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Preface

Osteogenesis, the formation of bone or the development of bones, has two major
modes — intramembranous ossification and endochondral ossification — and

both involve the transformation of a pre-existing mesenchymal tissue into bone
tissue. Osteogenesis is a core component of the skeletal system and depends on the
well-coordinated proliferation and differentiation of osteogenic cells, including
chondrocytes and osteoblasts. Multiple signaling pathways and transcriptional fac-
tors tightly regulate the process of osteogenesis. Any abnormities in bone formation
could cause severe disorders such as osteogenesis imperfecta (OI) and osteoporosis.
Understanding the mechanisms of osteogenesis can be helpful for clinical treatment
of all conditions that affect bone formation, from congenital deformities to bone
fractures. This book provides the reader with a comprehensive overview of the cur-
rent developments in osteogenesis, including its underlying biological and mecha-
nobiological mechanisms, its related clinical diseases and treatment strategies, and
particularly advanced applications in bone regeneration and tissue engineering.

Funding from the National Natural Science Foundation of China (11702008),
Beijing Excellent Talents Funds (2017000020124G277), and Support Plan for High-
level Faculties in Beijing Municipal Universities (CIT&TCD201804011) is greatly
acknowledged.

Haisheng Yang
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College of Life Science and Bioengineering,

Intelligent Physiological Measurement and Clinical Translation,

Beijing International Base for Scientific and Technological Cooperation,
Beijing University of Technology, China






Chapter1
Bone Development and Growth

Rosy Setiawati and Paulus Rahardjo

Abstract

The process of bone formation is called osteogenesis or ossification. After
progenitor cells form osteoblastic lines, they proceed with three stages of develop-
ment of cell differentiation, called proliferation, maturation of matrix, and min-
eralization. Based on its embryological origin, there are two types of ossification,
called intramembranous ossification that occurs in mesenchymal cells that dif-
ferentiate into osteoblast in the ossification center directly without prior cartilage
formation and endochondral ossification in which bone tissue mineralization is
formed through cartilage formation first. In intramembranous ossification, bone
development occurs directly. In this process, mesenchymal cells proliferate into
areas that have high vascularization in embryonic connective tissue in the formation
of cell condensation or primary ossification centers. This cell will synthesize bone
matrix in the periphery and the mesenchymal cells continue to differentiate into
osteoblasts. After that, the bone will be reshaped and replaced by mature lamellar
bone. Endochondral ossification will form the center of primary ossification, and
the cartilage extends by proliferation of chondrocytes and deposition of cartilage
matrix. After this formation, chondrocytes in the central region of the cartilage
start to proceed with maturation into hypertrophic chondrocytes. After the pri-
mary ossification center is formed, the marrow cavity begins to expand toward the
epiphysis. Then the subsequent stages of endochondral ossification will take place
in several zones of the bone.

Keywords: osteogenesis, ossification, bone formation, intramembranous
ossification, endochondral ossification

1. Introduction

Bone is living tissue that is the hardest among other connective tissues in the
body, consists of 50% water. The solid part remainder consisting of various miner-
als, especially 76% of calcium salt and 33% of cellular material. Bone has vascular
tissue and cellular activity products, especially during growth which is very depen-
dent on the blood supply as basic source and hormones that greatly regulate this
growth process. Bone-forming cells, osteoblasts, osteoclast play an important role
in determining bone growth, thickness of the cortical layer and structural arrange-
ment of the lamellae.

Bone continues to change its internal structure to reach the functional needs and
these changes occur through the activity of osteoclasts and osteoblasts. The bone
seen from its development can be divided into two processes: first is the intramem-
branous ossification in which bones form directly in the form of primitive mesen-
chymal connective tissue, such as the mandible, maxilla and skull bones. Second is
the endochondral ossification in which bone tissue replaces a preexisting hyaline

1 IntechOpen



Osteogenesis and Bone Regeneration

cartilage, for example during skull base formation. The same formative cells form
two types of bone formation and the final structure is not much different.

Bone growth depends on genetic and environmental factors, including hor-
monal effects, diet and mechanical factors. The growth rate is not always the
same in all parts, for example, faster in the proximal end than the distal humerus
because the internal pattern of the spongiosum depends on the direction of bone
pressure. The direction of bone formation in the epiphysis plane is determined by
the direction and distribution of the pressure line. Increased thickness or width
of the bone is caused by deposition of new bone in the form of circumferential
lamellae under the periosteum. If bone growth continues, the lamella will be
embedded behind the new bone surface and be replaced by the haversian canal
system.

2. Bone cells and matrix

Bone is a tissue in which the extracellular matrix has been hardened to accom-
modate a supporting function. The fundamental components of bone, like all con-
nective tissues, are cells and matrix. Although bone cells compose a small amount
of the bone volume, they are crucial to the function of bones. Four types of cells are
found within bone tissue: osteoblasts, osteocytes, osteogenic cells, and osteoclasts.
They each unique functions and are derived from two different cell lines (Figure 1
and Table1) [1-7].

* Osteoblast synthesizes the bone matrix and are responsible for its mineraliza-
tion. They are derived from osteoprogenitor cells, a mesenchymal stem cell
line.

* Osteocytes are inactive osteoblasts that have become trapped within the bone
they have formed.

* Osteoclasts break down bone matrix through phagocytosis. Predictably, they
ruffled border, and the space between the osteoblast and the bone is known as
Howship’s lacuna.

The balance between osteoblast and osteoclast activity governs bone turnover
and ensures that bone is neither overproduced nor overdegraded. These cells build
up and break down bone matrix, which is composed of:

* Osteoid, which is the unmineralized matrix composed of type I collagen and
gylcosaminoglycans (GAGs).

* Calcium hydroxyapatite, a calcium salt crystal that give bone its strength and
rigidity.

Bone is divided into two types that are different structurally and function-
ally. Most bones of the body consist of both types of bone tissue (Figure 2)
[1,2,8,9]:

* Compact bone, or cortical bone, mainly serves a mechanical function. This
is the area of bone to which ligaments and tendons attach. It is thick and
dense.
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Figure 1.
Development of bone precursor cells. Bone precursor cells are divided into developmental stages, which are 1.
mesenchymal stem cell, 2. pre-osteoblast, 3. osteoblast, and 4. mature osteocytes, and 5. osteoclast.

Develop in Deep layers of the

osteoblast periosteum and
the marrow

Bone formation Growing portions
of bone, including
periosteum and

! __endosteum |

Maintain mineral Entrapped in matrix

concentration of

matrix |

Bone resoprtion Bone surfaces and
at sites of old,
injured, or
unneeded bone

Table 1.
Bone cells, their function, and locations [1-7].

¢ Trabecular bone, also known as cancellous bone or spongy bone, mainly serves
a metabolic function. This type of bone is located between layers of compact
bone and is thin porous. Location within the trabeculae is the bone marrow.
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Figure 2.
Structure of a long bone.

3. Bone structure
3.1 Macroscopic bone structure

Long bones are composed of both cortical and cancellous bone tissue. They
consist of several areas (Figure 3) [3, 4]:

* The epiphysis is located at the end of the long bone and is the parts of the bone
that participate in joint surfaces.

* The diaphysis is the shaft of the bone and has walls of cortical bone and an
underlying network of trabecular bone.

* The epiphyseal growth plate lies at the interface between the shaft and the
epiphysis and is the region in which cartilage proliferates to cause the elonga-

tion of the bone.

* The metaphysis is the area in which the shaft of the bone joins the epiphyseal
growth plate.

Different areas of the bone are covered by different tissue [4]:

* The epiphysis is lined by a layer of articular cartilage, a specialized form of
hyaline cartilage, which serves as protection against friction in the joints.

* The outside of the diaphysis is lined by periosteum, a fibrous external layer
onto which muscles, ligaments, and tendons attach.

* The inside of the diaphysis, at the border between the cortical and cancellous
bone and lining the trabeculae, is lined by endosteum.



Bone Development and Growth
DOI: http://dx.doi.org/10.5772/intechopen.82452

| [
Epiphysis— ' b & \‘n ’-\

Metaphysis
z/.z. ;
(/ / =3
/|
’ Epiphyseal
Epipﬁysea! Diaphysis { line
plate
(growth
platg}
\
Metaphysis
- Epiphysis —
(a) Growing long bone (b) Mature long bone

Figure 3.
Bone macrostructure. (a) Growing long bone showing epiphyses, epiphyseal plates, metaphysis and diaphysis.
(b) Mature long bone showing epiphyseal lines.

3.2 Microscopic bone structure

Compact bone is organized as parallel columns, known as Haversian systems,
which run lengthwise down the axis of long bones. These columns are composed
of lamellae, concentric rings of bone, surrounding a central channel, or Haversian
canal, that contains the nerves, blood vessels, and lymphatic system of the bone.
The parallel Haversian canals are connected to one another by the perpendicular
Volkmann’s canals.

The lamellae of the Haversian systems are created by osteoblasts. As these cells
secrete matrix, they become trapped in spaces called lacunae and become known as
osteocytes. Osteocytes communicate with the Haversian canal through cytoplasmic
extensions that run through canaliculi, small interconnecting canals (Figure 4)
[1,2,8,9]:

The layers of along bone, beginning at the external surface, are therefore:

* Periosteal surface of compact bone
* Outer circumferential lamellae
* Compact bone (Haversian systems)
* Inner circumferential lamellae
* Endosteal surface of compact bone

¢ Trabecular bone
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Figure 4.
Bone microstructure. Compact and spongy bone structures.

4, Bone formation

Bone development begins with the replacement of collagenous mesenchymal
tissue by bone. This results in the formation of woven bone, a primitive form of
bone with randomly organized collagen fibers that is further remodeled into mature
lamellar bone, which possesses regular parallel rings of collagen. Lamellar bone is
then constantly remodeled by osteoclasts and osteoblasts. Based on the develop-
ment of bone formation can be divided into two parts, called endochondral and
intramembranous bone formation/ossification [1-3, 8].

4.1 Intramembranous bone formation

During intramembranous bone formation, the connective tissue membrane of
undifferentiated mesenchymal cells changes into bone and matrix bone cells [10]. In the
cranjofacial cartilage bones, intramembranous ossification originates from nerve crest
cells. The earliest evidence of intramembranous bone formation of the skull occurs in
the mandible during the sixth prenatal week. In the eighth week, reinforcement center
appears in the calvarial and facial areas in areas where there is a mild stress strength [11].

Intramembranous bone formation is found in the growth of the skull and is
also found in the sphenoid and mandible even though it consists of endochondral
elements, where the endochondral and intramembranous growth process occurs in
the same bone. The basis for either bone formation or bone resorption is the same,
regardless of the type of membrane involved.

Sometimes according to where the formation of bone tissue is classified as “peri-
osteal” or “endosteal”. Periosteal bone always originates from intramembranous,
but endosteal bone can originate from intramembranous as well as endochondral
ossification, depending on the location and the way it is formed [3, 12].

4.1.1 The stage of intramembranous bone formation

The statement below is the stage of intramembrane bone formation (Figure 5)
(3, 4,11, 12]:
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1. An ossification center appears in the fibrous connective tissue membrane.
Mesenchymal cells in the embryonic skeleton gather together and begin to
differentiate into specialized cells. Some of these cells differentiate into capil-
laries, while others will become osteogenic cells and osteoblasts, then forming
an ossification center.

2.Bone matrix (osteoid) is secreted within the fibrous membrane. Osteoblasts
produce osteoid tissue, by means of differentiating osteoblasts from the
ectomesenchyme condensation center and producing bone fibrous matrix
(osteoid). Then osteoid is mineralized within a few days and trapped osteo-
blast become osteocytes.

3. Woven bone and periosteum form. The encapsulation of cells and blood ves-
sels occur. When osteoid deposition by osteoblasts continues, the encased cells
develop into osteocytes. Accumulating osteoid is laid down between embry-
onic blood vessels, which form a random network (instead of lamellae) of
trabecular. Vascularized mesenchyme condenses on external face of the woven
bone and becomes the periosteum.

4.Production of osteoid tissue by membrane cells: osteocytes lose their ability to
contribute directly to an increase in bone size, but osteoblasts on the perios-
teum surface produce more osteoid tissue that thickens the tissue layer on the
existing bone surface (for example, appositional bone growth). Formation of a
woven bone collar that is later replaced by mature lamellar bone. Spongy bone
(diploe), consisting of distinct trabeculae, persists internally and its vascular
tissue becomes red marrow.

5. Osteoid calcification: The occurrence of bone matrix mineralization makes
bones relatively impermeable to nutrients and metabolic waste. Trapped blood
vessels function to supply nutrients to osteocytes as well as bone tissue and
eliminate waste products.

6. The formation of an essential membrane of bone which includes a membrane
outside the bone called the bone endosteum. Bone endosteum is very impor-
tant for bone survival. Disruption of the membrane or its vascular tissue can
cause bone cell death and bone loss. Bones are very sensitive to pressure. The
calcified bones are hard and relatively inflexible.

The matrix or intercellular substance of the bone becomes calcified and becomes
abone in the end. Bone tissue that is found in the periosteum, endosteum, suture,
and periodontal membrane (ligaments) is an example of intramembranous bone
formation [3, 13].

Intramembranous bone formation occurs in two types of bone: bundle bone
and lamellar bone. The bone bundle develops directly in connective tissue that has
not been calcified. Osteoblasts, which are differentiated from the mesenchyme,
secrete an intercellular substance containing collagen fibrils. This osteoid matrix
calcifies by precipitating apatite crystals. Primary ossification centers only show
minimal bone calcification density. The apatite crystal deposits are mostly irregular
and structured like nets that are contained in the medullary and cortical regions.
Mineralization occurs very quickly (several tens of thousands of millimeters per
day) and can occur simultaneously in large areas. These apatite deposits increase
with time. Bone tissue is only considered mature when the crystalized area is
arranged in the same direction as collagen fibrils.
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Figure 5.

Tl'gz stage of intramembranous ossification. The following stages are (a) Mesenchymal cells group into
clusters, and ossification centers form. (b) Secreted osteoid traps osteoblasts, which then become osteocytes.
(c) Trabecular matrix and periosteum form. (d) Compact bone develops superficial to the trabecular bone,
and crowded blood vessels condense into ved marrow.

Bone tissue is divided into two, called the outer cortical and medullary
regions, these two areas are destroyed by the resorption process; which goes
along with further bone formation. The surrounding connective tissue will
differentiate into the periosteum. The lining in the periosteum is rich in cells,
has osteogenic function and contributes to the formation of thick bones as in the
endosteum.

In adults, the bundle bone is usually only formed during rapid bone remodeling.
This is reinforced by the presence of lamellar bone. Unlike bundle bone formation,
lamellar bone development occurs only in mineralized matrix (e.g., cartilage that
has calcified or bundle bone spicules). The nets in the bone bundle are filled to
strengthen the lamellar bone, until compact bone is formed. Osteoblasts appear in
the mineralized matrix, which then form a circle with intercellular matter sur-
rounding the central vessels in several layers (Haversian system). Lamella bone
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is formed from 0.7 to 1.5 microns per day. The network is formed from complex
fiber arrangements, responsible for its mechanical properties. The arrangement
of apatites in the concentric layer of fibrils finally meets functional requirements.
Lamellar bone depends on ongoing deposition and resorption which can be influ-
enced by environmental factors, one of this which is orthodontic treatment.

4.1.2 Factors that influence intramembranous bone formation

Intramembranous bone formation from desmocranium (suture and periosteum)
is mediated by mesenchymal skeletogenetic structures and is achieved through
bone deposition and resorption [8]. This development is almost entirely controlled
through local epigenetic factors and local environmental factors (i.e. by muscle
strength, external local pressure, brain, eyes, tongue, nerves, and indirectly by
endochondral ossification). Genetic factors only have a nonspecific morphogenetic
effect on intramembranous bone formation and only determine external limits and
increase the number of growth periods. Anomaly disorder (especially genetically
produced) can affect endochondral bone formation, so local epigenetic factors and
local environmental factors, including steps of orthodontic therapy, can directly
affect intramembranous bone formation [3, 11].

4.2 Endochondral bone formation

During endochondral ossification, the tissue that will become bone is firstly
formed from cartilage, separated from the joint and epiphysis, surrounded by
perichondrium which then forms the periosteum [11]. Based on the location of
mineralization, it can be divided into: Perichondral Ossification and Endochondral
Ossification. Both types of ossification play an essential role in the formation
of long bones where only endochondral ossification takes place in short bones.
Perichondral ossification begins in the perichondrium. Mesenchymal cells from
the tissue differentiate into osteoblasts, which surround bony diaphyseal before
endochondral ossification, indirectly affect its direction [3, 8, 12]. Cartilage is
transformed into bone is craniofacial bone that forms at the eigth prenatal week.
Only bone on the cranial base and part of the skull bone derived from endochondral
bone formation. Regarding to differentiate endochondral bone formation from
chondrogenesis and intramembranous bone formation, five sequences of bone
formation steps were determined [3].

4.2.1 The stages of endochondral bone formation

The statements below are the stages of endochondral bone formation
(Figure 6) [4, 12]:

1. Mesenchymal cells group to form a shape template of the future bone.

2.Mesenchymal cells differentiate into chondrocytes (cartilage cells).

3.Hypertrophy of chondrocytes and calcified matrix with calcified central car-
tilage primordium matrix formed. Chondrocytes show hypertrophic changes
and calcification from the cartilage matrix continues.

4.Entry of blood vessels and connective tissue cells. The nutrient artery supplies

the perichondrium, breaks through the nutrient foramen at the mid-region
and stimulates the osteoprogenitor cells in the perichondrium to produce
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osteoblasts, which changes the perichondrium to the periosteum and starts the
formation of ossification centers.

5.The periosteum continues its development and the division of cells (chon-
drocytes) continues as well, thereby increasing matrix production (this helps
produce more length of bone).

6. The perichondrial membrane surrounds the surface and develops new
chondroblasts.

7.Chondroblasts produce growth in width (appositional growth).
8. Cells at the center of the cartilage lyse (break apart) triggers calcification.

During endochondral bone formation, mesenchymal tissue firstly differ-
entiates into cartilage tissue. Endochondral bone formation is morphogenetic
adaptation (normal organ development) which produces continuous bone
in certain areas that are prominently stressed. Therefore, this endochondral
bone formation can be found in the bones associated with joint movements
and some parts of the skull base. In hypertrophic cartilage cells, the matrix
calcifies and the cells undergo degeneration. In cranial synchondrosis, there is
proliferation in the formation of bones on both sides of the bone plate, this is
distinguished by the formation of long bone epiphyses which only occurs on
one side only [2, 14].

As the cartilage grows, capillaries penetrate it. This penetration initiates the
transformation of the perichondrium into the bone-producing periosteum. Here,
the osteoblasts form a periosteal collar of compact bone around the cartilage of the
diaphysis. By the second or third month of fetal life, bone cell development and
ossification ramps up and creates the primary ossification center, a region deep in
the periosteal collar where ossification begins [4, 10].

While these deep changes occur, chondrocytes and cartilage continue to grow
at the ends of the bone (the future epiphyses), which increase the bone length and
at the same time bone also replaces cartilage in the diaphysis. By the time the fetal
skeleton is fully formed, cartilage only remains at the joint surface as articular
cartilage and between the diaphysis and epiphysis as the epiphyseal plate, the latter
of which is responsible for the longitudinal growth of bones. After birth, this same
sequence of events (matrix mineralization, death of chondrocytes, invasion of
blood vessels from the periosteum, and seeding with osteogenic cells that become
osteoblasts) occur in the epiphyseal regions, and each of these centers of activity is
referred to as a secondary ossification center [4, 8, 10].

There are four important things about cartilage in endochondral bone
formation:

1. Cartilage has a rigid and firm structure, but not usually calcified nature, giving
three basic functions of growth (a) its flexibility can support an appropriate
network structure (nose), (b) pressure tolerance in a particular place where
compression occurs, (c) the location of growth in conjunction with enlarging
bone (synchondrosis of the skull base and condyle cartilage).

2. Cartilage grows in two adjacent places (by the activity of the chondrogenic

membrane) and grows in the tissues (chondrocyte cell division and the addi-
tion of its intercellular matrix).

10
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Figure 6.

The stage of endochondral ossification. The following stages ave: (a) Mesenchymal cells differentiate into
chondrocytes. (b) The cartilage model of the future bony skeleton and the perichondrium form. (c) Capillaries
penetrate cartilage. Perichondrium transforms into periosteum. Periosteal collar develops. Primary ossification
center develops. (d) Cartilage and chondrocytes continue to grow at ends of the bone. (e) Secondary ossification
centers develop. (f) Cartilage remains at epiphyseal (growth) plate and at joint surface as articular cartilage.

3.Bone tissue is not the same as cartilage in terms of its tension adaptation and
cannot grow directly in areas of high compression because its growth depends
on the vascularization of bone formation covering the membrane.

4. Cartilage growth arises where linear growth is required toward the pressure
direction, which allows the bone to lengthen to the area of strength and has not
yet grown elsewhere by membrane ossification in conjunction with all peri-
osteal and endosteal surfaces.

4.2.2 Factors that influence endochondral ossification

Membrane disorders or vascular supply problem of these essential membranes
can directly result in bone cell death and ultimately bone damage. Calcified bones
are generally hard and relatively inflexible and sensitive to pressure [12].

Cranial synchondrosis (e.g., spheno ethmoidal and spheno occipital growth)
and endochondral ossification are further determined by chondrogenesis.
Chondrogenesis is mainly influenced by genetic factors, similar to facial mesenchy-
mal growth during initial embryogenesis to the differentiation phase of cartilage
and cranial bone tissue.

This process is only slightly affected by local epigenetic and environmental
factors. This can explain the fact that the cranial base is more resistant to deforma-
tion than desmocranium. Local epigenetic and environmental factors cannot trigger
or inhibit the amount of cartilage formation. Both of these have little effect on the
shape and direction of endochondral ossification. This has been analyzed especially
during mandibular condyle growth.
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Local epigenetics and environmental factors only affect the shape and direction
of cartilage formation during endochondral ossification Considering the fact that
condyle cartilage is a secondary cartilage, it is assumed that local factors provide a
greater influence on the growth of mandibular condyle.

4.2.3 Chondrogenesis

Chondrogenesis is the process by which cartilage is formed from condensed
mesenchyme tissue, which differentiates into chondrocytes and begins secreting the
molecules that form the extracellular matrix [5, 14].

The statement below is five steps of chondrogenesis [8, 14]:

1. Chondroblasts produce a matrix: the extracellular matrix produced by cartilage
cells, which is firm but flexible and capable of providing a rigid support.

2. Cells become embed in a matrix: when the chondroblast changes to be com-
pletely embed in its own matrix material, cartilage cells turn into chondro-
cytes. The new chondroblasts are distinguished from the membrane surface
(perichondrium), this will result in the addition of cartilage size (cartilage can
increase in size through apposition growth).

3. Chondrocytes enlarge, divide and produce a matrix. Cell growth continues and
produces a matrix, which causes an increase in the size of cartilage mass from
within. Growth that causes size increase from the inside is called interstitial
growth.

4.The matrix remains uncalcified: cartilage matrix is rich of chondroitin sulfate
which is associated with non-collagen proteins. Nutrition and metabolic waste
are discharged directly through the soft matrix to and from the cell. Therefore,
blood vessels aren’t needed in cartilage.

5.The membrane covers the surface but is not essential: cartilage has a closed
membrane vascularization called perichondrium, but cartilage can exist with-
out any of these. This property makes cartilage able to grow and adapt where it
needs pressure (in the joints), so that cartilage can receive pressure.

Endochondral ossification begins with characteristic changes in cartilage bone
cells (hypertrophic cartilage) and the environment of the intercellular matrix
(calcium laying), the formation which is called as primary spongiosa. Blood vessels
and mesenchymal tissues then penetrate into this area from the perichondrium.
The binding tissue cells then differentiate into osteoblasts and cells. Chondroblasts
erode cartilage in a cave-like pattern (cavity). The remnants of mineralized cartilage
the central part of laying the lamellar bone layer.

