone
regeneration process, and describe their biological significance.

3.1. Transforming growth factor-beta (TGF-β) superfamily

Members of the TGF-฀β are the most widely studied growth factors in recent years. This
family includes, among others, five isoforms of TGF-β (1–5), bone morphogenetic proteins
(BMPs) and growth differentiation factors (GDFs), which participate in a complex series of
molecular events that lead to mesenchymal precursors during bone morphogenesis [25, 29, 33,
36]. They originate from high molecular weight precursors and are activated by proteolytic
enzymes. They act on serine/threonine kinase membrane receptor on target cells. This ligand-
receptor interaction activates intracellular signaling pathways which ultimately affects gene
expression in the nucleus [25].

3.1.1. Bone morphogenetic proteins (BMPs)

The BMPs are a unique family of proteins within the TGF-β superfamily that play an essential
role in regulating the formation, maintenance and bone repair [30]. To date, about 20 different
proteins have been termed BMPs, but not all of them have osteogenic potential [37]. Among
the BMPs with osteogenic potential we have, BMPs-2, -3 (osteogenin), -4, -6, -7 (also known as
osteogenic protein-1 [OP-1]), -12 (also known as growth/differentiation factor 7 [GDF-7]) and
-14 (also known as GDF-5, or cartilage-derived morphogenetic protein-1 [CDMP-1]). These
proteins have been evaluated for healing and bone regeneration in clinical and preclinical
models showing enhanced and accelerated bone formation [30]. In bone tissue, BMPs are
produced by osteoprogenitor cells, osteoblasts, chondrocytes and platelets. Their regulatory
effects depend on the target cell, stage of differentiation, local concentration, as well as
interactions with other secreted proteins. BMPs induce a sequential cascade of events leading
to chondrogenesis, osteogenesis, controlled angiogenesis and extracellular matrix synthesis
[37]. Large number of preclinical studies has shown that BMPs are capable of inducing bone
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formation at ectopic sites and induce critical size defects healing [29]. It has been shown that
BMPs 2, 4 and 7 play an important role in determining, migration, condensation, proliferation
and apoptosis of skeletal cells. It has also been reported that BMP-4 and BMP-7 are responsible
for inducing the cells of the neural crest, while BMP-2 is involved in the condensation of
mesenchymal cells appearing before formation of immature bone structures during both
endochondral and intramembranous ossification [33]. BMP-4 is predominantly active from
days 1–5 after injury, with a peak closer to day 5. The BMP-2 is active during the bone
regeneration process, culminating the bone remodeling to lamellar and haversian bone tissue,
while BMP-7 is active after 14 days [23]. Target cells of BMPs include MSC, bone marrow cells,
osteoblasts, myoblasts, prefibroblast and neuronal cells. The general effects on osteoblasts and
cells of the periosteum involve an increase in the activity of DNA synthesis and transcription
of genes involved in the synthesis of bone matrix proteins [23].

Scientific evidence of the role of BMPs in bone regeneration is overwhelming. There are a
number of publications confirming that the delivery of BMP at the site of injury promotes bone
regeneration in animal and human models [38–40].

BMP-2 and BMP-7 have been extensively evaluated in clinical studies of nonunion, bone
defects, open tibial fractures and spinal fusion, demonstrating their efficacy in the acceleration
of bone regeneration and healing of fractures [29]. In order to be used in the clinical practice,
a local and controlled delivery of BMPs is required; so, it is important to consider its short half-
life time. Various delivery systems have been developed to overcome this limitation [37].
Currently, there are several forms of the human recombinant proteins commercially available.
For example, for rh-BMP2: InductOs® (United Kingdom) and InFUSE (United States), (Med‐
tronic Sofamor Danek, Inc., Minneapolis, MN), which are supplied in a bovine collagen sponge
allowing slow release over time, and for rhBMP-7, Osigraft® (United Kingdom) and OP-1™
(United States) (Stryker Biotech, Hop-kinton, MA), in a bovine collagen granular form [34, 36,
37].