The osteoid layer is deposited on the calcified spicules remaining from the
cartilage and then mineralized to form spongiosa bone, with fine reticular struc-
tures that resemble nets that possess cartilage fragments between the spicular
bones. Spongy bones can turn into compact bones by filling empty cavities. Both
endochondral and perichondral bone growth both take place toward epiphyses and
joints. In the bone lengthening process during endochondral ossification depends
on the growth of epiphyseal cartilage. When the epiphyseal line has been closed,
the bone will not increase in length. Unlike bone, cartilage bone growth is based
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on apposition and interstitial growth. In areas where cartilage bone is covered by
bone, various variations of zone characteristics, based on the developmental stages
of each individual, can differentiate which then continuously merge with each
other during the conversion process. Environmental influences (co: mechanism of
orthopedic functional tools) have a strong effect on condylar cartilage because the
bone is located more superficially [5].

5. Bone growth

Cartilage bone height development occurs during the third month of intra
uterine life. Cartilage plate extends from the nasal bone capsule posteriorly to the
foramen magnum at the base of the skull. It should be noted that cartilages which
close to avascular tissue have internal cells obtained from the diffusion process
from the outermost layer. This means that the cartilage must be flatter. In the early
stages of development, the size of a very small embryo can form a chondroskel-
eton easily in which the further growth preparation occurs without internal blood
supply [1].

During the fourth month in the uterus, the development of vascular elements
to various points of the chondrocranium (and other parts of the early cartilage
skeleton) becomes an ossification center, where the cartilage changes into an ossi-
fication center, and bone forms around the cartilage. Cartilage continues to grow
rapidly but it is replaced by bone, resulting in the rapid increase of bone amount.
Finally, the old chondrocranium amount will decrease in the area of cartilage and
large portions of bone, assumed to be typical in ethmoid, sphenoid, and basioccipi-
tal bones. The cartilage growth in relation to skeletal bone is similar as the growth of
the limbs [1, 3].

Longitudinal bone growth is accompanied by remodeling which includes apposi-
tional growth to thicken the bone. This process consists of bone formation and
reabsorption. Bone growth stops around the age of 21 for males and the age of 18 for
females when the epiphyses and diaphysis have fused (epiphyseal plate closure).

Normal bone growth is dependent on proper dietary intake of protein, minerals
and vitamins. A deficiency of vitamin D prevents calcium absorption from the GI
tract resulting in rickets (children) or osteomalacia (adults). Osteoid is produced
but calcium salts are not deposited, so bones soften and weaken.

5.1 Oppositional bone growth

At the length of the long bones, the reinforcement plane appears in the
middle and at the end of the bone, finally produces the central axis that is called
the diaphysis and the bony cap at the end of the bone is called the epiphysis.
Between epiphyses and diaphysis is a calcified area that is not calcified called
the epiphyseal plate. Epiphyseal plate of the long bone cartilage is a major
center for growth, and in fact, this cartilage is responsible for almost all the
long growths of the bones. This is a layer of hyaline cartilage where ossification
occurs in immature bones. On the epiphyseal side of the epiphyseal plate, the
cartilage is formed. On the diaphyseal side, cartilage is ossified, and the diaphy-
sis then grows in length. The epiphyseal plate is composed of five zones of cells
and activity [3, 4].

Near the outer end of each epiphyseal plate is the active zone dividing the
cartilage cells. Some of them, pushed toward diaphysis with proliferative activity,
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develop hypertrophy, secrete an extracellular matrix, and finally the matrix begins
to fill with minerals and then is quickly replaced by bone. As long as cartilage

cells multiply growth will continue. Finally, toward the end of the normal growth
period, the rate of maturation exceeds the proliferation level, the latter of the
cartilage is replaced by bone, and the epiphyseal plate disappears. At that time,
bone growth is complete, except for surface changes in thickness, which can be
produced by the periosteum [4]. Bones continue to grow in length until early
adulthood. The lengthening is stopped in the end of adolescence which chon-
drocytes stop mitosis and plate thins out and replaced by bone, then diaphysis

and epiphyses fuse to be one bone (Figure 7). The rate of growth is controlled by
hormones. When the chondrocytes in the epiphyseal plate cease their proliferation
and bone replaces the cartilage, longitudinal growth stops. All that remains of

the epiphyseal plate is the epiphyseal line. Epiphyseal plate closure will occur in
18-year old females or 21-year old males.

5.1.1 Epiphyseal plate growth

The cartilage found in the epiphyseal gap has a defined hierarchical structure,
directly beneath the secondary ossification center of the epiphysis. By close exami-
nation of the epiphyseal plate, it appears to be divided into five zones (starting from
the epiphysis side) (Figure 8) [4]:

1. The resting zone: it contains hyaline cartilage with few chondrocytes, which
means no morphological changes in the cells.

2. The proliferative zone: chondrocytes with a higher number of cells divide
rapidly and form columns of stacked cells parallel to the long axis of the bone.

3.The hypertrophic cartilage zone: it contains large chondrocytes with cells
increasing in volume and modifying the matrix, effectively elongating bone

Length of bone
Chondrocytes [ increases

divide and erlage —

| Thickness of
Zome of restin e
Bt epiphyseal plate
| remains
Tane of |
prosferation unchanged
Epiohy- | zone of
;E:' H::UGW
Zane of | Boneis
caleification EddEd tﬂ‘
Rors of diaphysis
diaphysis
|
| Calcified cartilage is
replaced by bone
Figure7.

Oppositional bone growth and remodeling. The epiphyseal plate is vesponsible for longitudinal bone growth.
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Figure 8.
Epiphyseal plate growth. Five zones of epiphyseal growth plate includes: 1. vesting zone, 2. proliferation zone,
3. hypertrophic cartilage zone, 4. calcified cartilage zone, and 5. ossification zone.

whose cytoplasm has accumulated glycogen. The resorbed matrix is reduced to
thin septa between the chondrocytes.

4.The calcified cartilage zone: chondrocytes undergo apoptosis, the thin septa of
cartilage matrix become calcified.

5.The ossification zone: endochondral bone tissue appears. Blood capillaries
and osteoprogenitor cells (from the periosteum) invade the cavities left by the
chondrocytes. The osteoprogenitor cells form osteoblasts, which deposit bone
matrix over the three-dimensional calcified cartilage matrix.

5.2 Appositional bone growth

When bones are increasing in length, they are also increasing in diameter;
diameter growth can continue even after longitudinal growth stops. This is called
appositional growth. The bone is absorbed on the endosteal surface and added to
the periosteal surface. Osteoblasts and osteoclasts play an essential role in appo-
sitional bone growth where osteoblasts secrete a bone matrix to the external bone
surface from diaphysis, while osteoclasts on the diaphysis endosteal surface remove
bone from the internal surface of diaphysis. The more bone around the medul-
lary cavity is destroyed, the more yellow marrow moves into empty space and fills
space. Osteoclasts resorb the old bone lining the medullary cavity, while osteoblasts
through intramembrane ossification produce new bone tissue beneath the perios-
teum. Periosteum on the bone surface also plays an important role in increasing
thickness and in reshaping the external contour. The erosion of old bone along the
medullary cavity and new bone deposition under the periosteum not only increases
the diameter of the diaphysis but also increases the diameter of the medullary cav-
ity. This process is called modeling (Figure 9) [3, 4, 15].
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Figure 9.
Appositional bone growth. Bone deposit by osteoblast as bone resorption by osteoclast.

6. The role of mesenchymal stem cell migration and differentiation in
bone formation

Recent research reported that bone microstructure is also the principle of bone
function, which regulates its mechanical function. Bone tissue function influenced
by many factors, such as hormones, growth factors, and mechanical loading. The
microstructure of bone tissue is distribution and alignment of biological apatite
(BAp) crystallites. This is determined by the direction of bone cell behavior, for
example cell migration and cell regulation. Ozasa et al. found that artificial control
the direction of mesenchymal stem cell (MSCs) migration and osteoblast alignment
can reconstruct bone microstructure, which guide an appropriate bone formation
during bone remodeling and regeneration [16].

Bone development begins with the replacement of collagenous mesenchymal
tissue by bone. Generally, bone is formed by endochondral or intramembranous
ossification. Intramembranous ossification is essential in the bone such as skull,
facial bones, and pelvis which MSCs directly differentiate to osteoblasts. While,
endochondral ossification plays an important role in most bones in the human
skeleton, including long, short, and irregular bones, which MSCs firstly experi-
ence to condensate and then differentiate into chondrocytes to form the cartilage
growth plate and the growth plate is then gradually replaced by new bone tissue
(3, 8,12].

MSC migration and differentiation are two important physiological processes
in bone formation. MSCs migration raise as an essential step of bone formation
because MSCs initially need to migrate to the bone surface and then contribute in
bone formation process, although MSCs differentiation into osteogenic cells is also
crucial. MSC migration during bone formation has attracted more attention. Some
studies show that MSC migration to the bone surface is crucial for bone formation
[17]. Bone marrow and periosteum are the main sources of MSCs that participate in
bone formation [18].

In the intramembranous ossification, MSCs undergo proliferation and dif-
ferentiation along the osteoblastic lineage to form bone directly without first
forming cartilage. MSC and preosteoblast migration is involved in this process and
are mediated by plentiful factors in vivo and in vitro. MSCs initially differentiate
into preosteoblasts which proliferate near the bone surface and secrete ALP. Then
they become mature osteoblasts and then form osteocytes which embedded in
an extracellular matrix (ECM). Other factors also regulate the intramembranous
ossification of MSCs such as Runx2, special AT-rich sequence binding protein 2
(SATB 2), and Osterix as well as pathways, like the wnt/p-catenin pathway and
bone morphogenetic protein (BMP) pathway [17, 19].
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In the endochondral ossification, MSCs are first condensed to initiate cartilage
model formation. The process is mediated by BMPs through phosphorylating
and activating receptor SMADs to transduce signals. During condensation, the
central part of MSCs differentiates into chondrocytes and secretes cartilage
matrix. While, other cells in the periphery, form the perichondrium that continues
expressing type I collagen and other important factors, such as proteoglycans and
ALP. Chondrocytes undergo rapid proliferation. Chondrocytes in the center become
maturation, accompanied with an invasion of hypertrophic cartilage by the vas-
culature, followed by differentiation of osteoblasts within the perichondrium and
marrow cavity. The inner perichondrium cells differentiate into osteoblasts, which
secrete bone matrix to form the bone collar after vascularization in the hypertrophic
cartilage. Many factors that regulate endochondral ossification are growth factors
(GFs), transforming growth factor-p (TGF-f), Sry-related high-mobility group
box 9 (Sox9) and Cell-to-cell interaction [17, 19].

7. Conclusions

* Osteogenesis/ossification is the process in which new layers of bone tissue are

placed by osteoblasts.

* During bone formation, woven bone (haphazard arrangement of collagen
fibers) is remodeled into lamellar bones (parallel bundles of collagen in a layer
known as lamellae)

* Periosteum is a connective tissue layer on the outer surface of the bone; the
endosteum is a thin layer (generally only one layer of cell) that coats all the
internal surfaces of the bone

* Major cell of bone include: osteoblasts (from osteoprogenitor cells, forming
osteoid that allow matrix mineralization to occur), osteocytes (from osteo-
blasts; closed to lacunae and retaining the matrix) and osteoclasts (from hemo-
poietic lineages; locally erodes matrix during bone formation and remodeling.

* The process of bone formation occurs through two basic mechanisms:

o Intramembranous bone formation occurs when bone forms inside the mes-
enchymal membrane. Bone tissue is directly laid on primitive connective
tissue referred to mesenchyma without intermediate cartilage involvement.
It forms bone of the skull and jaw; especially only occurs during develop-
ment as well as the fracture repair.

o Endochondral bone formation occurs when hyaline cartilage is used asa
precursor to bone formation, then bone replaces hyaline cartilage, forms
and grows all other bones, occurs during development and throughout life.

* During interstitial epiphyseal growth (elongation of the bone), the growth
plate with zonal organization of endochondral ossification, allows bone to
lengthen without epiphyseal growth plates enlarging zones include:

o Zone of resting.
o Zone of proliferation.

o Zone of hypertrophy.
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o Zone of calcification.

o Zone of ossification and resorption.

* During appositional growth, osteoclasts resorb old bone that lines the medul-
lary cavity, while osteoblasts, via intramembranous ossification, produce new
bone tissue beneath the periosteum.

* Mesenchymal stem cell migration and differentiation are two important physi-
ological processes in bone formation.
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Chapter2

Wnt Signaling and Genetic Bone
Diseases

Yangin Lu and Jinxiang Han

Abstract

The Wnt signal transduction plays a vital role in regulating development
throughout the animal kingdom. The Wnt signal transduction is complex, including
Wnt ligands, receptors, coreceptors, transducers, transcription factors, antagonists,
agonists and their modulators, and target genes. It is classified into (3-catenin-
dependent canonical and independent non-canonical Wnt (mainly planar cell
polarity and Wnt/Ca®*) signaling pathways. Wnt signaling pathway is causative to
multiple human diseases. Gene mutations from the components of WNT signaling
machinery have been identified to relate with low or high bone mass diseases, such
as osteogenesis imperfecta, Robinow syndrome, osteoporosis-pseudoglioma syn-
drome, and sclerosteosis. In this review, we provide an update of the Wnt signaling
pathway and the bone diseases caused by the aberrant components of the pathways.

Keywords: Wnt, Wnt signaling pathway, genetic bone diseases

1. Introduction

The Wntl gene (originally named Int1) was identified in 1982 as a gene activated
by integration of mouse mammary tumor virus (MMTV) proviral DNA in virally
induced breast tumors [1]. The Intl proto-oncogene is highly conserved in many
species, the fly wingless (Wg) gene in Drosophila, functions in controlling segment
polarity during larval development and also activated in cancer, was found to be a
homolog of Wntl [2]. Later, McMahon and Moon found that ectopic expression of
Int1 in Xenopus leads to dual axis formation, when mouse Intl RNA was injected
into Xenopus embryos. Duplication of axial structures was abolished by substitu-
tion of a single, conserved cysteine residue of Int1 [3]. Later, more and more Wnt
family members were identified.

2. Wnt and its secretion
2.1 Wnt proteins and their structure

Till now, Wnt family currently includes 19 secreted lipid-modified glycopro-
teins in most mammalian genomes, including the human genome. They fall into
12 conserved Wnt subfamilies, of which at least 11 of these occur in the genome
of a Cnidaria, highlighting the vital role of Wnt family members in the process
of organismal patterning throughout the animal kingdom [4]. In humans, Wntl
and Wnt10b are located adjacent to each other on chromosome 12, and they are
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transcribed in opposite directions. Wnt6 and Wnt10a are located adjacent to each
other on chromosome 2 and transcribed from the same strand of DNA. Other Wnt
genes are prone to be clustered within the human genome also, including Wnt2
and Wnt16, Wnt3a and Wnt14, and Wnt3 and Wnt15 [5]. Wnt1-Wnt6-Wnt10 is an
ancient cluster of Wnt genes in a common ancestor of vertebrates and arthropods
and this cluster was duplicated leading to Wnt1-Wnt6-Wnt10a and Wnt1-Wnt6-
Wnt10b cluster in vertebrates [5]. Based on their ability to induce transformation of
the epithelial cell line C57MG, Wnt family are classified into highly transformation
members, which includes Wnt1, Wnt2, Wnt3, and Wnt3a, and nontransformation
members including Wnt4, Wnt5a, Wnt5b, and Wnt7b. High transformation mem-
bers are related to Wnt/f-catenin canonical pathway and nontransformation mem-
bers are related to noncanonical Wnt pathways. Wnt6 and Wnt7a are categorized as
intermediate transformation members, leading to weak morphological changes [6].
Wnt genes encode proteins of ~350—400 residues in length, with molecular weight
of about 40 kDa in size. Little is known about the structure of Wnts for their highly
hydrophobic characteristics. In 2012, the 3D structure of Xenopus Wnt8 protein as
bound to mouse Frizzled-8 cysteine-rich domain (CRD) was solved. XWnt8 is consist
of an N-terminal a-helical domain (NTD) that includes the lipid-modified thumb and
a C-terminal cysteine-rich region (CTD). They resemble the extended thumb and
index fingers to project into a pocket in the opposite side of Fzd-CRD [7].

2.2 Posttranslational modifications of Wnts in the ER and Golgi apparatus

Wnt proteins share some features in common. They have an amino-terminal
signal peptide that targets them to the ER and undergo a series of posttranslational
modifications in the secretory pathway before transporting into the extracellular
space. Wnts contain several charged residues and 23-25 cysteines on average, and
some of them participate in inter- and intramolecular disulfide bonds, leading to
Wnt folding and multimerization [7, 8]. All Wnt proteins (except Drosophila WntD)
undergo posttranslational acylation and glycosylation [9]. There are two conserved
residues of fatty acylation reported till now. The first acylation is palmitate attached
to a conserved cysteine residue 77 in murine Wnt3a through a thioester linkage.

The second lipid modification was identified at the position of serine 209 in murine
Wnt3a protein. This conserved residue is modified by a monounsaturated fatty acid,
palmitoleic acid [10-12]. This lipid posttranslational modification leads to extremely
hydrophobicity of Wnts and restrict Wnt proteins to membranes by injecting into
the lipid bilayer [9, 11]. Cys77 mutant leads to the loss of Wnt3a activity without
affecting secretion, while Wnt3a Ser209Ala mutant is retained in the ER and secre-
tion is blocked [10, 11]. Crystal structure of XWnt8 discovered that only conserved
serine (corresponding to serine 209 in murine Wnt3a) is acylated. Cys77 is involved
in the formation of disulfide bond with a second conserved cysteine [7]. Till now,
Drosophila WntD is the only nonlipidated member of Wnt family [13]. Monoacylation
is further corroborated by the lack of Cys77 palmitoylation study [14, 15]. This serine
acylation is essential for Wnt binding to the coreceptor Frizzled, Wnt secretion and
binding to the chaperone Wntless [7, 16, 17].

The attachment of palmitoleate to Wnt’s conserved serine is mediated through
substrate specificity by acyltransferase Porcupine, which is homologous to the
superfamily of acyltransferase enzymes localized to the endoplasmic reticulum (ER).
Mutation of Porcupine impeded Wnt acylation activity in vitro [18]. Wnt palmi-
toylation is reversible and it can be removed by Notum, the serine hydrolase, and this
deacylase activity is specific for Wnt proteins [19, 20]. Hence, Notum? inhibitors have
potential for treating degenerative diseases by targeting Wnt signaling [21].
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N-Glycosylation is another common posttranslational modification of Wnt
ligands, and nitrogen atom of multiple asparagine residues of Wnts is attached to
oligosaccharide. This modification precedes palmitoylation and is independent of it
[22, 23]. The number and position of N-glycosylation vary in different Wnt mem-
bers [24]. The role of Wnt protein’s N-glycosylation is unclear, but usually, it influ-
ences secretion, but not folding and structure [9]. For Wg protein, which has two
known N-glycosylation, Asn103 and Asn414, Wg mutant can activate downstream
signaling in both autocrine and paracrine signaling, despite reduced secretion
ability. Loss of N-glycosylation of Wnt1 impairs paracrine signaling. For Wnt3a and
Wnt5a, N-glycosylation is essential for secretion, but not for the activity of Wnt5a
protein [23, 25]. Porcupine plays an important role in both lipid and glycosylated
modifications of Wnts and its mutant displayed a decreased N-glycosylation activity
[8-10, 26].

Besides acylation and N-glycosylation of Wnt proteins, several other modifica-
tions are included in the posttranslational modification. Posttranslational tyrosine
sulfation of Wnt5a and Wnt11 is essential for the formation of Wnt5a/Wnt11
complexes, which induce the efficient signaling in the context of Xenopus axis
formation [27]. Wnt1 is attached to glycosylphosphatidylinositol (GPI) anchor on
the leaflet of the plasma membrane by the glycolipid tail. PGAP1 gene participates
in this modification by creating a hydrophobic Wnt1 that is retained in the ER [28].

2.3 Secretion and release of Wnt proteins

After posttranslational palmitoylation and N-glycosylation, mature Wnt pro-
teins are then transported from the Golgi to the plasma membrane for secretion
by the conserved multipass transmembrane Wntless (WIs) receptor (known as
GPR177 in mammals) [29]. Wnt secretion could not proceed with the absence of
Wis, but other signaling proteins are not influenced by the removal of Wls [30-32].
Wils knockout mice exhibit impairment of body axis formation, and a phenotype
mimics the deficiency of Wnt3. Wls is activated by p-catenin and LEF/TCF-
dependent transcription and its mutants impede Wnt secretion and signaling [33].
Wis is essential for Wnt signaling, and tissue-specific knockouts of Wls impede
varieties of processes including bone mass, skin homeostasis, peripheral lung dif-
ferentiation, and pulmonary vascular development [34-36].

Endogenous Wls contains a carboxy-terminal ER-targeting signal, which directs
WiIs localizing predominantly in the ER, where it binds with acylated Wnt proteins
[16, 37]. P24 protein family, which acts as cargo receptor for Wnt in the early secre-
tory pathway, is essential for proper export of Wg from the ER [38-40]. Sec22 is
packaged together with Wg and p24 during the early secretory phase of Wg and it
functions as the vesicle SNARE (soluble NSF attachment protein receptor) [40].

The detailed mechanisms for Wnt secretion are not clear. Wnts-Wls complex
transport from ER to plasma membrane is COPII vesicles dependent. Once arriving
at the plasm membrane, Wnt is then released from plasm membrane and binds to
lipoprotein particles or heparin sulfate proteoglycans (HSPGs) [41, 42]. The other
theory supports that Wnt-Wls complex keeps together and internalizes at plasm
membrane and dissociates from each other in endosomes. Then, Wnts is released
through a recycling endosomal pathway and Wis is transported back to TGN through
aretromer-dependent pathway [42-44]. Dpy23 and Vps35 are reported to regulate
recycling of C. elegans Mig-14, which is the homolog of Wls. Wis is restricted to the
plasma membrane with the Dyp23 mutant [45]. Retromer complex consists of Vps35,
Vps29, Vps26, Vpsl0, Vps5, and Vpsl7 in yeast [46—48]. Vps35, Vps29, and Vps26
subcomplexes mediate cargo recognition and retrieve Vps10p from endosomes to
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the Golgi [47]. Vps35 mutant has no influence on the transportation of Wls to plasm
membrane and endocytosis, but the retromer-dependent shuttle to the Golgi is inac-
cessible, and endocytosed W1s progresses to MVBs and lysosomes for degradation
[43, 44, 49]. Vps5 and Vps17 are membrane-bound subcomplexes of retromer, and
they are sorting nexins (SNX) with a phosphoinositide-binding SNX-phox homol-
ogy (SNX-PX) domain [50]. Nexins SNX1, SNX2, SNX5, and SNX6 are SNX-BAR
coat complex that interact with cargo-selective Vps35-Vps29-Vps26 complex. They
are needed for most of the retromer cargo proteins, but not for the process of Wls
recycling [50, 51]. Wls recycling specifically relies on SNX3, the retromer without
BAR domain [51, 52]. SNX3 cointeracts with Wls and Vps26 on early endosomes
and helps the association of the cargo-selective complex to Wls [51]. Wls recycled

in Golgi further retrogrades transport to ER, which is mediated by the conserved C
terminal sequence of Wls targeting ER. This process is currently COPI dependent
and requires ER-Golgi intermediate compartment ERGIC2, though retrieval mecha-
nisms need further investigation [37, 53]. Recently, miR-307a is found to inhibit Wg
secretion by targeting Wis, and its overexpression induces ER stress specifically in
the Wg-expressing cells. KKVY motif of Wg is responsible for its retrieval and ER
stress [53].

Wnts are classic morphogens, which play an important role in tissue patterning by
activating their target genes in a concentration-dependent manner and act in short
and long range way [14, 54]. Various carriers have been identified that associate with
extracellular Wnts, which include exovesicles [55], exosomes [56, 57], lipoprotein
[41, 58], cytonemes (filopodia-like protrusions) [59-61], and Swim (secreted Wnt-
interacting molecule) belonging to lipocalin family of protein [62]. These secreted
Whts associate to specific receptors on target cells to activate either canonical Wnt/p-
catenin pathway or noncanonical Wnt/Ca** pathway.

3. Wnt signaling pathway
3.1 The canonical Wnt signaling pathway

The Wnt signaling pathway serves many important functions in body axis
patterning, embryonic development, cell proliferation, and differentiation. In
the absence of Wnt signaling, p-catenin is phosphorylated and ubiquitinated to
keep low level by forming p-catenin destruction complex. The complex includes
p-catenin, axin, casein kinase-1 (CK1), glycogen synthase kinase-3p (GSK-3p),
and the adenomatous polyposis coli (APC) [63, 64]. PP2A and HSP105 are also
involved in this complex. HSP105 recruits the phosphatase PP2A to the degrada-
tion complex to antagonize the phosphorylation of p-catenin, thus keeping the
balance of phosphorylation-dephosphorylation [65]. Maintaining a phosphostatus
balance of the B-catenin protein leads to its accumulation or degradation based on
the signaling cues. The complex binds and phosphorylates f-catenin, leading to the
ubiquitination by -transducin repeat-containing protein (f-TrCP) ubiquitin ligase
and subsequent proteasomal degradation [66].

In the presence of Wnt ligands, Wnt ligands bind to the specific receptor
including Frizzled (Fzd) family member and subsequent LRP5/6 coreceptor.
Axin is dephosphorylated and sequestered at the membrane. The binding triggers
the recruitment of phosphoprotein disheveled (Dsh/Dvl) to form the LRP/Fzd/
Dsh complexes, inducing the phosphorylation of LRP by CK1Y and GSK3; as a
consequence, axin is then dephosphorylated and sequestered at the membrane and
destruction complex is inactivated. The signalosome composed of Fzd, LRP5/6,
Dvl, axin, GSK3, and CK1 destroys the B-catenin destruction complex [67, 68].
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Hence, cytosolic p-catenin accumulates and localizes to the nucleus, where it inter-
acts with TCF/LEF family members and recruits other transcriptional coactivators,
such as CBP, TBP, and BRG-1, to induce target gene expression [69, 70].

Axin is a scaffold protein and acts as an anchor for other four proteins in
the complex. In addition, axin participates in the LRP6 phosphorylation on the
PPPSPxS motifs, which in turn cause the accumulation of axin in the destruction
complex and then lead to the initiation of p-catenin signaling [71]. Recently, axin
was found to be fully phosphorylated in the state of Wnt-off and partly phosphory-
lated in the state of Wnt-on mediated by GSK-3p [72].

The role of APC in Wnt signaling is complex and multiple. APC acts as a carrier
for GSK-3f and axin that promotes phosphorylation and consequent ubiquitin-
dependent degradation of p-catenin [73]. It binds to f-catenin by 15 or 20-mer
amino acid repeats. APC promotes export of p-catenin from nucleus, and hence the
expression and transcriptional activity of nuclear p-catenin are reduced indirectly
[74]. Meanwhile, APC downregulates the f-catenin/TCF transcription by directly
interacting with transcriptional repressor C-terminal binding protein (CtBP)

[75, 76]. APC may also serve as a positive regulator for Wnt signaling through
downregulation of axin [77]. APC is vital for the phosphorylation of axin in both
Wnt-off and Wnt-on states, the association with activated phospho-LRP6 and the
rapid transition in axin activity [72]. Phosphorylated p-catenin requires APC for its
targeting to ubiquitin ligase and protection from dephosphorylation mediated by
protein phosphatase 2A (PP2A) [78]. Recently, APC was found to impede clathrin-
dependent signalosome formation in the absence of ligand [79].

GSK3-p and CK1 are both serine/threonine kinases that phosphorylate the
N-terminal portion of cytosolic f-catenin, and phosphorylation of p-catenin begins
at Ser45 by CKla and then phosphorylation of residues Thr41, Ser37, and Ser33
[80, 81]. Meanwhile, CK1, perhaps also GSK3p, phosphorylates APC on the 20-mer
repeats. Phosphorylation of APC increases the binding affinity to p-catenin, and
p-catenin disassociates from axin [63]. Phosphorylated p-catenin is then recog-
nized by p-TrCP1, an F-box protein component of an Skpl/Cull/F-box (SCF)-type
ubiquitin ligase complex [82], followed by recruitment of E3 ubiquitin ligase and
degraded by the 26S proteasome [83].

PP2A is a cellular heterotrimeric serine-threonine protein phosphatase consist-
ing of a structural (A), a regulatory (B), and a catalytic subunit (C) [84]. PP2A
has a dual opposite regulation role for Wnt signaling. PP2A is regarded as one
of the members of B-catenin degradation complex [85]. PP2A dephosphorylates
GSK3p through recruitment of DNAJB6 (DnaJ homolog subfamily B member 6)
and HSPAS (heat-shock cognate protein, HSC70) [86]. The B56 subunit of PP2A
interacts with N-terminal of APC and decreases the amount of p-catenin and
inhibits transcription of its target genes [87, 88]. Also, B56¢ is required for Wnt/p-
catenin signaling downstream of the Wnt ligand and upstream of Dsh [89]. PR61
regulates Wnt signaling by inhibiting Dvl- and B-catenin-dependent T-cell factor
activation, or suppressing the downstream target genes [90]. PR55a subunit of PP2A
acts as the positive regulator for Wnt signaling. It interacts with p-catenin directly
and controls dephosphorylation and degradation of p-catenin. Knockdown of PR55a
increases p-catenin phosphorylation and decreases Wnt signaling, whereas is the same
as PR55a overexpression [91, 92]. PP2C also upregulates Wnt signaling through the
dephosphorylation of axin [93]. Meanwhile, many subunits of PP2A, such as PR55a,
A, C, B56a, and PR61f and Y, are reported to interact with axin [87, 90, 91]. PR61e
subunit of PP2A is involved in the initiation of the Wnt pathway. PR61e binds to Fzd
receptor, and binding of Wnt ligands promote the interaction of LRP5/6-associated
CK1le and PR61e. The latter dephosphatases CKle, leading to recruitment of Dvl-2 to the
receptor complex and the initiation of the Wnt signaling [94].
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3.2 The noncanonical Wnt pathway

Due to varieties of both Wnts and their receptors and coreceptors, Wnt pathways
are multiple and complex. There are multiple branches of B-catenin-independent
Wht signaling pathways. One is the Wnt/Ca®* pathway, modulating intracellular
Ca”* level. The second is the Wnt/planar cell polarity (PCP) pathway, utilizing small
Rho-like GTPases [95].

3.2.1 Wnt/PCP pathway

Polarization is a global property of cells and tissues. In addition to the ubiquitous
epithelial apical-basal axis, many multicellular tissues also have planar cell polarity,
orthology to apico-basal polarity [96, 97]. Compared with canonical Wnt signaling,
various cell surface receptors have been involved in PCP signaling. PCP is composed
of core protein complexes and Fat/Dachsous (Ds)/Fj (four-jointed) group. The lat-
ter is reported to act upstream of PCP to provide a directional information [98, 99].
Core protein complexes are composed of Frizzled, Flamingo (Fmi/Celsr), Van Gogh
(Drosophila Vang or Stb/mammalian Vang), disheveled (Dsh/Dvl), Diego, and Prickle
(Pk) [100]. The core complex within puncta is predominately stable than elsewhere in
the junctions and highly asymmetrically organized, while core protein stoichiometry
in both puncta and nonpuncta region is similar. The core protein is assembled around a
stoichiometric Fz-Fmi nucleus. The amount of Fz and Stb is maintained relative to their
binding partners for normal asymmetry [101]. In many cancers, Wnt/PCP signaling is
upregulated and it contributes to cancer malignancy by enhancing the proliferation and
migration, priming metastasis niches, and causing resistance to therapy [102, 103].

3.2.2 Wnt/Ca™ signaling pathway

Wnt5a is the most common ligand for noncanonical Wnt signal transducer. It acti-
vates calcium signaling pathway by binding to receptor Fz2, 3, 4, 5, and Fz6, as well as
coreceptor Ror1/2, which is the membrane-bound receptor tyrosine kinase [104-107].
Dvl, axin, and GSK organize the complex and GSK phosphorylates Ror coreceptor
[108]. Wnt/Fz/Ror then activates phospholipase C (PLC), leading to the generation of
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) from membrane-bound
phospholipid phosphatidyl inositol 4,5-bisphosphate (PIP2). Recently, SEC1413/the
Secl14-like protein acts as GTPase proteins to mediate specific Wnt-Fz-Dvl complex
signals downstream to phospholipase C 84a (PLC84a). The binding of SEC141 to
Wnt-Fz-Dvl complexes induces its translocation of SEC1413 to the plasma membrane,
and then further binds to and activates PLC84a. In turn, PLC84a acts as a GTPase-
activating protein to promote the hydrolysis of Sec1413-bound GTP to GDP [109]. IP3
promotes the concentration of intracellular Ca”*, which activates calcineurin,
phospho-serine/threonine specific protein phosphatase and calcium calmodulin-
dependent protein kinase IT (CaMKII). In turn, nuclear factor associated with T cells
(NFAT) and regulatory proteins NFkB are activated. DAG activates protein kinase C
(PKC), which further activates NFkB and CREB. Meanwhile, Wnt/Fz interaction may
activate phosphodiesterase 6 (PDES6) in a calcium-dependent manner, leading to a
decrease in cyclic guanosine monophosphate (cGMP) [110].

4. Wnt signaling in genetic bone diseases

Both bone modeling and remodeling are regulated by Wnt signaling, and muta-
tion of Wnt signaling components is linked to various genetic bone diseases. Table 1
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Phenotype Phenotype Inheri Gene Gene Reference
MIM tance MIM
number number
Wint ligands
Osteogenesis 615220 AR Wntl 164820 Pyott et al. [125]
imperfecta, type XV
Osteoporosis, early- 615221 Wntl Laine et al. [127]
onset, susceptibility to,
autosomal dominant
Tetraamelia syndrome 1 273395 AR Wnt3 165330 Niemann et al.
[115]
Robinow syndrome, 180700 AD Wnt5a 164975 Person et al. [138]
autosomal dominant 1
Fuhrmann syndrome 228930 AR Wnt7a 601570 Woods et al. [116]
Ulna and fibula, 276820 AR Wnt7a 601570 Woods et al. [116]
absence of, with severe
limb deficiency
Odontoonychodermal 257980 AR Wntl0a 606268 Adaimy et al.
dysplasia [139]
Schopf-Schulz-Passarge 224750 AR Wntl10a 606268 Bohring et al.
syndrome [140]
Tooth agenesis, 150400 AR, AD ‘Wntl0a 606268 Kantaputra and
selective, 4 Sripathomsawat
[111]
Split-hand/foot 225300 AR Wnt10b 601906 Ugur and Tolun
malformation 6 [117]
Tooth agenesis, 617073 AD Wnt10b 601906 Yuetal. [112]
selective, 8
Receptor/coreceptor
Robinow syndrome AR FZD2 600667 White et al. [141]
Nail disorder, 614157 AR FZD6 603409 Frojmark et al.
nonsyndromic [142]
congenital, 10
Cenani-Lenz syndactyly 212780 AR LRP4 604270 Lietal. [143]
syndrome
Sclerosteosis 2 614305 AR, AD LRP4 604270 Leupin et al. [132]
Osteopetrosis, 607634 AD LRP5 603506 Van Wesenbeeck
autosomal dominant 1 etal. [122], Van
Hul et al. [123]
Osteoporosis- 259770 AR LRP5 603506 Gong et al. [124]
pseudoglioma
syndrome
Osteosclerosis 144750 AD LRP5 603506 Van Wesenbeeck
etal. [122]
Hyperostosis, endosteal 144750 AD LRP5 603506 Van Wesenbeeck
etal. [122]
Van Buchem disease, 607636 AD LRP5 603506 Van Wesenbeeck
type 2 et al. [122], Little
et al. [130]
Bone mineral density 601884 AD LRP5 603506 Nguyen et al.
variability 1 [131]
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Phenotype Phenotype Inheri Gene Gene Reference
MIM tance MIM
number number
Osteoporosis 166710 AD LRP5 603506 Estrada et al. [121]
Tooth agenesis, 616724 AD LRP6 603507 Massink et al.
selective, 7 [113]
Brachydactyly, type Bl 113000 AD ROR2 602337 Oldridge et al.
[144]
Robinow syndrome, 268310 AR ROR2 602337 van Bokhoven
autosomal recessive et al. [145], Afzal
etal. [146]
Simpson-Golabi- 312870 XLR GPC3 300037 Pilia et al. [147]
Behmel syndrome,
typel
Omodysplasia 1 258315 AR GPCé6 604404 Campos-Xavier
etal. [148]
Fetal akinesia 208150 AR MUSK 601296 Tan-Sindhunata
deformation sequence etal. [149]
Antagonist
Osteoarthritis 165720 Mu SFRP3 605083 Loughlin et al.
susceptibility 1 [150]
Pyle disease 265900 AR SFRP4 606570 Kiper et al. [129]
Craniodiaphyseal 122860 AD SOST 605740 Kim et al. [135]
dysplasia, autosomal
dominant
Sclerosteosis 1 269500 AR SOST 605740 Brunkow et al.
[134]
Van Buchem disease 239100 AR SOST 605740 Balemans et al.
[133]
Agonists
Robinow syndrome, 616331 AD DVL1 601365 White et al. [151]
autosomal dominant 2
Robinow syndrome, 616894 AD DVL3 601368 White et al. [152]
autosomal dominant 3
Bone mineral density, 615311 LGR4 606666 Styrkarsdottir
low, susceptibility to et al. [128]
Palmoplantar 610644 AR RSPO1 609595 Parma et al. [153]
hyperkeratosis
with squamous cell
carcinoma of skin and
sex reversal
Humerofemoral 618022 RSPO2 610575 Szenker-Ravi
hypoplasia with etal. [114]
radiotibial ray
deficiency
Tetraamelia syndrome 2 618021 RSPO2 610575 Szenker-Ravi
etal. [114]
Anonychia congenita 206800 AR RSPO4 610573 Blaydon et al.
[154]
Table 1.

Wt signaling and human genetic bone diseases.
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lists human genetic bone diseases caused by Wnt signaling disorders. Genotypic and
phenotypic heterogeneity of genetic bone diseases-related Wnt signaling pathways
is obvious. Tooth agenesis is caused by Wnt 10a, Wnt10b, and LRP6 by either
autosomal dominant (AR) or autosomal recessive (AR) inheritance form [111-113].
Tetraamelia syndrome is skeletally characterized by limb agenesis or complete
absence of limbs, bilateral cleft lip/palate, ankyloglossia, and mandibular hypopla-
sia with the pathogenic gene of Wnt3 and RSPO2 [114-115]. Other limb deficiency
diseases in Wnt signaling includes Al-Awadi/Raas-Rothschild/Schinzel phocomelia
syndrome (AARRS) (MIM 276820) and split-hand/foot malformation 6 (MIM
225300), with pathogenic gene of Wnt7a and Wnt10b, respectively [116, 117].

Robinow syndrome (RS) is characterized by facial features, orodental abnor-
malities, and hypoplastic genitalia [118]. All autosomal-dominant (DRS) and
recessive (RRS) genes including Wnt5a, Dvl1, Dvl3, Fzd2, and ROR?2 are involved
in the Wnt/PCP pathways. This pathway plays an important role in the patterning
and formation of the limb-bud outgrowth and growth plate in skeletal formation
[119, 120].

Wnt signaling pathways are related to bone diseases with osteoporosis or high
bone mass density (BMD) diseases. LRP5 gene is responsible for osteoporosis. Loss
of function of LRP5 mutation causes osteoporosis (MIM 166710, 607634) and
osteoporosis pseudoglioma syndrome (MIM 259770) [121-124]. Meanwhile, osteo-
porosis genes in Wnt signaling components include Wntl, LGR4, and SFRP4. Wnt1
is the pathogenic gene for osteogenesis imperfect type XV (with bilateral mutations)
and early onset osteoporosis (with heterozygous mutation) [125-127]. For LGR4,
nonsense variation of ¢.376C-T is strongly associated with low bone mass density and
osteoporotic fractures [128]. SFRP4 is the pathogenic gene for Pyle disease character-
ized by both osteoporosis and expanded trabecular metaphyses [129].

LRPS5 is also the pathogenic gene for diseases with high BMD, Van Buchem
syndrome type 2 (MIM 607636), bone mineral density variability (MIM 601884),
osteosclerosis, and hyperostosis, endosteal (MIM 144750) [122, 130, 131]. LRP4
mutations lead to type I sclerosteosis (MIM 614305), which is also the disease with high
BMD [132]. Sclerosteosis (SOST) gene mutation causes the high BMD diseases of Van
Buchem syndrome (MIM 239100), sclerosteosis 1 (MIM 269500), and craniodiaphy-
seal dysplasia (MIM 122860) [133-135]. Sclerostin encoded by SOST gene is the endog-
enous Wnt signaling inhibitor, which interacts with LRP receptors [136]. Nowadays,
monoclonal antibody of sclerostin is being tested in human clinical trials [137].

In all, the components of Wnt signaling including Wnt ligands, their receptors,
coreceptors, antagonists, and agonists can cause different types of genetic bone
diseases, which are related to both canonical and noncanonical Wnt signaling path-
ways. Study of Wnt signaling in genetic bone diseases and other human diseases
provides promises for translational medicine.

5. Conclusions

We review the current status of Wnt signaling, including the secretion of Wnt
ligands, and how Wnts binding to surface receptors trigger different intracellular
response and transcription of different downstream target genes. However, the
interactions among each components and the mechanisms of these interactions
still need further study. Meanwhile, the cross talk network between canonical and
noncanonical Wnt signaling, Wnt signaling, and other signaling pathways remains
unsolved fully. Mutations in the components of Wnt signaling pathways lead to
various genetic bone diseases and other genetic diseases. Genotypic and phenotypic
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heterozygosis is common in these genetic bone diseases. For the vital role of Wnt
signaling components in bone diseases, potential drugs based on Wnt signaling is
useful for treating different bone diseases.
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Chapter 3

Potential Therapeutic Applications
of Exosomes in Bone Regenerative
Medicine

Jiazhao Yang, Wanbo Zhu, Jinsen Lu, Kai Xie,
Shiyuan Fang and Lixin Kan

Abstract

The ability of bone regeneration is relatively robust, which is crucial for fracture
healing, but delayed healing and nonunion are still common problems in clinical
practice. Fortunately, exciting results have been achieved for regenerative medicine
in recent years, especially in the area of stem cell-based treatment, but all these
cell-based approaches face challenging problems, including immune rejection. For
this reason, exosomes, stem cell-derived small vesicles of endocytic origin, have
attracted the attention of many investigators in the field of bone regeneration. One
of the attractive features of exosomes is that they are small and can travel between
cells and deliver bioactive products, including miRNA, mRNA, proteins, and
various other factors, to promote bone regeneration, with undetectable immune
rejection. In this chapter, we intend to briefly update the recent progressions, and
discuss the potential challenges in the target areas. Hopefully, our discussion would
be helpful not only for the clinicians and the researchers in the specific disciplines
but also for the general audiences as well.

Keywords: exosome, stem cell, fracture healing, osteogenesis, bone regeneration

1. Introduction

Fractures are common traumatic injuries during the entire human history.
Both traditional and modern medicine have kept on exploring and researching on
many potential treatments. Despite these efforts and relatively robust regenera-
tive capacity of bone, currently, there are still about 5-10% fracture patients face
delayed fracture healing and even nonunion, which has a great negative impact
on the quality of life of patients as well as their families [1]. Surgical intervention
with autologous bone graft seems to be the preferred method for such complica-
tion, but the secondary trauma and the limited resources of grafting bone make
this approach still unsatisfactory [2, 3]. Other methods, including active substance
injection and bone marrow transplantation, are also used clinically but they face
their own challenges, including the effectiveness, safety and immune rejection
[4, 5]. Therefore, how to promote fracture healing efficiently and safely is still the
major focus of recent research in regenerative medicine for bone.

Normal bone regeneration is a complex but well-orchestrated physiological
process that includes the initiation of ossification, osteoinduction, and osteogenesis
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[6-9]. Specifically, when bone injury occurs, a series of signaling pathways is
activated, which, in turn, leads to angiogenesis and other downstream events, and
these together establish a favorable microenvironment, which set the stage for

stem cell based fracture healing/regeneration [10]. Within this microenvironment,
abundant blood vessels accelerate the metabolism while bringing a large number

of multipotential stem cells [11, 12]. On the other hand, the mononuclear phago-
cyte system from the blood differentiates into osteoclasts in the newly established
microenvironment, and the bone resorption, in turn, specifically stimulates the
bone re-modeling process [13, 14]. During the stereotyped osteogenesis process,
stem cells proliferate and differentiate into osteoblasts and migrate to areas of bone
defects and bone resorption, secreting collagen matrices [7 15-17], and then imma-
ture osteoblasts produce bone matrix containing calcium and phosphate to promote
mineralization [18]. Of note, new blood vessels in the fracture microenvironment
can also bring essential nutrients and mineral salt for fracture healing, improving
the efficiency of osteogenic differentiation and bone regeneration [19].

Embryonic stem cell transplantation was considered as a potential promising
treatment for tissue repair; however, due to the limitation of donor cells and bio-
safety issues, its clinical application has not been widely accepted [20-23]. Recently,
it has been recognized that adult bone marrow-derived mesenchymal stem cells
(BMSCs) might be a better alternative, and moreover, researchers found that
BMSCs play an important role in promoting tissue regeneration through paracrine
signaling [24, 25], in addition to directly differentiation into bony tissue. This
paracrine effect, mediated by signaling molecules, transcription factors, and other
proteins, regulates a series of signaling pathways involved in bone regeneration.

Interestingly, extracellular vesicle derived from stem cells under specific stimula-
tion can carry specific substances produced by paracrine secretion and transmit to
target organs/cells to act as an intercellular communicator [26, 27]. Among all the
extracellular vesicles, the particles with the diameter around 40-100 nm are com-
monly called exosomes. Further study found, that in addition to stem cells, many
other cells, such as osteoblasts, can also produce exosomes [28]. The key unanswered
question is: could these different cell-derived exosomes promote bone regeneration
and accelerate fracture healing? This chapter will focus on this important question.

2. A brief overview of exosome

In 1983, Harding found a lysosomal-like vesicle in reticulocytes of rats. It was
found that transferrin was internalized by this vesicle and its receptors also recycled
back to the plasma membrane through endocytosis [29]. In 1987, such vesicle-like
structures were also found in the culture medium of sheep red blood cells cultured
in vitro by Johnstone, and the vesicles were later named as exosomes [30]. It is now
accepted that the extracellular vesicles secreted by cells could be generally classified
as microvesicles, apoptotic bodies, and exosomes, on the basis of the size, cellular
origin, content, and biological function [31, 32]. Currently, the exosomes
are extensively studied. Exosomes, normally 40-100 nm in diameter, have been
defined as a type of extracellular vesicles with unique biological features and
morphology (flat or cup-shape under electron microscope) [33, 34] (Figure 1).

The formation of exosome is essentially the encapsulation of bioactive substances,
including proteins and nucleic acids, into multivesicular bodies with the help of
endosomal sorting complex in the cells [35, 36]. The newly formed exosomes
inside the cell are transported and fused with the plasma membrane and eventually
released into the extracellular matrix [37, 38].
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Figure 1.

Electron-microscopic observation of whole-mounted exosomes purified from mouse dendpitic cells. Arrows
indicate exosomes, arrowheads point to smaller nonexosomal vesicles. Scale bar = 100 nm. (Quote from Théry
etal. [33].)

It is now known that numerous different type of cells, including dendritic cells,
mast cells, lymphocytes, neurons, and endothelial cells secrete exosomes [39-43],
which are found in blood, amniotic fluid, urine, malignant ascites, and other body
fluids such as bile [44-47]. The key features of exosomes as intercellular communi-
cators is due to the fact that they are able to selectively carry the contents of the par-
ent cells and act on target cells [31, 38]. In 2007, Valadi found that exosomes contain
RNA, which indicated exosomes might regulate genetic information flow [48]. In
recent years, many studies have found that a variety of cell-derived exosomes con-
tain mRNA and miRNA and play an important role in cell-to-cell signaling [48-50].
Therefore, the transport of RNA and active proteins through exosomes provides a
novel pathway for activating target cell and initiating and propagating downstream
signaling pathways. For example, in 2012, Cantaluppi discovered that microvesicles
from epithelial progenitor-derived cell initiated renal-regeneration procedures by
carrying miRNAs and acting on target cells, reversing focal ischemic lesions [51].