3.1.2. Transforming growth factor-beta (TGF-β)

The five isoforms of TGF-β regulate cellular functions such as proliferation, apoptosis,
differentiation and cell migration. TGF-β is produced by osteoblasts and chondrocytes, and is
stored in the bone matrix [25, 41]. TGF-β is also released by platelets and TGF-β1 indeed, was
the first member of the family to be described in human platelets, as a 25 kDa protein with a
possible role in the healing process [42]. During the initial phase of inflammation resulting
from a bone injury, platelets release TGF-β �and therefore this factor seems to be involved in
the initial callus formation stage [25, 41].

TGF-β is a multifunctional, secreted protein, with different functions in the cell, such as control
of cell growth and proliferation, differentiation and apoptosis. TGF-β induces the proliferation
of MSCs, pre-osteoblasts, osteoblasts and chondrocytes and stimulates the extracellular
production of proteins such as collagen, proteoglycans, osteopontin, osteonectin and alkaline
phosphatase [25, 41]. It is also a potent chemotactic agent for MSCs. During chondrogenesis
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and endochondral bone formation, it induces the synthesis of BMP by osteoprogenitor cells,
and it inhibits the activation and promotes osteoclast apoptosis [41].

3.2. Platelet-derived growth factors (PDGF)

This polypeptide growth factor has potent chemotactic and mitogenic stimulatory effects on
MSCs [30], plays an important role in the differentiation of pre-osteoblasts to osteoblasts [43]
with the ability to promote angiogenesis during wound healing [30]. The PDGF family includes
four isoforms: PDGF-A, PDGF-B, the more recently discovered PDGF-C and PDGF-D [44].
PDGF-A and B form homodimers (AA or BB) and a heterodimer (AB) [30]. PDGF-AB and
PDGF-BB are variants circulating in alpha platelet granules and are released when platelets
bind to the site of injury. The PDGF-BB variant has an active role in mitogenesis and chemotaxis
of cells in the injured area [15] and plays a key role in bone regeneration [23]. After bone injury,
PDGF is released by macrophages and platelets and acts as a potent chemo-attractant and
mitogenic factor for cells of mesenchymal lineage, recruit fibroblasts, endothelial cells,
osteoblasts and cells of the immune system. PDGF is active during the first 72 hours after injury,
and as a promoter of angiogenesis plays a role in revascularization of bone defects [23].

3.3. Fibroblast growth factor (FGF)

They constitute a family of structurally related polypeptides with a potent mitogenic effect on
osteoprogenitor cells [29]. They are humoral factors originally identified by their ability to
stimulate cell proliferation [33]. During bone healing, they can be secreted by monocytes,
macrophages, mesenchymal cells, osteoblasts and chondrocytes in the early stages of bone
fractures healing [33]. Members of the FGF family are present at the site of the wound for up
to three weeks and its main activity is to stimulate endothelial cell migration and subsequent
angiogenesis and mesenchymal cell mitogenesis [25, 34]. α-FGF mainly affects chondrocyte
proliferation and is probably important for chondrocyte maturation, while β-FGF is expressed
by osteoblasts and is generally more potent than α-FGF [45].

3.4. Vascular endothelial growth factor (VEGF)

Two separate pathways are involved in the regulation of angiogenesis during bone healing: a
VEGF dependent pathway and the angiopoietin-dependent pathway [31]. VEGF is a potent
angiogenic [29, 43] and vasculogenic [23] factor that not only increases the differentiation and
proliferation of endothelial cells but also increases the tubular formation and mobilization and
recruitment of endothelial progenitor cells [34]. VEGF is increased in response to hypoxia,
ischemia and during healing of bone tissue [15, 34]. It has been shown that VEGF works
synergistically with BMPs. VEGF by itself does not promote bone regeneration, but rather acts
in coordination with BMPs to increase the recruitment of MSCs to the defect site and induce
active differentiation of osteoblasts [46]. VEGF is expressed predominantly 14 to 21 days after
the injury; and therefore, it is a candidate for early in situ application to promote mineralization
and bone regeneration remodeling [23].
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3.5. Insulin-like growth factors (IGF)