The regenerative effects of exosomes have been validated in other tissues and
organs, including the heart, lungs, kidneys, and brain [52-54]. For example, in a
mouse model of myocardial infarction, treatment of exosomes can improve cardiac
epicardial remodeling and increase left ventricular ejection fraction [55]. In hypoxic-
induced pulmonary hypertension, exosome treatment inhibits disease progression
and protects the lungs from hypertension [56]. In addition, exosome treatment can
improve renal function in a mouse model of acute kidney injury [57]. These stud-
ies indicate that exosomes have the capacity to promote tissue regeneration, which
provides a basis for their potential application in bone regeneration [58].

3. Exosomes in bone regeneration
3.1 The exosomes derived from different cells promote bone regeneration
The mechanism of stem cells in the treatment of diseases has not been fully

elucidated; however, it is now commonly accepted that there are two recognized
mechanisms: differentiation and paracrine. In fact, it is becoming clearer that
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paracrine mechanism could be a more important mechanism; therefore, exosomes,
as important mediators in paracrine mechanism, have attracted researchers.

Embryonic stem cells are considered to be the ideal materials for regenerative
medicine because of their ability of pluripotent differentiation. But later study
found that bone marrow mesenchymal stem cell (BMSC) could be a better alterna-
tive, i.e., BMSCs are self-renewing mesodermal pluripotent stem cells that can
differentiate into osteoblasts, fat cells, nerve cells, and myoblasts [24, 59]. Recent
study also found that BMSCs’ roles in inducing angiogenesis, regulating inflamma-
tion, inhibiting apoptosis, and regulating osteogenesis differentiation make them
desirable for bone regeneration applications [59].

Similarly, the adipose-derived stem cells (ADSCs) can also be osteogenic dif-
ferentiated to promote bone regeneration, when they have been applied to the bone
defects using a composite biological scaffold [60]. In addition, endothelial progeni-
tor cells (EPCs) can differentiate into vascular endothelial cells to generate blood
vessels, and promote MSCs osteogenesis in a specific microenvironment [61, 62].
Also, differentiated cells, such as osteoblasts and osteoclasts, also have the ability to
promote bone regeneration [15, 26].

More importantly, numerous studies suggest that the above-mentioned cell-
derived exosomes all have a certain ability to promote bone regeneration, through
regulating bone regeneration procedures such as angiogenesis, osteogenic differ-
entiation, and bone mineral deposition. However, the capacities and regeneration
mechanisms of exosomes from different derived cells are somewhat inconsistent,
likely due to their different contents.

3.2 Genetic materials carried by exosomes regulate bone regeneration

It was reported that stem cell-derived exosomes can carry genetic materials such
as miRNA and mRNA, and share these genetic information between mature bone
cells and stem/progenitor cells, which is an important way to promote bone regen-
eration [63]. MicroRNAs (miRNAs) are thought to be important posttranscriptional
regulators of osteoblast-associated osteogenesis and bone remodeling, enabling a
range of bone regenerative responses [64, 65]. Interestingly, miRNAs, inside the
lipid membrane of exosomes, can avoid the decomposition of immune system;
therefore, they exert their effects more efficiently [66].

Many researchers reported that some stem cell-derived exosomal miRNAs have
the ability to activate osteogenic differentiation and angiogenesis of target cells
and promote bone formation. For example, Xu first found that exosomal miRNA
is a regulator of osteoblast differentiation [67]. Similarly, a series of miRNAs,
such as let-7a, which could enhance the osteogenic differentiation of stem cells
and promote bone regeneration, are significantly upregulated [68]. These data all
demonstrated that stem cell-derived exosomes could promote bone regeneration by
carrying specific miRNAs (Table1).

Furthermore, many recent studies focus on MSCs-derived exosomes (BMSC-Exo)
for bone regeneration. For examples, in CD9—/— mice, BMSC-Exo isolated from cul-
ture medium can accelerate fracture healing compared with the control group [69]. In
vitro analysis of the exosomes revealed that miR-21, miR-4332 and other osteogenic
differentiation-related miRNAs are highly expressed compared to other cell-derived
exosomes. Interestingly, mononuclear cell chemotactic protein MCP-1/-3 and stromal
cell-derived factor SDF-1, were lower in BMSC-Exo than in the control group [70, 71].
This might suggest that differential distribution of osteogenic differentiation and
angiogenesis-related miRNAs in BMSC-Exo. In another study, BMSC-Exo group
showed a significant increase in bone formation and repair rate in the model of
mouse skull repair, compared with the control group. Similarly, in vitro experiments,
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BMSC-Exo was showed to activate osteogenic differentiation, increase osteoblast
activity, and promote bone formation without inhibiting stem cell proliferation [59].

Further study found that the ability of exosomes to promote bone formation is
different even when the parent cells are in different differentiation stages. For example,
in vitro experiments demonstrated that the human mesenchymal stem cell-derived
exosomes (hMSCs-Exo) from the late differential stage have the strongest osteogenic
differentiation ability [67, 72]. Consistently, MiR-31, miR-221, and miR-144 that inhibit
osteogenic differentiation have significant decreased levels in late differential stage of
hMSCs-Exo, while miR-21, miR-10b, and other miRNAs that contribute to osteogenesis
is significantly upregulated [73-76]. It should be noted that the exosome miRNAS ability
to regulate cell function could be context dependent, especially in the present of inhibi-
tory miRNAs [67, 77]. Therefore, to promote bone regeneration using stem cell-derived
exosomes, silencing inhibitory miRNAs may be a problem to be solved.

In addition, some miRNAs carried by other cell-derived exosomes also have the
ability to promote bone regeneration. For example, the mineralization-related miR-
503-3p is highly expressed in the miRNAs carried by osteoblast-derived exosomes.
Interestingly, miR-503-3p also inhibits osteoclast differentiation by mediating
RANK expression [78]. Osteoblast-derived exosomes and pre-osteoblasts-derived
cells can also carry miRNAs such as let-7a and miR-96a, which have been previ-
ously confirmed to be involved in bone remodeling [79]. Similarly, the miR-27a-3p
carried by myogenic cell-derived exosomes can also enhance osteogenic differentia-
tion of pre-osteoblasts [80]. In contrast, osteoclast-derived exosomes can carry
miRNAs such as miR-214 that inhibit osteogenic differentiation of osteoblasts [81].
Interestingly, in vitro experiments have found that human adipose stem cell-
derived exosomes (ASCs-Exo) can increase the osteogenic capacity of target cells
by upregulating the mRNA expression of osteogenesis-related genes RUNX2, ALP,
and COL1A1, and promote bone formation [82]. In addition, the mRNA of RAB13,
an osteoclastic membrane trafficking protein required for bone resorption, is also
overrepresented in osteoblast-derived exosome [49].

Overall, cell-derived exosomal miRNAs and mRNAs likely play important roles
in bone regeneration, through promoting osteogenic differentiation, angiogenesis
and other processes. However, it is unclear whether protein factors are eventually
needed to mediate their final effects.

3.3 Key protein factors carried by exosomes regulate bone regeneration

Key factors in stem cell-derived exosomes are known to mediate a series of
conserved signaling pathways.

RUNX2 is an important transcription factor that can regulate osteogenesis
differentiation, through promoting the differentiation of pluripotent stem cells into
osteoblasts and inhibit osteoblast maturation [83]. Consistently, in vivo experiment
found that human induced pluripotent mesenchymal stem cell-derived exosomes
(hiPS-MSC-Exo) stimulated osteogenic differentiation, promoted angiogenesis,
and improved fracture healing rate in animals with the upregulated transcription
factors such as RUNX?2 [84]. It was also reported that cell derived exosomal miRNAs
are critical for upregulation of RUNX2 [85, 86]. Interestingly, RUNX2 directly
represses miR-31 expression, which significantly inhibits expression of the osteo-
genic transcription factors OPN, BSP, Osterix (OSX), and OCN [87].

PI3K-AKT signaling pathway is thought to play an important role in exosomes-
mediated bone regeneration because it stimulates osteogenic differentiation and
promotes osteogenesis [88, 89]. Consistently, Shabbir et al. found that BMSCs-Exo
activates multiple signaling pathways including Akt, Erk1/2, and STAT3 to induce
angiogenic responses in fibroblasts [90]. In vitro experiment also found that
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hiPS-MSC-Exo downregulates inhibitory factor (GSK3p and PTEN) by upregulating
PI3K-AKT target genes PDGFA and FGFR1 [91], and activation of PI3K-AKT cascade
induces stem cell proliferation and differentiation into osteoblasts, and enhances
ALP expression and calcium salt deposition, promoting bone regeneration. In the
context of long-term nonunion of the femoral neck fracture or intertrochanteric
fracture induces femoral head necrosis, Liu et al. found that iPS-MSCs-Exo activates
the PI3K/Akt signaling pathway to increase angiogenesis and reduce bone loss [94].

miRNAs are also important molecules that regulate the PI3K-AKT signaling
pathway. For example, miR-21, highly expressed in BMSCs-Exo, is one of the major
regulators in stem cell-derived exosomes, which promotes osteogenic differentia-
tion not only by inhibiting SOX2 [92], but also regulating the PI3K-AKT-GSK3p
signaling pathway, which, in turn, activates the transcription of RUNX2, and
stimulate osteogenic differentiation [93].

Wnt pathway is an important signaling pathway related to bone repair. In this
regard, ASCs-Exo pretreated with TNF-a could upregulate Wnt3 expression in stem
cells and promote bone regeneration [95, 96]. Zhang et al. also found that human
umbilical cord stem cell-derived exosomes induce Wnt4-mediated f-catenin nuclear
transport, and induce endothelial cell proliferation, differentiation, and neovascu-
larization [97]. Similarly, BMSCs-Exo also activates the Wnt3a-f-catenin pathway
and induces angiogenic capacity of fibroblast [98].

RANKL-RANK signaling is known to be responsible for homeostasis of bone
metabolism, which is determined by a dynamic balance between osteoclasts and
osteoblast [99]. Interestingly, Nuclear factor kappaB ligand (RANKL) can be
encapsulated into osteoblast exosomes, while osteoclast exosomes are enriched with
RANK [100]. When RANKL binds to RANK in pre-osteoclasts, TNF receptor-related
factors (TRAF) 2, 3, 5, and 6 are recruited, leading to activation of multiple signaling
pathways including MAPK and NF-kB, promoting osteoclast differentiation and
bone resorption [101]. Moreover, level of RANK-containing exosomes increases in
the late stage of osteoclast differentiation, which negatively feedbacks on RANKL-
RANK signaling to inhibit osteoclast differentiation [99]. Therefore, RANKL-RANK
loop contributes to the homeostasis of bone metabolism and bone regeneration.

Other proteins and cytokines in the exosomes are also involved in promoting
bone regeneration process. For example, Martins et al. found that hBMSCs-Exo
induced BMP2 upregulation, and BMP2 in turn, promoted stem cell osteogenic
differentiation and osteogenesis by cascade activation of transcription factor OSX
instead of RUNX2 [65]. Similarly, SPE1 (secreted phosphoprotein 1), integrin-
binding sialoprotein and bone gland protein BGLAP (bone g-carboxyglutamate (gla)
protein) were also upregulated, which facilitated bone mineralization and other
bone regeneration processes. MSCs-Exo is also known to induce high expression of
BMPY, transforming growth factor f1 (TGFf1), vascular endothelial growth factor
(VEGF), and platelet-derived growth factor (PDGF) [102]. BMP9 is considered to be
an osteogenic factor stronger than BMP2. TGFp1 and PDGF are known to play roles
both in osteogenic differentiation and angiogenesis [103-105]. Qi et al. also found
that hiPSC-MSC-Exo induced high expression of osteopontin, osteocalcin, and type
I collagen (COL1), and enhanced bone mineralization [84, 106]. Meanwhile, high
expression of phosphorylated protein and bone matrix acidic protein (DMP1) was
found in the extracellular matrix (ECM) containing MSCs-Exo, suggesting MSCs-
Exo promotes calcium phosphate recruitment and bone mineralization [107].

In addition, exosomes from osteoblast carry transforming growth factor beta
receptor II interacting proteinl (TRIP-1), a regulator of osteoblast function. TRIP-1
from the exosomes can bind to type I collagen and promote its mineralized extracel-
lular matrix, therefore bone mineralizing [108]. Sema4D is an osteoclast membrane
protein that can be carried in exosomes derived from osteoclasts and acts on the
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receptor Plexin B on osteoblasts [81]. The Sema4D-Plexin B interaction promotes
the release the content of exosomes and accelerates bone formation.

It is worthy to mention that some proteins, though are highly expressed in
stem cell-derived exosomes and have the potential for bone regeneration, do not
seem to play important roles in exosomes mediated osteogenic or chondrogenic
differentiation in different contexts. For example, heat-shock protein 70 (HSP70),
which can be used as a marker of BMSCs-Exo, is downregulated in human MSC-
Exos and negatively affects osteogenic and chondrogenic differentiation. Similarly,
down-regulation of heat shock protein B8 (HSPB8) can reduce the formation of
dental pulp stem cells, and osteogenic differentiation ability [109-111]. Overall, the
specific biological mechanisms of some functional proteins to promote fracture
healing are not fully understood, and further detailed researches will be needed.

4. Clinical therapeutic applications and limitations

Many studies have shown that stem-derived exosomes in vitro and in vivo activate
a series of bone regeneration programs through their selective bioactive substances,
which are mainly through osteogenic differentiation, angiogenesis, and bone miner-
alization. In these applications, the high extracellular matrix binding affinity of stem
cell-derived exosomes is a big plus for their clinical application. Recently, some scholars
have found that human adipose-derived stem cell-derived exosomes promote fracture
healing in animals by binding to polylactic acid-glycolic acid scaffolds [82]. At the same
time, the immunomodulatory and anti-inflammatory properties of stem cell-derived
exosomes have also attracted the attention of researchers, which could be the potential
biological mechanisms for clinical treatment to promote bone regeneration [112, 113].

However, so far there are few examples of clinical trials using exosomes as clinical
treatments. At present, exosome clinical application has only been reported in the
fields of treatment of chronic kidney disease, type 1 diabetes mellitus (clinical tri-
alNCT02138331), and skin damage (clinical trial NCT02565264) [114]. In the field of
bone regeneration, to our best knowledge, there is not any clinical trial, either ongo-
ing or finished. The main reasons for this delay could be logistic, since the separation,
acquisition, purification, and identification of exosomes are still in the laboratory
stage, and large scale manufacture is still a major practical challenge. In addition, the
healing of the fracture will take several months, and how to make the exosomes avail-
able constantly in the fracture site for such a long time is also a problem.

Cell culture: The acquisition of a large number of exosomes requires a large
number of cells [115]. However, large scale stem cells culture may alter the cell
phenotype [116]. Existing cell culture techniques such as bioreactors have expanded
the surface area of cell growth, but it is still difficult to perfectly control the condi-
tions of cell growth [117]. As mentioned above, exosomes from different stages of
derived cells have different bone regeneration capabilities. However, there are still
limitations on how to obtain batch production from the specific stage of the cells.

Purification: Ultracentrifugation and ultrafiltration can be used to obtain puri-
fied exosomes in the laboratory, but this technology is difficult to apply on a large
scale [118]. The nonspecific precipitation method using polyethyleneglycol (PEG)
can solve this problem well, but PEG needs to be removed again in the product,
which is technical challenging [119]. The tangential-flow filtration technology based
on cell size separation is currently considered promising; however, it is expensive to
use and does not separate some biological materials such as DNA [118, 120].

Identification and quality control: Current laboratory identification and
quality control methods include direct observation under electron microscopy and
biomarkers observation, but none of them can be scaled up easily. The identifica-
tion and quality control using immunomagnetic capture of exosomal biomarkers
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through microfluidic technology can speed up the identification process, but it also
has a long way to go before this method can be commonly accepted [118, 121].

In summary, the existing technology still has great challenges for large-scale
acquisition of purified exosomes.

5. Existing disputes and problems

Whether promoting bone regeneration will indirectly lead to tumor production
is a controversy that needs to be tested seriously. In fact, there are some studies have
shown that exosomes can promote tumor growth and malignant transformation
or inhibit tumor survival [122, 123]. For example, Qi et al. found that BMSCs-Exo
can induce osteosarcoma growth by activating the Hedgehog signaling pathway
[124]. BMSCs-Exo can induce drug resistance even on the basis of promoting the
proliferation and differentiation of myeloma cells and the survival of migration
[125, 126]. How to limit the potential tumor-promoting ability of stem cell-derived
exosomes is a problem that must be solved before clinical application. However,
miR-340 carried by early BMSCs-Exo can inhibit the angiogenic ability of myeloma
thus significantly limiting tumor growth [127].

In clinical applications, while the short term activity of pro-osteogenic dif-
ferentiation in vitro or promotion of bone regeneration is observed by exosomes
treatment, the long-term activity that affects the quality of fracture healing or
osteophyte formation is unknown. It is also unclear how to stop the biological
effects of exosomes when the satisfactory therapeutic effect is achieved. To clarify
these issues, at present, it is urgently needed to test exosomes in animal model
before we can move on to clinical study.

6. Conclusion

In summary, exosomes with their carried bioactive contents have a capacity
to promote bone regeneration through osteogenic differentiation, angiogenesis,
and bone mineralization (Figure 2). Hence, exosomes are identified as potential
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Figure 2.
Main biological mechanism of therapeutic application exosomes in bone vegenerative medicine.

49



Osteogenesis and Bone Regeneration

new “acellular” therapeutic application in bone regenerative medicine. However,
clinical application of exosomes still faces controversies and challenges, and further
researches are needed to elucidate the signaling pathway, molecular mechanism,
and long-term clinical effect.
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Chapter 4

Role of Inflammatory Factors in
Regulation of Osteogenesis in
Tissue-Engineered Bone

Yandong Mu, Lu Yang, Chenglong Li and Wei Qing

Abstract

It was traditionally considered that the inhibition of inflammatory reaction is
necessary for osteogenesis, but the latest issue argued inflammation is unavoidable
in the process of bone trauma, and physiological inflammatory reaction is essential
to achieve bone formation. Tissue-engineered bone graft is not only associated
with osteoblast-related cells; the inflammatory reaction is the initial physiological
process, mainly with neutrophil infiltration, which secretes MCP-1, IL-8, and other
chemokines and further promotes dendritic cells, lymphocytes, and mononuclear
macrophages to move in. The activation pathways of macrophages have a direct
effect on the outcome of the inflammatory reaction and the healing, which are
divided into the classical approach (M1) and the alternative approach (M2). The
M1 pathway secretes IL-1 beta, IL-6, TNF-a, and other pro-inflammatory factors,
while the M2 pathway secretes arginase, IL-1Ra, IL-4, and other anti-inflammatory
cytokines, also with bone-healing-related growth factors, which promote homing of
bone mesenchymal stem cells (bMSCs).

Keywords: tissue-engineered bone, osteogenesis, inflammatory factors, immune
cells, osteoimmunology

1. Introduction

The human bone tissue has a certain self-healing ability, but for large bone
defects, which measures up to more than 6-8 mm cannot self-repair. Currently,
the main method for the treatment of large bone defects includes autograft and
allograft, distraction osteogenesis, synthetic or natural material implanting, and
bone tissue engineering [1-3]. Each method has its own advantages and disadvan-
tages. At present, the most commonly used autograft or allogeneic bone graft has
good osteogenesis, but autologous bone transplantation can cause greater trauma
to the donor site, while allograft bone will inevitably have an immune response or
a potential biological safety risk [4-7]. Although distraction osteogenesis can avoid
the trauma of the donor area, the course of treatment is too long [8]. Synthetic or
natural materials are widely distributed, but their biocompatibility is low and can-
not participate in normal physiological metabolism [9, 10].

Bone tissue engineering is a new combination of life science and material science
to establish human bone tissue reconstruction and recovery; its basic elements
include seed cells, scaffold materials, growth factors, and biomechanics micro-
environment. When amplification of stem cells cultured in vitro adsorbed on the
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biocompatibility biological material that can be absorbed by the body transplanted
to the damaged bone site, accompanied by biological scaffold being absorbed,
osteogenic differentiation, and secretion of matrix and mineralization occur, the
formation of new bone and reconstruction take place [11]. The advantages of bone
tissue engineering include no extra supply area damage, no graft rejection, and no
risk of the spread of the disease [12], but currently this technique can only be able to
regenerate and repair some tiny bone defects, and large bone defects still remain to
be solved, while the main challenge is without an independent blood supply system,
which provides nutrients and growth factor; also metabolite is transported by very
limited diffusion and osmosis [13, 14].

Seed cells need to meet a wide range of sources, non-immunogenicity, and
a strong ability to differentiate [15]. Currently, research is mainly focused on
embryonic stem cells, bone marrow mesenchymal stem cells, dental pulp stem
cells, and induced pluripotent stem cells [16]. Biological scaffold materials
provide space for cell adhesion, proliferation, and differentiation and promote
tissue regeneration. According to their source, biological scaffolds can be divided
into natural material scaffolds and synthetic material scaffolds. Natural mate-
rial scaffolds include natural polymer materials, natural bone-derived materi-
als, and natural coral bone-derived materials which advantages include widely
distributed, good degradation performance, and good biocompatibility; however,
disadvantages cover low mechanical strength, high brittleness, and no bone
induction. Research shows that cells can receive enough nutrients and oxygen by
diffusion with the distance from the capillary by 20-200 pm but cannot meet the
metabolic needs beyond this distance. With the increase of scaffold material size,
the internal cell microenvironment, nutrition, and oxygen gradient decreased
[17, 18]. Besides, isothermal conditions, proper pH value, and adequate nutrition
supply are also important factors restricting the repair of large bone defects by
tissue-engineered bone.

Growth factors regulate cell division, matrix synthesis, and tissue differentiation
by autocrine and paracrine [19]. Study confirmed that growth factor is related to
osteogenesis induced by bone morphogenetic protein, transforming growth factor
beta, platelet-derived growth factor, and insulin-like growth factor, while bone
morphogenetic protein in bone tissue engineering has the most significant effect
[20]; an experiment proved that its application combined with vascular endothelial
growth factor shows extraordinary effect of bone healing [21].

Once the tissue engineering materials are implanted in the area, the allogenic
reaction is quickly triggered, showing aseptic inflammation, and starts the tis-
sue repair function. Tissue-engineered bone graft is not only associated with
osteoblast-related cells; the inflammatory reaction is the first physiological process
[22, 23]. Tissue engineering bone implantation is accompanied by an early inflam-
matory reaction, mainly with macrophages and neutrophil infiltration, which
secretes MCP-1, IL-8, and other chemokines and further promotes dendritic cells,
lymphocytes, and mononuclear macrophages to move in [24, 25]. As time goes on,
neutrophils are gradually apoptotic and phagocytic by macrophages. The activation
of macrophages has a direct effect on the outcome of the inflammatory reaction and
the healing [26]. The activation pathway is divided into the classical approach (M1)
and the alternative approach (M2). The M1 pathway secretes IL-1 beta, IL-6, TNF-
a, a pro-inflammatory factor, while the M2 pathway secretes arginase, IL-1Ra, IL-4,
and other anti-inflammatory cytokines, also with bone-healing-related growth
factors that promote homing of bMSCs [27].

Pathological inflammatory reaction can lead to failure of fibrous wrapping and
bony binding. Chemokines and cytokines produced by physiological inflammatory
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reaction, such as MCP-1 and VEGF, can promote osteogenesis and angiogenesis of
bMSCs. Traditionally, the inhibition of inflammatory reaction is an important means
of osteogenesis, but now; it has a deeper understanding of inflammatory response.
Avoiding inflammatory reaction cannot achieve its goal; physiological inflammatory
reaction is essential to achieve bone formation [28, 29].