IGF-1 and -2 play a critical role in stimulation of organogenesis and growth during the first
stages of embryogenesis as well as in regulating the functions of specific tissues and organs in
later stages of development [47]. The sources of IGF-1 and IGF-2 are the bone matrix, endo‐
thelial cells, osteoblasts and chondrocytes [25]. IGF-1 promotes bone matrix formation (type I
collagen and non-collagenous matrix proteins) by fully differentiated osteoblasts and is more
potent than IGF-2 [45]. IGF-2 acts at a later stage of endochondral bone formation and
stimulates type I collagen production, cartilage matrix synthesis and cellular proliferation [25].

4. Regenerative therapies

Clinical failure of bone tissue is defined as a discontinuity of the integrity of bone resulting
from trauma, congenital malformation or surgical recession. Particularly, bone deficiency
“critical size” is the bone defect that cannot regenerate spontaneously during the lifespan of
the patient and, therefore, requires a surgical intervention for recovery [23].

The processes that drive the biology and biomechanics of bone regeneration remain largely
unknown. During regeneration of bone tissue, many highly complex interactions between
multiple cell types are mediated by soluble and insoluble factors and they have not been
sufficiently characterized. The challenge for tissue engineering and regenerative medicine is
to rebuild the regenerative healing process of bone tissue and then join the components to
produce osteoangiogenic and, therefore, osteoregenerative therapies that fulfill the biome‐
chanical parameters for the healing of a bone defect that exceeds the critical size.

We must remember that the bone has an inherent capacity for regeneration, so it is important
to not only design therapies that do not interfere with the natural regenerative processes but
also complement them and work synergistically with the endogenous bone healing process.

Regenerative therapy of bone tissue should include the three essential elements of bone
regeneration: osteogenesis, osteoinduction and osteoconduction. Osteogenesis refers to the
ability to produce new bone by bone-forming cells. Osteoinduction is the process whereby the
presence of biological mediators stimulates the recruitment of mesenchymal stem cells to the
wound site and their subsequent differentiation into mature bone cells, and osteoconduction
is the physical property of providing a matrix facilitating the invasion of blood vessels and the
new bone formation [48, 49].

Based on these fundamental principles, the main goal of regenerative medicine in clinical
treatment is to reduce surgical morbidity by applying biological signals or cellular components
that allow the reconstruction and restoration of lost tissue without autologous tissue transfer.

4.1. Mesenchymal stem cells-based therapy

Bone cell-based therapies seek to create viable tissue equivalents, providing live and meta‐
bolically active cells to repair the site of injury by continuous synthesis of bone matrix [50].
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Mesenchymal stem cells are the center of a multitude of clinical studies currently underway
(http://clinicaltrials.gov) [51]. Scientific evidence shows that they are one of the best choices in
cell therapy, because of their ease of access and isolation, great potential of expansion in
culture, immunosuppressive properties, paracrine effect and ability to migrate to injured
tissues [52]. Moreover, their great therapeutic potential has been documented in the repair and
regeneration of injured tissues in nearly every organ of the body, including the heart [53],
immune system [54], liver [55], kidneys [56] and bone and cartilage tissue [57].

Mesenchymal stem cells are defined as pluripotent cells capable of self-renewal and differen‐
tiation into various specialized types of mesenchymal cells, such as osteoblasts, chondrocytes,
adipocytes, myocytes, fibroblasts [52, 58–61]. MSCs are a group cells that have been isolated
from virtually every vascularized tissue [62]. MSCs are a group cells that have been isolated
from virtually every vascularized tissue [52]; however, recent reports have documented that
they can also be isolated from other sources as umbilical cord [62], peripheral blood [63],
adipose tissue [64–67], hair follicle [68], periodontal ligament [69–72], gingival tissue [73] and
dental pulp [74, 75], among others.

MSCs, for its ability to differentiate to multiple lineages, specifically, their osteogenic potential
and their immunomodulatory, anti-inflammatory and anti-apoptotic properties, have become
a major tool in cell therapy for the regenerative treatment of pathologies affecting functionally
bone tissue [76–79]. In vitro analyzes show that MSCs induced by osteogenic differentiation
medium increase the expression of osteogenic differentiation markers such as alkaline
phosphatase, osteocalcin, osteopontin, bone sialoprotein and calcium deposits in the extrac‐
ellular matrix. The progress in the study of the biology of bone tissue and the isolation and in
vitro cultivation of MSCs opened the possibility of studying the molecular and biological
mechanisms of bone regeneration, making significant progress, as evidenced by the more two
thousand publications of experimental reports on the application of MSCs in bone defects in
animal models promoting bone regeneration, and the more than five hundred clinical trials
currently registered on the NIH clinical trials website (http://clinicaltrials.gov) [51].

4.1.1. MSCs mechanism of action

The mechanisms through which MSCs enhance the bone tissue repair process are complex,
since they can participate in the three phases of bone healing: inflammation, proliferation and
remodeling [80]. The in vivo identity and location of MSC have been difficult to establish.
However, various reports, especially the work of Crisan et al., presented evidence of a
relationship between MSCs and perivascular pericytes. Irrespective of their tissue origin,
perivascular cells exhibit osteogenic, chondrogenic and adipogenic potentials and express
MSC markers [81]. Based on these reports, Caplan suggests that all MSCs are pericytes, which
would explain the presence of MSC in all vascularized tissues. When an injury disrupts the
normal architecture of the blood vessels, pericytes are activated giving rise to MSCs that then
contribute to tissue repair by secreting trophic factors that can control the endogenous
inflammatory reaction, promote angiogenesis and stimulate the proliferation and differentia‐
tion of progenitor cells [82] (Figure 2).
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Figure 2. Schematic model of the MSCs’ paracrine effect on tissue regeneration.

As mentioned before, a growing number of recent reports in the literature have revealed that
even if a therapeutic effect can be observed, the implanted MSC cells do not differentiate and
do not survive for a long time. For example, in an animal model of acute myocardial infarction,
it was established that the MSCs implanted do not survive, and only 4.4% of grafted MSC
could be found 1–2 weeks after transplantation [17], and MSC transplantation in a model of
spinal cord injury in rats revealed that MSCs implanted disappeared from the host after 1–2
weeks [18]. It has been also reported that human adipose tissue-derived MSCs effectively
induce bone regeneration in rabbit jaws, but they do not differentiate and do not survive more
than 12 days in the site of implantation [21]. Recent reports have demonstrated that many of
the therapeutic effects of MSCs can be mediated by the secretion of trophic factors, opening
the possibility that direct administration of these mediators may replace the use of the cells in
some instances [57]. This implies a shift from a paradigm centered on cell differentiation to a
new vision where the MSCs can have a therapeutic effect even if they are not grafted or
differentiated into specific tissue cells, which significantly increases the options of MSC
therapeutic applications. According to this concept, Caplan has proposed that the most
important feature of the MSC which determines its therapeutic potential is not their stemness
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but the ability to secrete a large number of trophic factors, and he has proposed that their name
to be changed to medicinal signaling cells, keeping the same MSC acronym [83].

Caplan also proposes a model whereby MSCs exert their therapeutic action at the site of the
injury by two different activities: from the front of the cells, away from the area of injury, MSCs
create a curtain, by the production of bioactive molecules that control local inflammation and
prevent autoimmune reactions. From the back of the MSC, they produce molecules that: (1)
stop scar formation, (2) inhibit cell apoptosis due to ischemia, (3) stimulate the formation and
stabilization of blood vessels and (4) secrete trophic factors that induce the replication of
endogenous tissue progenitors [84] (Figure 3).