Inflammation is unavoidable in the process of bone trauma; it is considered
that inflammatory reaction plays a crucial role in the process of bone healing. The
concept of osteoimmunology is attracting more and more attention. The immune
system plays an important role in the skeletal system, and studies have shown that
many diseases are closely related to the bone immune system. Kayal, R A suggests
that periodontitis is closely related to bone immunity; in the fight against foreign
microbes, inflammatory cells and inflammatory mediators also activate the protease
to induce matrix degradation, resulting in bone resorption [30]. Kamiya, N found the
active phase of Perthes disease (LCPD), and the increased IL-6 in the synovial fluid
of the synovial joint was detected [31]. Cafiero, C found that chronic kidney disease
is accompanied by abnormal verification and skeletal abnormalities, which may be
related to the increased expression of nuclear factor kappa B receptor-activating
factor ligand (RANKL) [32]. Metzger et al. [33] have found that inflammatory bowel
disease (IBD) causes the inflammatory state of the body to cause bone loss. Spinal
arthropathy and progressive ossification are also diseases caused by an abnormal
bone immune system. HIV-infected persons show different degrees of bone-healing
disorders. This also explains to some extent that the defects of the immune system
have an important impact on bone healing [34]. What are the important inflamma-
tory factors involved in the process and the mechanism involved in osteogenesis? This
article provides a framework.

2. Host initial immune response

Tissue-engineered bone graft always accompanies with implant surgery; at the
same time, tissue damage is followed by a series of biochemical reactions at nano-
second level on the surface of biomaterial, which includes activation of coagulation,
complement system, and immune system. Every step of these reactions signifi-
cantly determines the later physiological processes; we believe that early regulation,
especially initial immune regulation, is potent for tissue prognosis.

2.1 Transient protein adsorption of biomaterial implanting

When implant surgery carried on, blood coagulation factors such as fibrinogen
and factor XII can be absorbed on the biomaterial surface spontaneously, which
initiate coagulation cascade; also with activation of platelets, tissue factor gener-
ated by damaged tissue amplifies this process. Complement is also capable of
absorbing biomaterial, especially C3 and C3b. The complement synergistically
interacts with coagulation cascade, which takes advantage of adherence of platelets.
Immunoregulatory function has also been found in complement, which triggers
leukocyte activation and mast cell degranulation [35, 36].

Other attachment proteins include fibronectin and vitronectin in the extracellular
matrix, which have the ability to activate inflammatory response and also promote
osteoblast adherence. It is also worth mentioning that danger signals, which named
alarmins consist of ATP, uric acid, heat shock proteins, and so on, may activate
immune cells through pattern recognition receptors (PRRs), mainly with Toll-like
receptors [37].

63



Osteogenesis and Bone Regeneration

2.2 Acute inflammatory cell infiltration and pro-inflammatory factor release

Once the tissue damage occurs, polymorphonuclear leukocytes (PMNs) migrate
to the damage site and initiate acute inflammation reflection. PMNSs’ activation is
associated with integrin and PRR attached on the surface protein of biomaterial
[38]. PMNs secrete a series of cytokines, which usually lead to acute inflammation;
IL-6, IL-8, and CCL2 are important factors which lead to proteolytic enzymes and
ROS autocrine. IL-6 is produced by osteoblasts and stimulates osteoclasts to pro-
mote bone resorption. It acts by binding to soluble IL-6 receptor (sIL-6R) present in
serum and acts as an agonist to promote ubiquitin/IL-6 signal transduction. IL-6 in
the body has a role in regulating immune activity, acute phase reactions, and hema-
topoietic activity (Figure 1). CCL2, also named as monocyte chemotactic protein 1
(MCP-1), has a strong chemotaxis function of recruiting monocytes which transfer
into macrophages when reaching the inflammation site, also along with dendritic
cells and lymphocytes. With continuous activation, PMNs undergo apoptosis within
2 days and are swallowed by macrophages. As the most diverse histiocytes, mac-
rophages play an important role in the process of tissue remodeling [39]. It shows
remarkable functional plasticity and plays a very different role in physiological and
pathological environment. At present, macrophages are divided into classically
activated (M1) and alternatively activated (M2) phenotypes, which are similar to
Th1/Th2 subsets of helper T cells. Interferon y (IFN-y), lipopolysaccharide (LPS),
and tumor necrosis factor-a (TNF-a) can activate the M1 phenotype, which subse-
quently secretes large quantities of pro-inflammatory cytokines such as IL-1, IL-6,
IL-23, TNF-a, arginine, inducible nitric oxide synthase (iNOS), and reactive oxygen
species (ROS). In addition, lymphocytes, especially T cells, are proved to have an
enhancement effect on macrophages [40-42].

\ ~elL8R

Figure 1.

IL-6 can bind to soluble IL-6 receptor (sIL-6R) present in serum and exerts its effect. IL-6 can activate two
major signaling pathways, SHP2/MEK/ERK and SHP2/PI3K/Akt2, as well as JAK/STATS3 signaling pathways.
IL-6 negatively regulates osteoblast differentiation through SHP2/MEK2/ERK and SHP2/PI3K/Akt2 pathways
and positively regulates osteogenic differentiation through the JAK/STAT3 pathway.
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2.3 BMSCs’ chemotaxis

Endogenous bone marrow mesenchymal stem cells (BMSCs) have the ability
to migrate spontaneously to the injured site and participate in the repair of cor-
responding tissues, and their directional migration depends on the interaction
between chemoattractant molecules expressed locally and the corresponding
receptors on the cell surface. After tissue injury, endogenous BMSCs moved
out of the bone marrow, entered peripheral blood circulation and migrated to
injured tissue, adhered to target vascular endothelial cells, and passed through
the extracellular matrix barrier and get to the injured tissue to repair [43-46].
BMSCs are also capable to secrete a variety of growth factors that are conducive
to the differentiation of hematopoietic stem cells such as IL-6, IL-11, granulocyte
colony-stimulating factor (G-CSF), stem cell factor, and so on. Recent studies
suggest that the main factors of chemotactic bone marrow mesenchymal stem cells
are as follows: (1) Stromal cell-derived factor 1 (SDF-1) (Figure 2) can obviously
enhance the chemotaxis function of BMSCs, the number of which is proportional
to the gradient of SDF-1 concentration. Study showed that the expression of SDF-1
was significantly increased after injury of the myocardium, liver, kidney, lung,
and skin to form a difference in the concentration gradient with the bone marrow,
so that it may play an important role in the directional migration of bone marrow
mesenchymal stem cells [47]. (2) Monocyte chemoattractant protein 1 (MCP-1)
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Figure 2.

Regulation of neovascularization by SDF-1. The chemokine SDF-1 is produced by hypoxic conditions, vascular
injury, or tumors and is released in the circulation. SDF-1 signaling induces a complex remodeling of the BM
microenvironment involving proteases, kit-ligand (KitL), and NO production, leading to mobilization of
CXCR4+ angiogenic cells. Ultimately, SDF-1 expression in the neo-angiogenic niche vecruits CXCR4+ cells
and mediates their proper retention, differentiation, and pro-angiogenic activities in coordination with other
angiogenic factors such as VEGF-A. Both PI3K/Akt and MAPK/ERK transduction pathways are involved

in the enhancement of MSC migration induced via CXCR4. MSC migration was inhibited by AMD3100,
LY294002, PD98059, and p38MAPK inhibitor (SB203580). Perturbing the SDF-1/CXCR4 signal axis affected
the BMP2-induced osteogenic differentiation in mouse bone marrow-derived MSCs.
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is a multifunctional chemokine that plays an important role in inflammatory
response, injury repair, and neovascularization. Recent studies have shown that
MCP-1 can promote the migration of bone marrow mesenchymal stem cells to the
injured site in animal models of cerebral ischemia injury [48]. (3) Granulocyte
colony-stimulating factor (G-CSF): in recent years, it has been found that G-CSF
can mobilize BMSCs into blood circulation and migrate to the injury site which can
be blocked by antibodies against CXCR4. Whereas BMSCs also express CXCR4,
G-CSF is mobilized through a similar mechanism that remains to be further
confirmed [49]. (4) Mesenchymal metalloproteinase-9 (MMP-9): Endothelial
cells, fibroblasts, and inflammatory cells release interstitial metalloproteinases
during inflammation or hypoxia. Recent studies have revealed that BMSCs regulate
the recovery, proliferation, and differentiation of hematopoietic stem cells and
endothelial stem cells through the release of soluble Kit-ligand (sKitl) mediated by
mesenchymal metalloproteinase-9 to promote the migration of BMSCs by mobiliz-
ing bone marrow mesenchymal stem cells into the peripheral blood [50, 51].

3. Host anti-inflammatory phase and healing

In the late stage of acute inflammation, the polymorphonuclear granulocytes
were swallowed by macrophages, and the tissues were mainly infiltrated by mac-
rophages. Macrophages play a bidirectional role in the process of disease and tissue
remodeling according to their different polarization function. Whether this action
is positive or harmful depends on the transformation and balance between the
polarization state of macrophage and the polarization state of M1/M2. For tissue
engineering materials, the polarization of macrophages plays an important role
in the function of macrophages. In view of the acute inflammatory response and
infiltration of inflammatory macrophages that cannot be avoided in the early stages
of implantation of bone implants, therefore, promoting the rapid and effective
transformation of peri-implant inflammatory macrophages to M2 macrophages
may be more helpful to promote bone healing and long-term stability of implants
[42, 52, 53]. Good bone immune microenvironment can effectively promote
osteogenic differentiation, while poor bone immune microenvironment can inhibit
osteogenic differentiation, resulting in the formation of fibrous envelope.

3.1 Subside of acute inflammation and release of anti-inflammatory factors

Macrophages secrete a large number of bioactive factors under the certain action
of tissue microenvironment. The types and secretion of these factors are closely
related to the polarization and functional state of macrophages. Although there is
still controversy, macrophages are divided into two major phenotypes: classically
activated (M1) and alternatively activated (M2). This is very similar to the Th1/Th2
subsets of helper T cells. M1 macrophages are activated by pro-inflammatory signals
such as interferon y (IFN-y) alone or in conjunction with lipopolysaccharide (LPS)
and tumor necrosis factor-a (TNF-a) in which main surface markers were CD80 and
CCRY7, also known as pro-inflammatory macrophages, which secreted pro-inflam-
matory cytokines such as TNF-a, IL-1 f, arginine, inducible nitric oxide synthase
(iNOS), and reactive oxygen species (ROS), but rarely secreted anti-inflammatory
factors such as IL-10. Its main role is to kill bacteria and other pathogens and
participate in the Thl-type inflammation as both the initial and effector cells. The
main markers of M2 macrophages are CD163 and CD206, also known as repair mac-
rophages. Macrophage differentiation to M2 was induced by alternative pathways
such as IL-4, IL-10, and an immune complex (IC). M2 subtype can release IL-10,
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IL-4, vascular endothelial growth factor (VEGF), platelet-derived growth factor BB
(PDGF-BB), and transforming growth factor beta (TGF-), which are beneficial to
the formation and remodeling of new bone and extra cellular matrix (ECM) remod-
eling and angiogenesis [54-58]. The concentrations of pro-inflammatory factors
such as IL-1 f, IL-6, and TNF-a (Figure 3) increased rapidly after trauma in order to
initiate inflammation and bone repair in physiological environment and then gradu-
ally decreased and disappeared within 72 hours.

3.2 Osteogenesis of tissue engineering bone

Immune and vascularization are the key factors to regulate the osteogenesis of
tissue engineering bone. Immune factors determine the inflammatory outcome and
healing of the tissue. BMSCs have the ability to migrate spontaneously to the injured
site and participate in the repair of corresponding tissues. BMSCs are a kind of low
immunogenicity cells which can regulate the function of dendritic cells and T cells. It
has the function of immune regulation and induction of immune tolerance and can
improve and regulate the destructive inflammatory reaction [59, 60]. It is known that
BMSCs secrete soluble factors through direct interaction between cells, inhibit the
proliferation of T and B cells, inhibit the production of H,0, secreted by neutrophils,
and inhibit the cytotoxicity of T cells and NK cells. In vivo, BMSCs can differentiate
into various tissue types when activated by various nutritional mechanisms, and
the regeneration potential increases when exposed to the damaged environment.
Cytokines such as IFN-a can regulate the homing and migration of BMSCs through
the extracellular matrix [61]. Good vascularization can promote the supply of oxygen
and nutrients, promote waste excretion, and accelerate the physiologic healing of
tissue-engineered bone, which is another important factor in tissue engineering
bone transplantation. Most of the tissues and cells in vivo are supplied with oxygen
and nutrients by blood. Because of the limitation of oxygen diffusion in tissues, the
oxygen supply range of capillaries can only be confined to the region of 100-200 pm
[62]. Once implanted in vivo, the seed cells in the scaffold can only absorb oxygen

Cene Expiesakon

Figure 3.

TNF-a binds with TNFR1 or TNFR2 and initiates a series of signal transduction, among which FADD and
NF-kB pathway determine the different destinies of the cell. The TRADD-FADD-caspase line causes apoptosis
of the cell, and the TRAF2-RIP-IKKS line activates NF-kB and leads to cell survival. In fact, both routines are
expressed in the cell at the same time; it is the ration of two pathways to codetermine the fate of the cell.
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and nutrients through the diffusion of adjacent capillaries in the early stage. After
the large tissue-engineered bone is implanted in vivo, the demand for blood sup-

ply around the scaffold is higher. The current vascularization strategies include the
modification of scaffolds, the introduction of growth factors, and the combined
implantation of endothelial progenitor cells. Size and roughness of materials affect
immune response. Dobrovolskaia found that M1 immunoreaction was mediated
when particle diameter was larger than 1 mm, and M2 immunoreaction was mediated
when particle diameter was smaller than 0.5 mm [63]. Barth and other studies found
that the surface roughness of materials increased, and the tendency of macrophage
differentiation to M2 increased significantly, which was beneficial to promote bone
regeneration [64]. Ghrebi proved that the surface roughness of biomaterials could
affect the morphology of macrophages by recognizing the ERK1/ERK2 pathway
activated by the adhesion protein in macrophages [65]. It is known that vascular
endothelial growth factor (VEGF) [66], basic fibroblast growth factor (bFGF)

[67], platelet-derived growth factor (PDGF) [67], transforming growth factor beta
(TGF-B), angiopoietin 1 (Ang-1), and other angiogenic growth factors can promote
vascularization of tissue engineering complex implanted in vivo [68]. Kim et al.
encapsulated VEGF in silica nanoparticles and released them after 28 days; the study
showed that this method can effectively promote angiogenesis. Endothelial progeni-
tor cell, also known as angioblast, is involved not only in embryonic angiogenesis but
also in embryonic angiogenesis [69]. Yu et al. co-cultured the endothelial progenitor
cells derived from the bone marrow with osteoblasts and inoculated them on porous
polycaprolactone hydroxyapatite to repair the 0.8 cm defect in the femur of rats. It
was found that more capillaries and bone tissue were formed in the co-culture group
than in the osteoblast group [70].
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Chapter 5

Traditional Chinese Medicine
Therapy for Targeting
Osteoblastogenesis

Yanqiu Liu

Abstract

Osteoblasts are derived from bone marrow mesenchymal stem cell (BMSC)
precursors, which differentiate into mature osteoblasts and mediate bone forma-
tion. This process is called osteoblastogenesis. A deficiency in osteoblastogenesis
of BMSCs can result in bone-related diseases including osteoporosis. Thus, devel-
oping drugs for targeting osteoblastogenesis from BMSCs has become one of the
therapeutic strategies for osteoporosis. In China, kidney-nourishing Chinese herbal
drugs such as ER-Zhi-Wan have been believed to be potential for treating osteoporo-
sis through targeting osteoblast proliferation and differentiation. The key pathways
for regulating osteoblastogenesis include canonical and noncanonical Wnt pathway,
semaphorin-mediated pathway, and MAPK-mediated BMP2-Smad pathway. Some
natural products have been confirmed to regulate more than one pathway and exert
multi-target effect through the use of one compound or combined use of more than
two compounds, such as wedelolactone and oleonuezhenide. In addition, tissue
engineering provides a promising strategy in the field for targeting osteoblastogen-
esis. New types of biomaterials including hydroxyapatite (HAp) combined with
Chinese medicine can exert enhanced effect on osteoblastogenesis and provide new
therapy for treating osteoporosis.

Keywords: targets, osteoblastogenesis, traditional Chinese medicine, Wnt pathway,
semaphorins, biomaterials

1. Introduction

The bone is a dynamic organ, capable of regenerating and remodeling throughout
the lifetime. Bone remodeling is a process, which is mainly balanced by osteoblast-
mediated bone formation and osteoclast-mediated bone resorption. Bone marrow
mesenchymal stem cells (BMSCs) are osteoprogenitors, which differentiates into
maturated osteoblasts and mediated bone formation, therefore maintaining the
balance of bone remodeling. The process of osteoblast proliferation and differentia-
tion from BMSCs is called osteoblastogenesis, which plays a key role for osteogenesis.
A decrease in osteoblastogenesis of mesenchymal stem cells is observed to result in
bone-related diseases, such as osteoporosis [1, 2]. Stimulation of proliferation and
osteoblastogenesis from BMSCs becomes a therapeutic strategy for osteoporosis. A
large number of factors have been implicated in regulating osteoblast differentia-
tion, such as the Wnt family [3, 4]. Canonical Wnt signaling is crucial for regulation
of osteoblast development including osteoblast proliferation, differentiation, and
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survival. Activation of the canonical Wnt signaling pathway involves recruitment
of a complex including LRP5/6 and GSK3, stabilization of p-catenin, regulation
of transcription factors such as runx2, and activation of Wnt target genes [5]. This
pathway is active in BMSCs, and therefore many signaling molecules are developed
as drug targets such as GSK3p and LRP5/6. Noncanonical Wnt signaling pathway

is mediated by Wnt5a, which activates downstream pathways including Wnt/Ca**/
PKC, small GTPase Rho, and JNK pathways [6]. Consequently, transcription fac-
tors, such as AP1 family [7], are activated, and survival-related gene expression is
induced. The anabolic agents, such as parathyroid hormone (PTH), are developed to
treat osteoporosis through enhancing osteoblastogenesis. However, administration
of PTH; 3, for along time can increase bone resorption, resulting in bone neurosis
[8]. Therefore, research is currently focusing on drugs that can simultaneously
regulate bone resorption and bone formation and could thus develop a new class of
dual-action therapeutic agents for osteoporosis [9, 10].

According to traditional Chinese medicine theory, “kidney-nourishing” herbal
drugs are commonly believed to have the ability of nourishing bones and therefore
are used to treat osteoporosis. Traditional Chinese herbs have the characteristics
of multi-components and multi-target; thus the development of bifunctional
agents from traditional Chinese herbs is promising. Many potential compounds
isolated from “kidney-nourishing” herbal drugs have been found to enhance
osteoblastogenesis [11]. We focus on a traditional Chinese prescription, called
Er-Zhi-Wan, which consists of Ecliptae herba and Fructus Ligustri Lucidi. Extract of
Er-Zhi-Wan has been reported to increase bone volume and enhance bone forma-
tion. We determine the components by using HPLC-MS method and screen the
active compounds. Wedelolactone isolated from Ecliptae herba is firstly reported
to inhibit osteoclastogenesis and simultaneously enhance osteoblastogenesis. In
ovariectomized mice, administration of wedelolactone prevented ovariectomy-
induced bone loss by enhancing osteoblast activity and inhibiting osteoclast activ-
ity. At the molecular level, wedelolactone altered several key signaling pathways.
Wedelolactone facilitated osteoblastogenesis through activation of Wnt/GSK3p/p-
catenin signaling pathway, which led to the activation of runx2 and the expression
of downstream genes. Simultaneously, wedelolactone inhibited osteoclastogenesis
through inhibition of RANKL/RANK/NF-kB pathway, resulting in suppression of
c-Fos/NFATc1 activation and osteoclast marker gene expression. Although wede-
lolactone can treat osteoporosis with the characteristics of bifunctional activity,
wedelolactone is not perfect. At the high dose, wedelolactone can trigger cytotoxic-
ity against BMSCs. Therefore, we propose that components from Fructus Ligustri
Lucidi could alleviate wedelolactone-induced cytotoxicity, since it is believed that
the synergy effect contributes for the improved therapeutic efficacies.

Several compounds from Fructus Ligustri Lucidi are determined to have the
ability to enhancing osteoblastogenesis. Among them, oleonuezhenide is found
to increase bone mineralization induced by wedelolactone. Additionally, high
dose of wedelolactone-induced cytotoxicity in BMSCs was relieved by addition
of oleonuezhenide, and these BMSCs protected by oleonuezhenide maintained
osteoblastic activity. These data further confirm that oleonuezhenide enhances
wedelolactone’s action on osteoblast differentiation and activity through Wnt/
CK2a/p-catenin pathway and prevents wedelolactone-induced cytotoxicity through
Wnt5a/CK2a/ERK pathway, indicating that combination of different compounds
generates multi-target effect. This might contribute for the efficacy for the mixture
of different herbal drugs.

In addition to the development of new type of drugs for targeting osteoblas-
togenesis, tissue engineering provides a promising strategy in the field for osteo-
genesis from BMSCs, which aims to induce new, BMSC-driven, bone regeneration
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and has increased the possibility of engineering bone in vitro to treat bone defects
particularly in vivo [12]. As alternatives polymeric biomaterials are applied in clini-
cal practice since the 1960s; their popularity is related to the ease of preparation of
various products in complex shapes and a wide range of physical and mechanical
properties. Hydroxyapatite (HAp) is a major mineral component of calcified tissues
including bones. Synthetic HAp has been extensively used as an important mate-
rial for bone substitute, owing to its excellent osteoinductive properties. However,
most HAp is considered to be weak in osteoinductive ability, which may impact the
repair capacity for bone defects. Thus, the combined effect of HAp, growth factors,
or osteoinductive agents such as natural products on osteoblastogenesis might be
promising. We investigate the action of incorporation of wedelolactone and HAp
nanoparticles with different shapes and sizes on osteoblastogenesis from BMSCs.
First, HAps are constructed by a rodlike shape with different particle sizes. HAp-1
combined with wedelolactone induced a higher ALP activity with different degrees,
suggesting that combination of biomaterial and compounds contributes for osteo-
blastogenesis and thus can be used as therapeutic strategy for osteoporosis. Overall,
this chapter will discuss recent findings regarding osteoblastogenesis and its related
therapeutic strategies.

2. Osteoblastogenesis and its related therapies
2.1 The cellular and molecular mechanism of osteoblastogenesis

Osteoblasts arise from bone marrow mesenchymal stem cell (BMSC) precur-
sor, which differentiates into maturated osteoblasts and mediated bone formation.
The maturated osteoblasts synthesize dense, cross-linked collagen and specialized
proteins in much smaller quantities, including osteocalcin and osteopontin, which
compose the organic matrix of bone. This organic matrix forms a strong and dense
mineralized tissue—the mineralized matrix.

Along with osteoblasts, osteoclast breaks down bone matrix. The balance of
bone formation and bone resorption maintained bone homeostasis [13]. However,
the balance tends to be negative with age, particularly in postmenopausal women,
often leading to a loss of bone serious enough to cause fractures, which is called
osteoporosis. A decrease in osteoblastogenesis of mesenchymal stem cells can be
observed in osteoporosis [2]. Reduced proliferation and osteoblastic differentiation
of BMSCs were reported to associate with the reduction of healing capacity such as
impairment of bone formation in osteoporotic patients. Therefore, stimulation of
proliferation and osteoblastogenesis from BMSCs becomes a therapeutic strategy
for osteoporosis.

There are several signaling pathways involved in osteoblastogenesis. BMP
(bone morphogenetic protein) signaling is a fundamental pathway that mediates
osteoblast differentiation [14]. BMP signaling is mediated through type I and
type II BMP receptors. After binding to BMP ligands, BMP receptors formed a
complex. This dynamic interaction leads to signal transduction through either
Smads or mitogen-activated protein kinases (MAPKs) which further activates the
transcription of specific target genes involved in osteoblastic differentiation and
bone formation [15]. Several MAPKs have been identified, including extracellular
signal-regulated kinases (ERKs), c-Jun N-terminal protein kinase (JNK), and p38
MAPK. These three types of MAPKs are essential components of the signal trans-
duction machinery that occupy central positions in this differentiation process [16].
Following activation of MAPK signaling during this differentiation process, BMP2/
Smad signaling is activated.
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Canonical and noncanonical Wnt signaling pathways play key roles in the regu-
lation of osteoblast development including enhancement of osteoblast proliferation
as well as differentiation [17]. The canonical Wnt/GSK3p/p-catenin signaling is a
key pathway for regulating bone formation and contributing to osteoblastic differ-
entiation. Canonical Wnt pathway involves the formation of a complex consisting
of Wntl, 3a proteins, Frizzed, LRP5/6, and GSK3. A crucial step in transducting
the Wnt signal is to destroy the cytoplasmic GSK3p complex by inducing GSK3
phosphorylation and subsequently, inhibits B-catenin phosphorylation, thereby sta-
bilizing p-catenin. The accumulated p-catenin thus enters the nucleus and activates
the expression of the Wnt target genes. These target genes include marker genes for
osteoblastogenesis. Alkaline phosphatase is a membrane-anchored protein that is
a characteristic marker expressed in large amounts at the apical (secretory) face of
active osteoblasts. Other marker genes, including SP7 (which encodes osterix) and
Bglap (encoding osteocalcin), were markedly increased in their expression during
the osteogenic differentiation. Runx2 is the master osteogenic transcription fac-
tor that takes part in the process of osteoblast maturation. Runx? is also found to
transduce Wnt signaling for mediating osteogenic differentiation of BMSCs [18].

It can act as crosstalking regulator between Wnt signaling pathways and others
that enhance osteoblastogenesis. The canonical Wnt signaling pathway is active in
BMSCs, and therefore many signaling molecules are developed as drug targets such
as GSK3p and LRP5/6.

Noncanonical Wnt signaling pathway is mediated by Wnt5a, which activates
downstream pathways including Wnt/Ca>*/PKC, small GTPase Rho, and JNK path-
ways [19]. Noncanonical Wnt signaling pathway has been reported to regulate many
cellular processes, including gene expression, cell proliferation, and apoptosis. Wnt5a
can interact with Fz receptor and activates the cytoplasmic protein DvI2 through
casein kinase 2a (CK2a), which induces the activation of downstream molecules such
as RhoA and ERK1/2. CK2 is a key regulator both in canonical and noncanonical Wnt
signaling pathways [20, 21]. CK2a is its catalytic subunit. CK2« can induce nuclear
translocation of f-catenin and thereby precluding degradation mediated by the
proteasome. CK2a can also induce disheveled activation and therefore acts as a switch
to define distinct branches of noncanonical Wnt signaling pathways. Although CK2«
was developed as targets for embryogenesis, neuronal differentiation, and myogenic
differentiation, the role of CK2a for osteoblastogenesis is still unclear.

Semaphorins are a family of cell-surface or soluble proteins that are able to
regulate cell-cell interactions as well as cell differentiation, morphology, and func-
tion. In the mammalian system, 20 semaphorins have been identified and fall into 5
classes (semaphorins 3-7) that are characterized by particular structural properties
[22]. Among them, Sema3A play a key role in coupling of osteoblastogenesis and
osteoclastogenesis. Sema3A is produced by osteoblasts and has been identified asa
potent and direct inhibitor of osteoclast formation from osteoclast precursor cells.
Distinct from other coupling factors, Sema3A promotes osteoblast differentiation
from BMSCs (the precursor of osteoblasts), indicating a dual function role in which
it inhibits osteoclastogenesis and enhances osteoblastogenesis [23]. The Sema3A
signaling pathway is activated through binding with its cell-surface receptor
composed of an Nrpl and plexinA1 protein complex, which functions as a signal-
transducing subunit [24]. This complex induces different downstream signaling
molecules in osteoclasts and osteoblasts, resulting in different regulatory effects
on differentiation. Therefore, regulation of the Sema3A pathway in osteoclasts and
osteoblasts would be promising for the bone remodeling balance and be helpful for
the development of therapeutic agents.

In addition to Sema3A, several other semaphorins play a role in osteogenesis.
They can be expressed on osteoclast or osteoblast. Sema3A and Sema3E are
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produced from osteoblasts, while Sema4D and Sema6D are expressed by osteo-
clasts. Sema7A can be expressed in both osteoblasts and osteoclasts. The role

of semaphorin family proteins in osteoblast and osteoclast is different [25-27].
Sema3E are produced from osteoblasts, while Sema4D and Sema6D are expressed
by osteoclasts. Sema7A can be expressed in both osteoblasts and osteoclasts. The
role of semaphorin family proteins in osteoblast and osteoclast is different. Sema7A
is reported to be expressed in osteoblasts and promoted the osteoblast migration
[28]. In addition to Sema7A, expression level of Sema3E from mouse osteoblasts was
reported to be increased by PTH and 1, 25-(OH)2 D3 treatment [29]. The effects

of semaphorins are mediated by plexins, a group of nine transmembrane recep-
tors that can be subdivided into four classes, plexins A-D. The semaphorin-plexin
system has an important role in regulating bone cell function. Therefore, regulating
the balance of semaphorin family protein levels and semaphorin-mediated signal-
ing pathway might balance bone remodeling through enhancing osteoblastogenesis
and simultaneously inhibiting osteoclastogenesis.

2.2 Chinese herbal drugs for targeting osteoblastogenesis
2.2.1 Traditional Chinese medicine theory

Traditional Chinese medicine (TCM) is a style of traditional medicine built on a
foundation of more than 2500 years of Chinese medical practice that includes vari-
ous forms of herbal medicine, acupuncture, massage (tui na), exercise (qigong), and
dietary therapy [30] but recently is also influenced by modern Western medicine.

One of the basic theories of TCM is zang-fii theory. The term zang refers to the
five entities, including the heart, liver, spleen, lung, and kidney, while fii refers
to the six yang organs, including the small intestine, large intestine, gallbladder,
urinary bladder, stomach, and Sanjia6 [31]. Among them, the kidney is considered
to be related to bones. As distinct from the Western medical definition of kidneys,
the TCM concept is more a way of describing a set of interrelated parts than an
anatomical organ. The main functions of the kidney are to strengthen bones,
dominate human growth and development, produce marrow to fill up the brain,
etc. (Figure1).

According to the Chinese medicine kidney theory, many kidney-nourishing
herbal drugs can strengthen bones; therefore they are used for treatment of bone-
related diseases such as osteoporosis. Enhancement of osteoblastogenesis might be
one of the mechanisms of action of these herbs. A famous Chinese doctor named
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Figure 1.

The relationship of zang-fii Chinese medicine theory and strengthen bones.
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Figure 2.
Different regulated roles of kidney yin and yang in osteoblastogenesis. Kidney yang and yin might alter
osteoblast and osteoclast function and enhance osteoblastogenesis and inhibiting osteoclastogenesis.

Zhang Jie Bin (approximately 1563-1640) wrote “there are two kidneys, (kidney
yin and yang), with the gate of vitality between them” (Figure 2). The difference
between kidney yin and kidney yang on strengthening bones is still unclear, but the
different mechanisms of action of kidney yin and yang on osteoblastogenesis might
partially explain the difference.

2.2.2 Chinese herbal drugs that enhance osteoblastogenesis and/or inhibiting
osteoclastogenesis

Many kidney-tonifying herbal drugs are found to regulate osteoblastogenesis.
Some are kidney-yang herbal drugs, including Herba Epimedii, Taxus yunnanensis,
Rhizoma Drynariae, etc. Some are kidney-yin herbal drugs, including Eclipta herbal
and Fructus Ligustri Lucidi. Herba Epimedii is a commonly used Chinese medicine
as “kidney yang” herbs for thousands of years. It contains active components such
as flavonoids and phytosteroids. Total flavonoids of Herba Epimedii are suggested to
enhance osteoblast proliferation and differentiation and to be potential candidates
for treating osteoporosis [32]. It includes icariin, epimedin A, epimedin B, epimedin
C, icariside II, icaritin, etc. Although icariin is a principal flavonoid glycoside in
Herba Epimedii, icariside II and icaritin, two hydrolytic metabolites in vivo as well
as present in Herba Epimedii, showed higher activity of osteoblast proliferation and
differentiation [33, 34] (Table1).

Ecliptae herba, also known as “Mo-Han-Lian,” is the aerial parts of
Eclipta prostrata L. (Asteraceae), which have antiosteoporotic effect [45, 46].
Wedelolactone is a compound isolated from Ecliptae herba. Although ethyl acetate
extract of Ecliptae herba and wedelolactone did not change BMSC proliferation, the
extract and wedelolactone enhance BMSC differentiation toward osteoblasts. BMSC
incubation with wedeloloactone results in an increase in the activity of alkaline
phosphatase (ALP), a marker enzyme for maturated osteoblasts, in a dose-depen-
dent manner. Also, mineralization level and calcium deposits increased accordingly
in response to wedelolactone. At the molecular level, wedelolactone directly inhib-
ited GSK3p activity and enhanced the phosphorylation of GSK3p and thereafter
stimulated the nuclear translocation of f-catenin and runx2. The expression of
osteoblastogenesis-related marker gene including osteorix, osteocalcin, and runx2
was increased. In ovariectomized mice, administration of wedelolactone prevented
ovariectomy-induced bone loss by enhancing osteoblast activity and promoting
new bone formation [47].

Distinct with other osteogenic agent, such as PTH;_34, wedelolactone exert dual
function role in enhancing osteoblastogenesis and simultaneously inhibiting osteo-
clastogenesis. For the anabolic agent, parathyroid hormone (PTH) a concomitant
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Compounds or extracts Herbal drugs or Validation Refs.
plants

Icarrin, icariside II, icaritin Herba Epimedii Enhance osteoblast proliferation [34]
and differentiation

Wedelolactone Ecliptae herba Promote osteoblast [35, 36]
differentiation and bone
formation

Specnuezhenide, Fructus Ligustrum Stimulate osteoblast proliferation [37,38]

ligustroflavone, salidroside, lucidum and bone formation by BMP2 and

and GI3 runx? activation

Puevariae radix extract Puerariae radix Play a role in osteoblastic bone [39]
formation; induces osteoblastic
differentiation markers such as
ALP, OCN, OPN, and Col I and
mineralization in SaOS-2 cells

Tetrahydroxystilbene glucoside Fallopia multiflora Promote osteoblast [40]
differentiation

Total flavonoids Rhizoma Drynariae Enhance osteoblast activity [41]
through BMP2/Smad pathway

Aqueous extract Angelica sinensis Stimulate proliferation and ALP [42]
activity of OPC-1

Extract Salvia miltiorrhiza Stimulates ALP activity in [43]
MC3T3-E1 cells

Extract Astragalus Promote new bone formation on [44]

membranaceus periodontal defects in vivo
Table 1.

Cellular and molecular tavgets for different herbal drugs with the ability of enhancing osteoblastogenesis.

increase in bone resorption can be observed. These drawbacks of the current
therapies might be attributed to one target for these drugs that fail to uncouple bone
degradation and formation: they stimulate or inhibit both processes at the same
time. Research is currently focusing on drugs that can simultaneously regulate bone
resorption and bone formation. Wedelolactone might be potential for the develop-
ment of new class of drugs for treating osteoporosis. Further, the dual function of
wedelolactone might be attributed to multi-target action on osteogenesis.

In addition to Wnt/GSK3p/p-catenin pathway activation by wedelolactone, we
found that the semaphorin 3A pathway, as the upstream of Wnt/GSK3p/p-catenin
pathway, was activated. Wedelolactone can increase mRNA expression of Sema3A
in BMSCs and blocking Sema3A activity with its antibody reversed wedelolactone-
induced alkaline phosphatase activity in BMSCs. Further, wedelolactone enhanced
binding of Sema3A with cell-surface receptors, including neuropilin (NRP)1 and
plexinAl. In addition, nuclear accumulation of p-catenin, a transcription factor act-
ing downstream of wedelolactone-induced Sema3A signaling, was blocked by the
Sema3A antibody. For the osteoclasts, a 9 day incubation fraction of conditioned
media obtained from wedelolactone-treated bone marrow mesenchymal stem cell
(BMSC) significantly inhibited tartrate-resistant acid phosphatase (TRAP) activity
in RANKL-stimulated osteoclastic RAW264.7 cells. Conditioned media and wede-
lolactone promoted the formation of plexinA1-Nrpl, but conditioned media also
caused these sequestration of the plexinA1-DNAX-activating protein12 (DAP12)
complex and suppressed the phosphorylation of phospholipase C (PLC)y2. These
data suggest that wedelolactone promoted osteoblastogenesis through production
of Sema3A, thus inducing the formation of a Sema3A-plexinA1-Nrpl complex
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and p-catenin activation. In osteoclastic RAW264.7cells, wedelolactone inhibited
osteoclastogenesis through sequestration of the plexinA1-DAP12 complex, induced
the formation of plexinA1-Nrpl complex, and suppressed PLCy2 activation [48].

Semaphorin family proteins exert different roles in wedelolactone-enhance
osteoblastogenesis and wedelolactone-inhibited osteoclastogenesis. In addition
to Sema3A, osteogenic medium (OS)-reduced Sema7A mRNA expression and
OS-enhanced Sema3E mRNA expression in BMSCs were reversed by wedelolactone,
but OS-reduced Sema3B mRNA expression had no change. Although there is evidence
of the role of Sema3B in bone remodeling [49], OS treatment decreased Sema3B
mRNA expression. Wedelolactone and Sema3B antibody did not affect ALP activity.
Sema3B is reported to inhibit the proliferation and induce apoptosis in various types
of cancers. Whether Sema3B has a role in BMSC proliferation and apoptosis is needed
to be further studied. Wedelolactone enhanced the binding of Sema7A with plexinC1
and Betal, but addition of Sema7A antibody partially blocked the binding triggered
by wedelolactone. At the same time, addition of Sema4D antibody to wedelolactone-
treated osteoclastic RAW264.7 cells showed a more significant decrease in TRAP
activity and bone resorption pit formation. Wedelolactone inhibited the production
of Sema4D and formation of Sema4D-PlexinB1 complex. Overall, wedelolactone
inhibited the production of Sema4D and formation of Sema4D-PlexinB1 complex in
RAW?264.7 cells, thereafter inhibiting osteoclastogenesis. At the same time, wedelo-
lactone enhanced osteoblastogenesis through promoting the production of Sema7A
and Sema7A-PlexinC1-Betal complex formation in BMSCs. These results suggested
that wedelolactone enhanced osteoblastogenesis but inhibited osteoclastogenesis
through altering semaphorin family proteins [50].

BMP signaling pathways have a critical role in bone-formation process, and their
effects can be mediated by Smad signaling. Among BMP family proteins, BMP2 has
been reported to be essential for inducing bone formation [51]. Several studies have
reported that MAPK signaling including JNK, ERK, and p38 pathways are involved
in osteoblastogenesis [52]. p38 MAPK is required for osteoblast differentiation
and induction of osteogenic marker genes. Also, p38 activation has been observed
in lactoferrin-treated MC3T3-E1 cells. However, there is evidence that osteoblast
differentiation is stimulated by activation of ERK and JNK, but not by activation of
p38 MAPK [53]. Wedelolactone increased phosphorylation of extracellular signal-
regulated kinases (ERKs), c-Jun N-terminal protein kinase (JNK), and p38 in BMSCs.
Phosphorylation of mitogen-activated protein kinases (MAPKs), ERK, and JNK
started to increase on day 3 of treatment, and p38 phosphorylation was increased by
day 6 of treatment. Expression of bone morphogenetic protein (BMP)2 mRNA and
phosphorylation of Smad1/5/8 was enhanced after treatment of cells with wedelo-
lactone for 6 and 9 days. The addition of the JNK inhibitor SP600125, ERK inhibitor
PD98059, and p38 inhibitor SB203580 suppressed wedelolactone-induced alkaline-
phosphatase activity and bone mineralization. Increased expression of BMP2 mRNA
and Smad1/5/8 phosphorylation was blocked by SP600125 and PD98059, but not by
SB203580. Our findings confirmed that wedelolactone enhanced osteoblastogenesis
through induction of the JNK- and ERK-mediated BMP2-Smad1/5/8 pathway [54].

Wedelolactone is the derivation of coumarin, which can target estrogen recep-
tor and exert estrogenic activity. Wedelolactone also was found to be docked onto
the crystal structure of GSK3p through electrostatic or hydrophobic interactions.
Therefore, wedelolactone might exert multi-target effect and induce the signaling
network for enhancing osteogenesis (Figure 3). However, wedelolactone at high
dose has cytotoxicity against BMSC survival. Also, the concentration of wedelolac-
tone into the blood is lower, which limited the application for treatment of osteopo-
rosis in clinic. We suppose that other components combined with wedelolactone can
exert synergetic effect.
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Figure 3.

Involvement of signaling network in wedelolactone-induced osteoblastogenesis. Wedelolactone induced
SemayA, 3A-mediated signaling pathway, activated downstream of p-catenin nuclear translocation, and
promoted BMP2/Smad1/5/8 pathway activation, resulting in enhancement of osteoblastogenesis.

Er-Zhi-Wan is composed of Herba Ecliptae and Fructus Ligustri Lucidi, which
is a famous traditional Chinese formulation firstly recorded in “Yi Bian” written in
Ming Dynasty, which possesses the actions of tonifying the liver and kidney yin,
nourishing body’s essential fluid, and arresting hemorrhage. Er-Zhi-Wan extracts
have been reported to prevent osteoporosis and inhibit osteoclast differentiation
[55]. Er-Zhi-Wan containing serum inhibited proliferation and differentiation of
preosteoclastic RAW264.7 cells. Therefore, we screened the synergetic components
from Fructus Ligustrum Lucidum.

Fructus Ligustrum Lucidum (FLL), also known as Nu-Zhen-Zi, is the fruit of
Ligustrum lucidum Ait., which has been used in traditional Chinese medicine for
over 1000 years to nourish the liver and the kidney and thereafter strengthen the
bones. In modern research, FLL is reported to possess anticancer, antidiabetic, anti-
inflammatory, and heptoprotective effects. The crude FLL extract is reported to
modulate the turnover of bone and the calcium balance in ovariectomized rats [56].
It also shows that ethanol extract improves calcium balance and bone metabolism in
aged female rats through enhancing bone mineralization process [57]. The predomi-
nant components isolated from FLL include flavonoids, triterpenes, phenylethanoid
glycosides such as salidroside, and secoiridoid glucosides such as specnuezhenide
and ligustroflavone. Salidroside, specnuezhenide, and GI3 are reported to increase
osteoblast activity in osteoblast-like UMR106 cells. Aqueous extract of FLL acti-
vates ERa/p-mediated gene transcription, but the isolated compounds are inactive
[58]. Salidroside is shown to promote the proliferation of BMSCs and increase the
expression and secretion of stem cell factor (SCF) [59]. However, the cellular action
of FLL and its compounds regulating bone metabolism is still unclear. In our study,
FLL extract and five compounds from FLL were investigated to affect alkaline
phosphatase (ALP) activity of bone marrow mesenchymal stem cells (BMSCs).

FLL and its five components, including salidroside, specnuezhenide, nuezhenide
G13, oleonuezhenide, and ligustroflavone, facilitated BMSC differentiation toward
osteoblasts partially through BMP/LPR6/runx?2 pathway.

Further, the combined effects of wedelolactone and various doses of compounds
from Fructus Ligustri Lucidi, including oleonuezhenide, salidroside, and oleanolic
acid, on osteoblastogenesis were evaluated. The combination of oleonuezhenide
and wedelolactone was found to exert a synergistic effect on osteoblast differentia-
tion. Wedelolactone at 6 pM and oleonuezhenide at 9 pM enhanced osteoblast
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differentiation and bone mineralization. The enhanced effect was more potent
when bone marrow mesenchymal stem cells were treated with a combination of
wedelolactone and oleonuezhenide. Osteoblastogenesis-related marker genes
including osteocalcin, runx2, and osteorix were upregulated in the presence of 6 uM
wedelolactone and 9 pM oleonuezhenide. At the molecular level, oleonuezhenide
did not affect GSK3p phosphorylation induced by wedelolactone but elevated casein
kinase 2o (CK2a) expression, resulting in f-catenin and runx2 nuclear transloca-
tion. The addition of 4,5,6,7-tetrabromo-N,N-dimethyl-1H-benzimidazol-2-amine
(DMAT), a CK2a inhibitor, blocked oleonuezhenide-induced alkaline phosphatase
(ALP) activity, and simultaneously suppressed p-catenin nuclear accumulation,
induced by treatment with a combination of oleonuezhenide and wedelolactone. In
addition, 30 pM wedelolactone-induced cytotoxicity in bone marrow mesenchymal
stem cells was relieved by 9 pM oleonuezhenide. These bone marrow mesenchymal
stem cells were protected by oleonuezhenide and maintained osteoblastic activity.
Oleonuezhenide increased Wnt5a and CK2x expression. Wedelolactone-reduced
extracellular signal-regulated kinase (ERK) phosphorylation was reversed by
oleonuezhenide. However, the addition of DMAT reduced ERK phosphorylation
induced by oleonuezhenide. Taken together, these data demonstrate that 10 pM
oleonuezhenide enhanced the effects of 6 pM wedelolactone on osteoblastogenesis,
by GSK3p- and CK2a-mediated p-catenin activation. Thus, wedelolactone-induced
cytotoxicity was prevented through CK2a-mediated ERK activation. This com-
bined effect of wedelolactone and oleonuezhenide on osteoblastogenesis may be
contributed to understanding the efficiency of Er-Zhi-Wan on curing bone-related
diseases, such as osteoporosis.

2.3 Combined therapy by using biomaterials and drugs

Tissue engineering provides a promising strategy in the field for osteoblasto-
genesis from BMSCs, which aims to induce new, BMSC-driven, bone regeneration
and has increased the possibility of engineering bone in vitro to treat bone defects
particularly in vivo [60-62]. As alternatives polymeric biomaterials are applied in
clinical practice since the 1960s. Their popularity is related to the ease of prepa-
ration of various products in complex shapes, their moderate price, and a wide
range of physical and mechanical properties. Biocomposite scaffolds are gener-
ally used for bone tissue engineering to act as a temporary matrix and provide
a suitable environment for cell proliferation, differentiation, and extracellular
matrix (ECM) deposition until it is restored by new natural tissue over the desired
time. Various biomaterials are designed to engineer bone tissue. The bone tissue
engineering scaffolds possess non-cytotoxicity, a high surface to volume ratio,
abundant porosity for the transport of nutrients and regulatory factors, intercon-
nectivity of pores for neovascularization at the site of new tissue regeneration,
and osteoconductive and osteoinductive properties. Most of these material
properties are satisfied by poly(L-lactic acid)-co-poly (e-caprolactone) (PLACL),
which is a copolymer of PCL and PLLA and was found to be potential synthetic
polymer for bone regeneration therapy. Osteoblasts cultured on biocompatible
poly(L-lactic acid)-co-poly (e-caprolactone)-silk fibroin-hydroxyapatite-hyal-
uronic acid (PLACL-SF-HAp-HA) showed a significantly higher level of prolifera-
tion and increased osteogenic differentiation and mineralization [63]. Promising
polymeric biomaterials however often do not fulfill the necessary requirements
for the production of suitable bone implants. One of the challenges to overcome
is the proliferation of cells on the implant surface [64] which could be achieved
by mimicking the natural 3D bone structure with a composite of organic polymer
and inorganic components.
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Hydroxyapatite (HAp) is a major mineral component of calcified tissues includ-
ing bones. Synthetic HAp has been extensively used as an important material for
bone substitute, owing to its excellent osteoinductive properties [65]. Synthetic HAp
[Ca10(PO4) 6(OH)2) has been extensively used as an implant material for bone
substitute, owing to its excellent osteoinductive properties. Calcium phosphate bio-
materials (HAp-TCP) with appropriate 3D geometry are able to bind and concentrate
endogenous bone morphogenetic proteins in circulation, may become osteoinductive,
and can be effective carriers for bone cells. Different characteristics and sizes of HAp
are developed to be generally used for bone tissue engineering, which acts as a tempo-
rary matrix and provides a suitable environment for cell proliferation, differentiation,
and extracellular matrix (ECM) deposition. However, HAp is considered to be weak in
osteoinductive ability, which may impact the repair capacity for bone defects. Growth
factors play an important role in the process of bone formation; some scaffolds have
been developed as delivery carriers for growth factors and showed great bone repair
ability. However, considering the high production cost and limited active period, the
clinical application of exogenous growth factors is restricted. We proposed that natural
products combined with HAp might have enhanced effect on osteoblastogenesis. Three
kinds of HAps constructed by a rodlike shape with particle size of 25 nm (HAp-1),

37 nm (HAp-2), and 33 nm (HAp-3) did not affect BMSC survival but induced activity
of alkaline phosphatase (ALP), a marker enzyme for osteoblastogenesis. The rodlike
HAp might have distinct properties for osteoblast differentiation [66]. Additionally,
particle size is a very important influencing factor on activity of HAp samples. The
smallest particle has the best activity might be due to its easier contact of the target

in the cell. The O-H groups abundantly located in the surface of HAp-1 crystal might
facilitate the hydrogen bond interaction between the HAp-1 and the protein of the cell,
which is in accordance with cell activity data. The structure and activity relationship
analyses give us some instruction to design new HAp samples with smaller size and
more hydroxyl group to improve activity.