Figure 3. Schematic diagram illustrating the concept of application of MSC conditioned media in bone injuries. The
MSC secretome, containing chemokines and growth factors, promote the recruitment of endogenous osteogenic cells
and stimulate their migration to injured sites, inducing their differentiation and bone formation.

4.2. Secretome as a therapeutic strategy: conditioned media

The broad spectrum of factors secreted by the different types of MSCs is generally referred as
MSC secretome. Recent data demonstrate that MSC secretome factors, collected as conditioned
media (CM), are sufficient to exert the MSC therapeutic effects.

Previous studies have reported many growth factors and cytokines derived from the CM of
various stem cells [19–21, 85–89], which could be responsible for the paracrine protective effects
of stem cells against several diseases. Consequently, the use of stem cells CM instead of direct
implantation of stem cells may be a feasible approach to overcome the limitations of current
cell-based therapy. In addition, because CM is not a cell, but a conjugate of many growth
factors, the administration of CM has no ethics concerns related with cell therapies.

However, secretomic signatures of the various types of MSC are not completely known, and
the qualitative and quantitative characterization of MSC secretomes and their functions in
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secretome-mediated repair will contribute to the development of new regenerative therapies
that will not require cell transplants [90].

Recently, the great potential of tissue engineering and regenerative medicine strategies for
bone augmentation has been demonstrated, and the feasibility of using CM from MSC as an
osteoinductive agent for future clinical use is becoming more evident. CM from bone marrow-
MSC increased the migration and proliferation of MSCs, vascularization and the early bone
regeneration in rabbit sinus model, showing CM as a promising novel therapeutic agent to
promote bone regeneration after maxillary sinus floor elevation [91]. It has been shown that
CM can have stronger effects than MSCs, accelerating the mobilization of endogenous
endothelial and MSC cells for bone regeneration in rat calvarial bone defect model [92].
Intravenous administration of MSC-CM provided the protection of osteoblasts and osteoclasts,
induced angiogenesis, anti-apoptotic and anti-inflammatory effects in a rat bisphosphonate-
related osteonecrosis of the jaw-like model [93]. It has also been reported that the use of MSC-
CM may be an alternative therapy for periodontal tissue regeneration [94]. CM from human
MSC accelerates the formation of new bone callus, shortening the time period required for
distraction osteogenesis treatment in a mouse model by recruiting endogenous mouse bone
marrow stem cells (mBMSCs) and EC/EPCs via MCP-1/-3 and IL-3/-6 signaling [95].

We have also reported that human Ad-MSCs and their CM induce bone regeneration in a jaw
rabbit model, and that morphometric, radiographic and histological analysis demonstrate that
the amount and quality of neoformed bone, repaired area, bone density, arrangement of
collagen fibers, maturation and inorganic matrix calcification are very similar between Ad-
MSC and CM-treated groups [21] (Figure 3).

5. Perspectives

All the scientific evidence on the paracrine effect of MSC provide the opportunity to exploit
the therapeutic potential of MSC-CM and opens up scenarios for the identification of new
candidate molecules for tissue repair via proteomic analysis of the MSC secretome. MSC-CM
delivers osteoinductive growth factors and cytokines that modulate the behavior of endoge‐
nous cells contributing to the formation of new tissue. Furthermore, the use of MC allows us
to avoid some of the limiting factors associated with the clinical application of stem cells, such
as the risk of tumorigenesis and transmission of infectious diseases [80], immunological
incompatibility, costs and waiting time for cell ex vivo expansion [80].

The use of MSC-CM as a novel therapeutic strategy has several practical advantages. CM
storage and transportation procedures are not as complex as they are for MSC. CM production
can be less expensive, enabling access to disadvantaged populations and reducing costs for
health systems.

Despite the advantages of its use, CM application may not always supersede the use of MSC,
and it is possible that for some type of disorders MSC could be a more effective alternative.
The number of known molecules mediating the paracrine effect of MSC grows every day, and
significantly increases the potential range of their therapeutic applications.
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