Interestingly, the combination of HAp-1 and wedelolactone exhibited a higher
and more prolong time for ALP activity, indicating that HAp-1 and wedelolactone
exerted synergetic effect on ALP activity. Recent studies have demonstrated that due
to the excellent specific surface area, micro-/nano-hybrid structured HAp (micro-
nano HAp) granules could be applied as carriers of drug delivery systems to enhance
osteogenic ability [67]. HAp-1 treatment resulted in a more significant increase
in the number of ALP staining-positive BMSCs and maintained an extended time
for the increased number of ALP staining-positive BMSCs. The extended time for
enhanced ALP activity in the presence of HAp-1 and wedelolactone indicates that
HAp-1 might have the ability of carrying wedelolactone and subsequently sustained
release of wedelolactone from the HAp-1. HAp-1 combined with wedelolactone
induced a higher ALP activity for a longer time than HAp-2 and HAp-3 and also
increased the bone mineralization level. Osteoblastogenesis-related marker gene
expression including osteorix, osteocalcin, and runx2 were increased after BMSCs
were treated with HAp-1. In conclusion, HAp, which is a major mineral component
of calcified tissues including bones, with different sizes generated different effects
on osteoblastogenesis. HAp-1 combined with wedelolactone exerted an enhanced
effect on osteoblastic differentiation, mineralization, and osteoblastogenesis-related
marker gene expression, which has potential for treating osteoporosis.

3. Conclusion

Targeting osteoblastogenesis has become a promising therapeutic strategy for
treatment of osteoporosis. Several pathways including canonical and noncanonical
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Wnt pathway, semaphorin pathway, and BMP/Smad pathway play a critical role

in regulating osteoblastogenesis. Regulating the biological network for enhancing
osteoblastogenesis and simultaneously inhibiting osteoclastogenesis might develop
new type of multi-target drug for treating osteoporosis. The kidney-nourishing
Chinese herbal drugs have the potential since these herbs contain many components
and thus exert synergetic effect. The multi-target mechanism of Er-Zhi-Wan, a
prescription record since Ming Dynasty in China, is confirmed by study of com-
bined effect of wedelolactone and oleonuezhenide. Further study of these herbs as
well as screening the active components might find novel potential drugs. Further,
the development of tissue engineering biomaterials and combination with Chinese
herbal drugs might generate the superior therapeutic effect.
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Chapter 6

Alternative Strategies for Stem
Cell Osteogenic Differentiation

Carla Cristina Gomes Pinheiro and Daniela Franco Bueno

Abstract

Discovering strategies that increase the osteogenic differentiation potential of
mesenchymal stem cells (MSCs) can lead to new perspectives for bone disease treat-
ments. The possibility to associate the mesenchymal stem cells with scaffolds and
to use them in bone regeneration as well as the number of studies to understand the
signaling pathway of osteogenesis are increasing. Identifying osteogenic induction
factors is extremely important and crucial for the success of bone regeneration.
Studies have shown that proteins, such as bone morphogenetic proteins (BMPs),
trichostatin A and IGF-1, can be efficiently used for osteogenic regeneration.
However, the use of these proteins increases the treatment cost. Fortunately,
low-level laser therapy (LLLT) may be a new alternative for adjuvant therapy to
treat bone regeneration because it has biostimulatory effects on the conversion of
mesenchymal stem cells into osteoblasts and on the induction of ex vivo ossifica-
tion. The principle of tissue photobiomodulation with LLLT was first described in
dermatology for healing wounds; however, other applications have been described,
with anti-inflammatory and anti-edema effects and cellular proliferation and
differentiation. Following this way, we will discuss some alternative strategies for
osteogenic differentiation and suggest that the low-power lasers can be an innova-
tive instrument for cell differentiation.

Keywords: osteogenesis, mesenchymal stem cells, low-level laser therapy,
low-power laser, osteogenic differentiation

1. Introduction

Bone transplantation is one of the most common tissue transplants in the world,
second only to blood transplant. There are approximately 15 million bone fractures
per year worldwide and about 10% of those will experience no tissue regeneration,
potentially leading to complications such as infections and pain [1]. Technological
advances and increase in life expectancy of the global population have sparked
interest in and use of alternative strategies in regenerative medicine.

Tissue bioengineering is an interdisciplinary field where engineering and bio-
logical science strategies are applied jointly in order to develop biological substitutes
to restore, maintain, and/or increase the function of damaged tissues [2, 3].

In concern to bone tissue engineering different medical areas as well as den-
tistry areas have developed bone tissue engineering strategies (stem cells (SCs),
biomaterials, and growth factors) to rehabilitate congenital malformations and
craniofacial syndromes associated with bioengineering [3, 4]. Therefore, the main
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goal of bioengineering is to overcome limitations imposed by current conventional
treatments, which are based on reconstructive surgery or organ transplant. Above
all, it aims at being able to produce substitutes for organs and tissues with immune
tolerance, so that transplantation can be achieved without the risk of rejection by
the organism [5].

Three elements are necessary for bone tissue bioengineering: osteoconduction,
osteoinduction, and osteogenesis; together, these three elements form the basis for
obtaining a new, functional bone tissue [6, 7]. Given the increase in regenerative medi-
cine studies and the need to find a biological source to promote tissue formation, that
is, osteogenesis, stem cells appear to be a potentially unlimited biological source [8].

Stem cells (SCs) can be defined as cells that are capable of: (1) proliferation
and self-renewal and (2) answering to external stimuli and giving rise to different
specialized cell lines. Consequently, they are considered important for regenerative
medicine [8]. Stem cells are classified based on their source and plasticity; hence,
they can be divided into three different groups: embryonic stem cells, induced
pluripotent stem cells (iPSCs), and adult stem cells.

Embryonic stem cells are those derived from the inner mass of a blastocyst (4 or
5 days after the egg has been fertilized), that are capable of differentiating in the three
germ layers (endoderm, ectoderm, and mesoderm). They are known as being plu-
ripotent. However, the therapeutic use of these cells has been questioned by several
studies due to teratoma formation after transplantation in animals, potential immune
rejection by the host, and strong association with ethical issues [9].

An increasing number of studies have been published about induced pluripotent
stem cells (iPSCs). iPSCs are somatic cells—able to differentiate into the same cell
type—but genetically altered, with four genes being inserted into their genome:
OCT-4, SOX2, c-Myc, and KLF4. This increases their ability to differentiate and
decreases their plasticity, changing them from somatic to pluripotent cells [9].

Another type of stem cell is the multipotent stem cell, which includes adult
stem cells. They have lower plasticity than pluripotent cells and, although they can
differentiate into some types of cells of adult tissues, they are unable to differenti-
ate into germ layers. Adult stem cells are found in the body and are responsible for
tissue maintenance and repair [5].

The first adult SCs described in the literature were those found in bone marrow,
which have been used in the treatment of several diseases affecting the hematopoi-
etic SCs since the 1950s. Hematopoietic SCs found in bone marrow can give rise to
all types of blood cells (lymphocytes, red blood cells, platelets, etc.). In addition,
studies about bone marrow transplant have led to the discovery of another impor-
tant cell type—larger and adherent—that support regeneration of other tissues: the
mesenchymal stem cells. Since then, several studies have begun using particularly
these stem cells [10, 11].

2. Mesenchymal stem cells (MSCs)

Even after birth and growth, we can still find stem cell niches in different
tissues—bone marrow, adipose tissue, skeletal muscle, dental pulp, placenta and
umbilical cord, and fallopian tube—usually involved in tissue maintenance and
repair [12-17].

Those are known as adult mesenchymal stem cells (MSCs). Their own
characteristics are preserved, that is, they remain multipotent and undifferenti-
ated, capable of self-renewal and differentiation into multiple cell lines—under
specific in vitro conditions—including osteogenic, chondrogenic, adipogenic,
and myogenic lineages [18].
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The first three sources are considered key differentiation lineages in determining
MSCs’ multipotentiality [19]. In 1976, Friedenstein et al. isolated cells with morpho-
logical features that were described as colony-forming unit-fibroblasts (CFU-Fs).
Bone marrow stromal cells were first described as bone progenitor cells present in
its stromal fraction [12]. In 1991, Caplan named those stromal cells as mesenchymal
stem cells with potential for cell expansion while remaining undifferentiated, the
cells being a great option in cell therapy for tissue regeneration [11]. Subsequent
studies have shown that these cells are able to remain undifferentiated when cul-
tured for prolonged periods of time. Moreover, they have the ability to differentiate
into mesodermal cell lineages, including chondrocytes, osteoblasts, adipocytes, and
myoblasts [5].

Currently, the definition of MSCs includes several morphological and immu-
nophenotypic factors as well as functional features. According to the International
Society for Cellular Therapy (ISCT), MSCs: (i) are plastic-adherent when maintained
in in vitro conditions; (ii) show positive expression of the CD13, CD29, CD44, CD54,
CD73, CD90, CD105, CD166, and Stro-1 cell surface markers and negative expres-
sion of the CD14, CD19, CD34, CD45, and HLA-DR markers; and (iii) are a group of
clonogenic cells, capable of differentiating into several mesodermal cell lineages [19].

A range of studies have shown that multipotent MSCs can also differentiate
into unrelated germline cells in a process known as transdifferentiation. Thus, in
addition to differentiating into mesodermal cells—such as bone, fat, and carti-
lage—MSCs also have the potential for endodermal and neuroectodermal differ-
entiation [20]. Even though adult MSCs are generally considered to originate from
mesoderm, some authors describe embryonic MSCs derived from neuroepithelium
and the neural crest, such as MSCs from deciduous dental pulp [20, 21].

Adult MSCs can be isolated from several tissues, with similar membrane recep-
tor functions and expressions. However, none of those membrane receptors is
considered a MSC-specific cell surface marker; rather, MSCs show a profile of cell
surface markers, with positive and negative expression, varying according to source
and cell heterogeneity [22, 23].

Furthermore, important features of MSCs for clinical use are their non-
immunogenicity, as described in the literature, and immunomodulatory properties,
which can be observed from two different perspectives, namely: (i) immunosup-
pressive effects of allogeneic MSCs, inducing immune tolerance; and (ii) effect
of inflammatory cytokines in MSCs’ activity and differentiation, in cell-to-cell
interactions [8, 24-27].

Bone marrow is considered one of the main sources of MSCs, both in experi-
mental studies and clinical use [26]. Yet, bone marrow MSCs are obtained through
a painful surgical incision that produces a low number of harvested cells [28], with
only about 0.001-0.01% of the total population of nucleated cells being identified
as MSCs [5, 29].

Therefore, due to the aforementioned difficulties, alternative sources of MSCs—
such as lipoaspirated adipose tissue, dental pulp, umbilical cord tissue, and skeletal
muscle among others—have been studied, as they are often discarded and can be
easily procured and manipulated in order to obtain MSCs [16, 22, 30, 31]. Cells
obtained from sources other than the bone marrow contribute greatly to the devel-
opment of cell therapies and consequently to the choice of the best cellular source
for clinical uses and better response to target tissue regeneration [6, 16, 17, 25].

The possibility to use a non-invasive source of MSCs in bone tissue engineering
has been increased by researches, because of the ease of obtaining the tissue, since
they are discarded and do not involve ethical controversy. Since the year 2000,
described by Gronthos, mesenchymal stem cells derived from dental pulp (DPSCs)
have been studied by other researchers, and the use of DPSCs in vitro and in vivo
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has generated a great expectation for the translational use in tissue bioengineering,
especially for bone neoformation [8, 30-32]. The profile of DPSCs when compared
to stem cells derived from human adipose tissue (hASCs), the DPSCs present an
increase in the extracellular matrix formation capacity and presented expression
profile for osteogenic genes (RUNX2, BGLAP and ALP) [33]. These comparative
results between alternative sources for translational use may help us find the best
source of stem cells for each type of tissue to being repaired.

Recently re-emerged as an attractive source of osteogenic progenitor cells (OCPs),
the periosteum can be isolated from several locations in the body, such as the anterior
tibia, and the spinous process [34]. Periosteal OCPs were involved in bone repair and
may also differentiate in response to paracrine signals from mechanically stimulated
osteocytes. However, the interconnection of load stimulation with the molecular
mechanisms is still unclear. On the other hand, another group of researchers recently
described the presence of an immature cell with clonal multipotency and self-renewal
characteristics in the long bones and calvarium of mice denominated with periosteal
stem cells (PSCs) that are also involved in the support of the bone tissue repair [35].
With the advancement of technology, a new cellular and molecular markers can be
innovative therapeutic target to open the best possibilities for promising therapies.

3. Strategies for osteogenic differentiation

A basic premise for a cell to be characterized as MSC is its ability to differenti-
ate into a range of mesenchymal tissues—as mentioned above. Thus, stimulus for
osteogenic differentiation must be efficient, resulting in viable and functional cells
that produce bone extracellular matrix. This functionality is highly important for
cellular characterization and applications in regenerative medicine [36].

In accordance with the basic requirements for carrying out tissue bioengineer-
ing, selection and strategy of signs of differentiation (osteoinduction) are other
key aspects that should be explored. These are external inducers that promote cell
proliferation and differentiation to regenerate the new tissue [36-38].

The biomaterial is not only involved as a structural support but can also be used
as an inducer of osteogenic factors depending on its composition. The biomaterial
classes most cited in the literature are the active ceramics, biodegradable polymers,
and biodegradable metals. The mechanisms of the interaction between the cell and
the biomaterial as well as of the osteogenic stimuli have not been clarified yet [39].

Another growing trend in bioengineering is the use of three-dimensional (3D)
culture system, this possibility of cell culture is innovative and being explored by
researchers, one of the factors that draws attention to this technique is the release of
bioincomparable or non-absorbable compounds and the possible customization of
the area to be regenerated [40].

Osteogenic induction and differentiation are often achieved via growth fac-
tors, which—through molecular mechanisms involving pathways, such as Wnt,
BMP, FGF, and PTH, and genes that are essential for osteogenesis [41], such as
RUNX 2, COL, ALP, OCN, OP, BGLAP, and SSP1—play a key role in osteogenesis
and osteogenic differentiation, as shown in Figure 1 [42-44]. In this context,
identifying those factors is crucial for successful tissue regeneration.

3.1 Bone morphogenetic protein (BMP)
Bone morphogenetic proteins (BMPs) are cytokines from the beta family

and are used in clinical applications to stimulate bone regeneration [45]. These
proteins are involved in the development of the embryo and in skeletal formation.
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Figure 1.

Representative illustration of osteogenic signaling pathways. These pathways can activate several transcription
factors, among them, RUNT (Runx 2), osterix (OSX), nuclear factor of activated T-cells 1 (NFATt1), and
transcription factors of the Wnt pathway. Continuous arrows indicate interactions and signaling; dashed
arvows indicate the actions described in boxes; and t-bar indicates block.

Manochantr et al. showed that after in vitro stimulation of bone marrow-derived
MSCs with 100 ng/ml BMP-2, there was upregulation of the level of expression of
genes associated with osteogenic differentiation (RUNX2 and OCN) and increase in
alkaline phosphatase (ALP) production [46].

During a regular bone remodeling process, typical of an organism maintaining
physiological stability, both BMPs and their antagonists are needed since BMPs
induce osteo-precursor cells to proliferate and differentiate, thereby leading to
formation of bone tissue. Members of the BMP family have different functions and
are primarily related to the formation of bone and cartilage [47].

Upon BMP-receptor activation, receptor-regulated SMADs (R-SMADs) are
translocated to the nucleus, where they regulate gene transcription by binding to
DNA and interacting with DNA-binding proteins. Additionally, SMADs interact
with transcription factors, transcriptional coactivators, and corepressors. The
transcription factor associated with Runt-Runx is one of the most studied transcrip-
tion factors for BMP signaling, responsible for regulating processes such as bone
formation and hematopoiesis [46, 47].

Runx?2 transcription factors cooperatively regulate gene transcription that lead
to differentiation of mesenchymal progenitor cells into osteoblasts [48]. Hence,
it is widely regarded as a marker for cells committed to the osteochondral lineage
and osteoblast differentiation. Runx2 expression is low in mesenchymal cells and is
induced by BMP signaling [49].
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Osterix (OSX) is another example of a transcription factor mediated by BMP/
SMAD signaling and likely by MAPK signaling and other pathways [50]. Taken
together, Runx2 and Osterix are the most studied transcription factors for BMP
signaling involved in the differentiation of MSCs into osteoblasts.

Moreover, recombinant BMP-2 (thBMP-2) has been used for bone induction in
humans being treated for long bone fractures and spinal arthrodesis [45]. A clinical
study showed improved bone density and quantity formed when compared to the
gold standard surgery (anterior iliac crest bone graft), used in maxilla reconstruc-
tion in cleft lip and palate patients.

3.2 Insulin-like growth factor type I

Insulin-like growth factor type I (IGF-1) is yet another factor currently being
studied as an osteoinducer. IGF-1 is the most abundant growth factor found in
the bone matrix and it plays an important role in development and maintenance
of skeletal tissue [51]. It has been shown, under in vitro conditions, that IGF-1isa
stimulant for osteogenic differentiation through the increase in expression of ALP,
Runx2, and OCN genes in MSCs from molar dental pulp [51].

Previous studies have demonstrated that the stimulant effect of IGF-1 on bone
matrix synthesis in cell cultures derived from rat calvaria is a result of at least two
distinct regulatory signals: first, the effect on cellular differentiation—osteoprogenitor
cells and pre-osteoblasts—in osteoblasts (increased production of bone collagen); and
second, the stimulation of osteoprogenitor cells’ proliferation, thereby resulting in an
increase in the number of functional osteoblasts. Despite working together to increase
production of extracellular matrix, those signals differ in origin and can act syner-
gistically with other factors, such as, for example, BMP-9 [37] and OSX, to promote
osteogenic differentiation [50].

Insulin-like growth factors are known for mediating skeletal growth and bone
formation [37, 52, 53]. Different studies have shown that IGF-1, in particular,
promotes differentiation of bone cells in autocrine and paracrine pathways [52, 53].
Previous in vitro and in vivo studies have used IGF-1 to promote osteogenesis while
treating dental pulp-derived osteoblastic cells [53, 54] and in an aged rat model,
respectively. On the other hand, studies using rat fracture models show that the
use of IGF-1 or PDGF alone does not stimulate OCN expression [55]. Nevertheless,
using IGF-1 along with MSCs can cause expression of both factors to increase, as
well as a significant upregulation of OCN by ODM in comparison to ODM alone.

The use of those factors for cell proliferation and differentiation is still being
tested and is correlated with high treatment costs. On the other hand, low-
level laser therapy (LLLT) could be a new alternative adjunct therapy for bone
regeneration.

3.3 Low-level laser therapy

In the last 30 years, low-level laser therapy (LLLT) has been used mainly for
the treatment of wounds; however, its applicability in pathological conditions such
as tissue regeneration, pain relief, and inflammation has increased in different
branches of regenerative medicine and dentistry [56, 57].

LLLT consists of exposing cells or tissues to low-level red and infrared lasers
at wavelengths of 600-1100 nm and energy output of 1-500 mW and is called
“low-level” due to its use of low-density light when compared to other forms of laser
therapy. This type of irradiation may be a continuous or pulsed wave comprised
of a constant, low-density energy beam (0.04-50 J/cm?). The laser is directed at
the target tissue or a monolayer of cells, with power in milliwatts (mW) [36, 58].
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LLLT transmits energy at low levels; hence, there is no heat or sound emission nor
vibrations. There are no thermal reactions because there is no immediate increase in
temperature in the tissue being irradiated by laser. Experiments after low-level laser
have shown negligible, immediate heat increase in tissue (+1°C) [36, 59].

Studies with LLLT have proven effective in biostimulation, increasing the rate
of cell proliferation, migration, and adhesion. Several different lasers with varying
sources of light—including helium-neon (HeNe), ruby, and gallium-aluminum-
arsenide (GaAIA)—have been used in a range of LLLT treatments and protocols
[36, 60-63].

As mentioned above, LLLT can promote a range of biological processes, includ-
ing cell proliferation [59, 64, 65] and differentiation [36, 66]. The effects of LLLT
on cell proliferation have been studied in vitro in several types of cells, namely:
fibroblasts, endothelium, keratinocytes, myoblasts, and mesenchymal stem cells,
among others [36, 66-71]. Nevertheless, the molecular mechanism associated with
the stimulatory effects remains unclear.

One possible theory is the ability of LLLT to influence photoreceptors in cells.
This mechanism is called photobiology or biostimulation. It has been stated that
biostimulation occurs through the electron transport chain in mitochondrial
enzymes, inducing high levels of cell respiration by endogenous porphyrin or
cytochrome c during tissue stress (lesioned) [62], which increases cell metabolism
and function [66]. The response to LLLT s biostimulation effects is an increase in
microcirculation, leading to higher ATP production and subsequent increase in
DNA and RNA synthesis, thereby improving cellular oxygenation, nutrition, and
regeneration [59, 65].

Similar to any drug treatment, LLLT has its own “active ingredient,” that is,
its irradiation parameters, such as wavelength, power, power density, and energy
density. Regarding interaction of the laser with matter, the effects of LLLT have
been described by Karu [72] as: primary, acting as modulators of cell function,
and secondary, relieving pain or inducing healing. Indeed, those effects depend on
appropriate irradiation parameters [72].

Several mechanisms that aim at explaining the mitogenic effects of low-level
laser therapy have been proposed, including: light absorption by mitochondrial
enzymes; photon absorption by flavins and cytochromes in the mitochondrial
respiratory chain, affecting electron transfer; singlet oxygen production through
photoexcitation of endogenous porphyrins; and photoactivation of calcium chan-
nels, resulting in higher intracellular calcium concentrations and cell proliferation
(73, 74].

Furthermore, laser therapy alters cell membrane permeability, causing subse-
quent physiological changes in the target cells. The magnitude of the biostimulation
effect will depend on the wavelength used as well as the physiology of cell at the
time [69].

It has been suggested that porphyrins and cytochromes, which are part of
the mitochondrial respiratory chain, are the first photoreceptors in the visible
wavelength range. When energy (photons) is absorbed by the photoreceptors’
cell membrane, a cascade of cellular response occurs, provoking production of
reactive oxygen species (ROS), ATP synthesis, changes in cell membrane perme-
ability, and release of nitric oxide. Those effects in turn lead to an increase in
cell proliferation; changes in extracellular matrix synthesis; and local effects in
components of the immune, vascular, and nervous system. Besides, intracellular
pH levels are altered—a change associated with activation of ATPase. Changes in
oxidation-reduction status cause higher levels of intracellular Ca2 and stimulate
cell metabolism. High levels of intracellular Ca2 promote several biological pro-
cesses, such as RNA and DNA synthesis, cell mitosis, and secretion of proteins. It
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has been observed that Ca uptake by mammal cells can be induced by monochro-
matic red light (laser), depending on the dosage applied. Most cellular responses
to LLLT derive from changes in mitochondrial and membrane activity, including
mitochondrial membrane potential, as shown in Figure 2. Despite the positive
results that argue for this type of treatment, the underlying action mechanism is
yet to be understood [75].

In addition, studies show that ATP can activate P13K signaling pathway (phos-
phoinositide 3-kinase) through the ERK1/ERK2 genes, a pathway that regulates
proliferation of certain types of cells [76]. Studies have also shown that LLLT
promotes wound healing, collagen synthesis, nerve regeneration, bone remodeling
and repair, and pain relief [57, 59, 77-80].

There are several studies in the literature that state the relationship between
osteogenic differentiation, mesenchymal stem cells and LLLT, showing stimulation
of matrix production, DNA synthesis, and formation of bone nodules in cultures
of osteoblast-lineage cells after LLLT [36, 81, 82]. In 2005, Abramovitch-Gottlieb
and colleagues used bone marrow MSCs cultured in 3D coralline (Porites lutea)
biomaterial and He-Ne red laser irradiation (wavelength of 632.8 nm) to promote
osteogenic differentiation [66]. Samples of biomaterial containing irradiated bone
marrow MSCs showed an increase in neoformed bone tissue when compared to

MECHANISM OF LPLT

GRONWY FACTOR PRODUTION
REd near EXTRACELLULAR MATRIX DEPOSITION
H Cytochioms C oxidase CELL PROUFERATION
InfrarEd Ilght - A Car CELL MOTILITY

4

NO
4 cAMP

Mitochondrion "

MNUCLEUS

CITOPLASM

MESENCHYMAL STEM CELL

Figure 2.

The cellular effect of low-level laser therapy (LLLT) on cellular metabolism. LLLT is proposed to act via
mitochondria (cytochrome c oxidase) displacing nitric oxide (NO) from the respiratory chain and increasing
levels of adenosine triphosphate (ATP) and reactive oxygen species (ROS). These changes act via intermediaries
cyclic adenosine monophosphate (cAMP)-activated transcription factors AP-1. The interaction of the ROS

and IkB further transcription factor NF-kB. The LLLT can be photoactive of calcium channels, vesulting in
higher intracellular calcium concentrations. All stimuli vesulting in changes in gene expression and subsequent
downstream production of chemical messengers implicated in the cellular changes increase cell proliferation, cell
differentiation, cell motility, and growth factors production.
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non-irradiated samples. This suggests that tissue bioengineering (biomaterial
containing mesenchymal stem cell) together with LLLT have biostimulation effects
on osteogenic induction.

Osteogenic differentiation in MSCs has also been reinforced by another study
using red laser at 647 nm. MSCs were irradiated with LLLT at differing periods of
time and energy levels. Non-irradiated cells (control) were kept under the same
conditions as irradiated cells. Samples of cells receiving LLLT showed a significant
increase in production of extracellular matrix after 4-5 days compared to non-
irradiated cells, indicating that red laser promotes osteoblast differentiation. This
increase in extracellular production was maintained with daily irradiation (5,

10, and 20 J) for 21 days, which corresponds to the period of differentiation and
maturation of MSCs in osteoblasts [36].

Moreover, in a study using a blue laser, MSCs were irradiated (wavelength of
405 nm) for 180 s through a fiber connected to the bottom of the culture plate.
The results showed that irradiation with blue laser can promote extracellular
calcification produced by MSCs differentiated into osteoblasts, in addition to
inducing translocation of CRY1 protein (cryptochrome 1) from the cytoplasm to
the nucleus. CRY1 is a regulator for circadian rhythm and extracellular calcification
in MSCs [70]. Based on hypotheses described in previous studies, LLLT can act as
adjunct treatment in tissue bioengineering, representing a new strategy in bone
rehabilitation.

4. Final considerations

The creation of biobanks of mesenchymal stem cells due to the possibility of
isolating and manipulating MSCs from a range of tissues as well as storing them in
ultralow temperatures for future use as a bioengineering strategy for bone or other
tissues’ rehabilitation is of great economic and scientific interest. Yet, strategies and
quality management of these biocomponents must still be developed.

The ability of MSCs for osteogenic differentiation has been well established in
the literature; however, the analysis of the potential for differentiation between
in vitro and in vivo sources of MSCs may direct their use in future therapies.
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Abstract

Distraction osteogenesis (DO) is a tissue engineering method to regenerate new
bone. The application of DO in the field of oral and craniomaxillofacial surgery has
provided a promising alternative as it can be integrated with conventional surgical
technique for bone lengthening or expansion. This technique has the advantages
of providing superior amount of bone lengthening thus eliminating the need of
autogenous graft and donor site morbidity, can be applied in young patients and
allows simultaneous expansion of the surrounding soft tissues. In this chapter, we
provide a comprehensive overview of the background history and development of
DO which is based on Ilizarov technique, along with its basic principles, indica-
tions, classification of DO devices and protocol in craniomaxillofacial bone length-
ening or expansion. Its clinical applications which include alveolar DO, mandible
DO, maxilla DO, transport DO and craniofacial DO are clarified. This technique
however requires proper understanding of clinical and technical components to
avoid potential complications which include relapse, infection, adjacent structure
injury, device failure and other complications. The emerging results of research and
advances in DO are further elaborated at the end of this chapter.

Keywords: distraction osteogenesis, craniomaxillofacial, craniofacial surgery,
bone lengthening, osteodistraction

1. Introduction

Distraction osteogenesis (DO) is a tissue engineering method and can be inte-
grated with various craniomaxillofacial surgical techniques to generate new bone
via stretching the surgically osteotomized bone with the aid of a mechanical device
that is designed to control both the traction rate and the movement vector. This
technique utilizes the fundamental healing properties of the human body by induc-
ing regeneration and remodeling of callus between osteotomized site, also known
as distraction gap. Callus between the distraction gap will be stretched with the aid
of the distraction device to apply a uniform traction force thus allowing formation
of new bone. Distraction osteogenesis does not only cause creation of new bone but
also stimulates a process called neohistogenesis, where the surrounding soft tissue
simultaneously expand and cover the newly formed callus.
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The evolution of DO technique in clinical application which was first introduced
in orthopedics field has now been widely applied as treatment alternative in cranio-
maxillofacial region particularly for the management of congenital and acquired
complex craniofacial structural defects. These complex structural defects involve
conditions such as severely atrophic alveolar ridge, micrognathia (small mandible)
or maxillary hypoplasia leading to respiratory issue as well as complex craniofacial
deformities causing restriction of intracranial space and potential eye problems.
The application of DO allows superior structural expansion and bone lengthening
to restore the important functional discrepancies associated with these deformities.

2. History

Most novel approach in medical field evolved from the requirement of its clinical
demand. Based on ancient records, Hippocrates was the first to come up with ideas
of bone fracture reduction and stabilization. Table 1 below summarizes the evolv-
ing history of DO.

In craniomaxillofacial region, the first clinical application of DO was reported
by McCarthy in 1992 for mandibular lengthening. The success of mandibular
lengthening has paved ways for many other craniomaxillofacial DO indications
involving other regions such as the alveolar ridge, maxilla, and midface, as well as in
cranial vault expansion.

3. Principles of distraction osteogenesis
3.1 Basic principles

In a normal fracture healing, soft callus formation (callotasis) allows the fracture
site to heal. With this principle, DO involves the manipulation of this callus in the
distraction chamber for structural lengthening before calcification occurs.

Corticotomy is a process where an osteotomy to the cortical layer of the bone
is performed in order separate the segments while at the same time preserving the
blood supply to the bone from the medulla and periosteum. Distraction rate in DO

Year Surgeon Advancement

1860 Dr. Angell [2] Threaded jackscrew attached to both premolar transpalatally to obtain
expansion over the maxillary suture

1905 Codivilla Femoral bone extension using axial forces — serial application of casts that we
pulled with the aid of the bed frame traction.

1927 Abbot Replaced the multiple cast with pins inserted on the femur and used springs to
aid in distraction

1948 Allan Screw device was incorporated to control the rate of distraction (technique was
abandoned due to multiple complications)

1950 llizarov [3, 4] Corticotomy with minimal insult to the surrounding blood supply and using
tension ring fixators to control distraction

1973 Snyder et al. Mandibular lengthening in a canine animal model
1992 McCarthy First series of successful distraction in human mandible - the start of
etal. distraction osteogenesis technique for craniofacial deformities
Table 1.

The history and evolution of distraction osteogenesis [1].
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describes the distance in millimeter (mm) in which the bone is moved per day and
distraction rhythm describes the frequency of device activation per day.

Distraction osteogenesis comprises of three sequential phases; latency, distrac-
tion and consolidation phase which is distinct in every aspect. These phases are
simplified in the illustration below (Figure1).

a.Latency phase: A time period which is required for the formation of callus.
Ilizarov suggested 5-7 days, but this depends on the microvasculature and
physiological state of bone formation over the distraction site. At cellular level,
there is hypoxia occurring over the osteotomized structure inducing angio-
genic respond and migration of mesenchymal cells to help produce collagen
synthesis. Latency period should be short enough to prevent calcification and
long enough for adequate callus formation.

b. Distraction phase: To achieve target bone growth, the rigid distraction device needs
to be activated as per suggested protocol. The device is activated via turning axial
screw with a movement of 0.25-0.5 mm (depends on the system used) per turn.
The success of the distraction depends on the rate and frequency of the distraction.
If the distraction is carried out fast by increasing the rate and frequency it may
lead to ischemia at the cellular level causing malunion over the distraction site. In
contrary, reduced rate and frequency may lead to early ossification, thus indirectly
causing complication to the distraction. Clinicians worldwide tend to keep the
frequency to 2—4 times of activation daily with the target of 1.0-1.5 mm distraction
rate per day. Histologically, 10-14 days post distraction, osteoid synthesis starts at
the margin of the osteotomized bone adjacent to the blood vessels [5]. At around
3 weeks post distraction, progressive calcification starts to form bone spicules.

Figure 1.

Thge phases of distraction osteogenesis. (a) Latency period in which hematoma formation occurs following
osteotomy which is later veplaced by granulation tissue. (b) During distraction period, bone gap is progressively
increased with osteogenesis at the margin of distraction gap. (c) Osteogenesis extend to the Centre of the gap
during consolidation phase. (d) Maturation of the ossification in the distraction chamber in late consolidation
period. (e) Bone remodeling and continuity of alveolar canal after completion of distraction osteogenesis.
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c. Consolidation phase: This phase entails a long period of immobilization where
the stretched callus is allowed to mature with the support of the device, keep-
ing the callus in a stretched and stable position as well as preventing cartilagi-
nous intermediate. Remodeling starts by allowing the formation of lamella
bone with bone marrow elements over a period of time. The duration of the
consolidation phase is around 4-12 weeks with 8 weeks being the average.
Clinically, it is suggested that the consolidation phase is kept at twice as long
as the activation phase and the timing of the consolidation period depends on
the location of the distraction site and rate of bone metabolism [6].

Even though there is a variation of value for latency phase, rate and rhythms
of distraction as well as duration of consolidation phase, most protocols are based
on Ilizarov principle and in addition, tailored specifically according to the site of
distraction, type of device used, surrounding soft tissue resistance and rate of bone
metabolism. Meticulous planning using 3-dimensional surgical model (Figure 2)
with a simulated activation will help gauge the required length of distraction as well
as anticipating potential complications that may arise throughout the treatment.

3.2 Classification of distractor devices

Distractor devices are generally classified as external or internal. External device
is bone-borne, consisting of fixation clamps and distraction rods which are attached
to the bone by percutaneous pins. Internal device can be placed subcutaneously or
intraorally, and subdivided into bone-borne, tooth-borne or hybrid (a combination
of bone-borne and tooth-borne).

The devices are available in different vectors of distraction. Most commonly used is
unidirectional or single vector distractor. There are also bidirectional, multidirectional

Figure 2.

Suggiml simulation for DO procedure using steveolithography (STL) model for craniofacial distraction in AP
direction. (a) Red line markings indicate the planned osteotomy line. (b) Placement of internal devices at
zygoma area bilaterally, parallel in the horizontal plane. (c) Distraction simulation on STL model to confirm
correct divection and final position of distracted midfacial bone. (d) Placement of external device to distribute
the distraction forces equally to supraorbital and maxillary region, therefore increasing the distraction stability.
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(a) (b)

Figure 3.
Different designs for distractor devices according to its vector. (a) Unidirectional distractor (b) Bidivectional
distractor.

and curvilinear distractors (Figure 3). External device allows better vector control in
multidirectional lengthening with adjustment possible during the distraction period
[7]. Internal devices carry less morbidity but both types of distractor device are associ-
ated with their own complications as described later in this chapter.

The choice of distractor depends on the site of device application, vector of dis-
traction path, magnitude of movement, patient’s factors such as age, medical comor-
bidities, financial as well as surgeon’s preference. The advantages and disadvantages
of external and internal distractor devices [8, 9] are described in Table 2 below.

3.3 Indications

Generally, DO in craniomaxillofacial region is indicated for superior bone
lengthening, expansion or augmentation in which, conventional methods may have
limitations. The direction of augmentation or expansion may vary from vertical,
anterior—posterior (AP), transverse or multi-directional.

In pediatric population, DO is used in syndromic craniosynostosis cases where
there is a functional need to increase the size of intracranial volume and orbital
cavities to relieve increased intracranial pressure (ICP) and severe exorbitism,

Advantages Disadvantages
External Multidirectional lengthening with angular Patient apprehension to wear bulky
device adjustment possible during distraction external devices

Relatively simple to apply intraoperatively Potential permanent facial scarring

Easy for patient to activate

Can be removed without the need for
second operative procedure

Internal Absence of facial scars Design limitations due to limited size of
device device and restricted access to oral cavity

Inconspicuous nature of device

Better stability of device to bone

Table 2.
Advantages and disadvantages between external and internal distractor.
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respectively. Obstructive sleep apnea (OSA) resulting from midfacial retrusion or
hypoplastic mandible is another indication for DO in children.

In adult patients with severe mandibular or maxillary deficiency in which correc-
tion cannot be achieved via conventional orthognathic surgery, DO is recommended.
It is also used for correction of hemifacial microsomia and in bone transport tech-
nique, for example to reconstruct a hypoplastic or resected mandibular condyle.

Distraction of atrophic alveolar ridges can be performed to increase the width or
height of alveolar bone, hence creating adequate bone for dental implant insertion with-
out the need for autogenous bone graft. These indications are summarized in Table 3.

3.4 Protocol

There is a wide variation in the protocol of craniomaxillofacial distraction.
Following osteotomy, latency period ranges from 3 to 7 days [10]. Standard activa-
tion rate is 1 mm per day. Faster rate may cause incomplete osteogenesis or fibrous
union while slower rate may result in premature ossification [11].

However, successful distraction in pediatric population has been reported with
latency period as little as 24 hours [12, 13], owing to significant vascularity and
healing potential in young bone. In addition, distraction of 2 mm per day is proven
safe and provide similar success rate as 1 mm per day in children younger than
12 months [14].

Rhythm of activation can be adjusted based on manufacturer’s design of activa-
tion rod. One full turn may represent 0.35, 0.5 or 1.0 mm. Therefore, amount of
desired daily bone lengthening can be divided throughout the day instead of single
activation to produce higher bone quality in terms of volume and architecture.
Amid this, an experimental study by Djasim et al. [15] concluded that an increase in
rhythm from one to three activations daily does not create significantly more bone.
With the advent of automated device for continuous distraction, it allows bone fill

at faster distraction rate compared to discontinuous distraction [16].

Site of DO Direction of DO Conditions
Mandible Vertical (Ridge) Severely atrophic ridge
Width (Ridge) Knife edge ridge
Lengthening (Body) Micrognathia
Vertical (Ramus) Hemifacial microsomia
Transverse Micrognathia in transverse
(Symphysis)
Maxilla Vertical (Ridge) Severely atrophic ridge
Advancement Maxillary hypoplasia in AP (craniofacial syndrome, cleft
Transverse maxilla)
Maxillary hypoplasia in transverse
Craniofacial Posterior expansion Syndromic craniosynostosis (increased in ICP)
Fronto-orbital Syndromic craniosynostosis (increased in ICP, severe
Monobloc exorbitism)
Syndromic craniosynostosis (increased in ICP, severe
exorbitism, OSA)
Other: Vertical Facial cleft
Transport Anterior—posterior Zygoma
Reconstructed jaw (AP) Severe alveolar ridge defect (trauma, post-ablative)
Vertical Vascularized or non-vascularized reconstructed jaw (e.g.
fibula, iliac, etc.)
Table 3.

Summary of indications for DO.
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Period of consolidation is based upon the length of bony distraction. An experi-
mental study on dog mandible by Smith et al. [17] demonstrated that minimum
time for bone regenerate to mineralize is 6-8 weeks, however they suggested that
this period should be extended up to 10 or 12 weeks in human population. The
authors also discussed that the Ilizarov protocol which was based on long bone
lengthening of allowing 2 days of consolidation for each millimeter of distraction
does not apply in craniomaxillofacial bone. As craniomaxillofacial bone distraction
is shorter in length as compared to lower limb distraction, it is less mineralized at
the beginning of consolidation period therefore needing a longer consolidation
period. Whereas in long bones, due to more length of distraction, mineralization
of regenerate would have started during distraction period itself resulting in less
regenerate needed to be mineralized during consolidation period itself.

Most commonly practiced consolidation period for craniomaxillofacial region
is 12 weeks [18, 19]. This duration may be lengthened based on surgeon’s clinical
judgment such as in syndromic craniosynostosis cases. However, to accommodate
patient’s and parents’ schedule, distraction devices are often removed well past the
determined consolidation period.

4. Clinical application
4.1 Alveolar DO

In deficient alveolar bone height for implant placement, DO could increase bone
level up to 16 mm at the rate of 1 mm per day (Figure 4). However, comprehensive
assessment is required in a severely resorbed ridge as minimal thickness for both
basal and transport segment are necessary for the fixation of the distractor plates. It
is also very important to ensure the lingual or palatal mucosa remains intact to the
transport segment for vascularization.

4.2 Mandibular DO

In micrognathia or mandibular hypoplasia in anterior—posterior (AP) direc-
tion, DO can be considered when superior mandibular body lengthening is needed

N

-2 2

(a) (1)

Figure 4.
Alveolar DO for atrophic mandibular anterior vidge. (a) Application of internal device for vertical
distraction. (b) New height of distracted alveolar ridge.
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(a) (b)

Figure 5.
Example of mandibular DO for hypoplastic mandible. (a) Application of internal distractor device in
parallelism for bilateral mandibular lengthening. (b) Distracted mandible in AP direction.

(Figure 5). In comparison, a conventional bilateral sagittal split osteotomy may
allow up to 10 mm of jaw lengthening while up to 30 mm advancement could be
achieved with DO subjected to the size of device [20].

Mandibular DO is often indicated in cases of OSA secondary to conditions such
as Treacher Collins syndrome and non-syndromic micrognathia. Improvement
in apnea hypopnea index (AHI) score could be seen after 15 mm of DO and the
distraction could continue up to 25 mm until an acceptable AHI of less than 5 is
achieved [20]. However, the determination of distraction vector is paramount as
deviated mandibular arch position at the end of distraction procedure may lead to
severe malocclusion. Precaution is also needed intra-operatively as the osteotomy
carries the risk of inferior dental nerve injury.

4.3 Maxillary DO

This technique can be applied for maxillary advancement in patients with OSA
secondary to severe maxillary or midface hypoplasia (Figure 6). Other condition
such as cleft maxillary hypoplasia may also need superior segmental advancement
to correct the class Il jaw discrepancy. Traditional Le Fort I osteotomy with supe-
rior advancement may carry the risk of significant relapse due to scar formation and
soft tissue memory [21]. DO allows controlled soft tissue expansion and consolida-
tion period thus reducing this problem.

4.4 Transport DO

Transport DO can be indicated in a condition where significant defect is pres-
ence (Figure 7). Defect can be secondary to post-ablative procedure such as in
maxillectomy, huge cyst enucleation or congenital condition such as in facial cleft.
Comprehensive planning is important as the pre-determination of osteotomy
design and vector is paramount in ensuring the right position for the transported
segment is achieved at the targeted opposing bony region. The challenging aspect
of transport DO is to ensure the vascularity and maintaining an intact distraction
chamber as failure to do so may lead to transport segment resorption resulting to a
more severe defect.
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(a) (b)

Figure 6.
Example of maxillary DO hypoplastic maxilla. (a) Application of internal distractor device following
osteotomy. (b) Distracted maxilla in AP direction.

Figure 7.
Application of transport DO to reconstruct a defect in the right maxillary bone.

4.5 Craniofacial DO

Complex congenital craniofacial cases such as syndromic craniosynostosis may
cause serious functional impairment (Figure 8). These conditions include Crouzon,
Apert and Pfeiffer syndrome in which patients may suffer serious functional prob-
lems associated to increased ICP, severe exorbitism and OSA secondary to structural
growth abnormality related to the early fusion of cranial sutures.

Patients with these problems often require massive segmental expansion of the
skull and midface region to decompress the restricted intracranial space, achieving
orbital protection and eyelid closure as well as opening up the nasopharyngeal space
to treat the respective functional issues. Devices used for these cases may either be
an external distractor device or internal devices or a combination of both [22].
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Figure 8.

Craniofacial DO in a Pfeiffer syndrome patient incorporating external and internal devices. External device
in which the head frame is fixed at parietal region using percutaneous cranial pins uses pulling mechanism by
wires at supraorbital and maxillary regions to advance the bone. Internal device at zygoma arvea uses pushing
mechanism to push the bone forward. Combination of these two mechanisms provide a stable distraction

of the midfacial bone with equal distribution of forces. Despite its huge size, this external device is made of
lightweight aluminum, titanium and carbon fiber components for patient comfort.

5. Complications

Ever since the clinical application of DO in craniofacial region by McCarthy in
1992, this technique has been widely used to improve the morphology of the facial
skeleton in patients with congenital or acquired deformities. The gradual bone
distraction that leads to the regeneration of bone and simultaneous neohistogenesis
eliminates the need for bone grafting procedures, thus minimizing the morbidities
in the treatment of craniofacial deformities [23]. Literature cites that the compli-
cation in relation to DO is much similar to that of the other standard treatment
procedures, which is up to 40% [24].

From the literature, there are numerous methods in describing complication of
DO. In 1990, Paley has described problems, obstacles and complications in limb
lengthening by Ilizarov technique. In 2002, Neyt et al. has adopted Paley’s clas-
sification for transpalatal DO cases [25]. As for craniofacial region, Mofid et al.
[26] reviewed 3278 cases and classified complications into five major categories:
(1) technical failure of the distraction process, (2) injury to a vital structure, (3)
failure to guide the distraction process along the appropriate vector, (4) infection
and (5) ‘other’.

In 2002, after reviewing 70 cases of bilateral mandibular distraction osteogen-
esis, van Strijen et al. [27] has divided complications into three groups: (1) intra-
operative, (2) intradistraction and (3) post distraction. In 2014, Mahdah et al. [28]
has adopted this classification and then further divided it into device-related and
non-device related. Cheung et al. [29] has described almost similar classification
in which they divided the complications into stages namely: intraoperative, latency
period, active distraction and consolidation. Shetye et al. [30] reported a stratifica-
tion system for mandibular osteogenesis in which incidents related to hardware or
hard and soft tissue were subdivided into minor, moderate, and major.

Agarwal [31] used the same method as written by Cherkashin and Samchukov
by separating the unfavorable result into error and complications. An error is an
inattentive action that results in a deviation of the course of treatment thereby
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leading to the development of a complication whereas a complication is an unex-
pected deviation from the treatment plan that without appropriate correction will
lead to worsening of the existing, development of a new or recurrence of the initial
pathologic process. Complications of distraction can be further categorized into two
categories, technical complications and specific complications.

In a systemic review paper on complications of mandibular DO, an index was
developed to standardized classification that is more detailed with regards to
the relevant clinical situation and possible further treatment and is more widely
applicable for use by clinicians [25].

The severity and frequency of complications that may occur is correlated with
the extent of the surgery. Overall, DO at craniomaxillofacial region is relatively
safe. The rate of published complications in DO can vary from 27.7-40% [29]. From
literature review, average percentage of complications for alveolar DO was 36.3%
[32], mandibular DO ranges from 20.5% to 35.6% [33] and cumulative percentage
at craniofacial region was found to be 35.6 percent [26]. Percentage of the above-
mentioned complications are listed in Table 4.

There are few rare complications reported related to this field. Hariri et al. [23]
has reported a case of eye exodeviation with limited abduction during monobloc
Le Fort III DO. With regards to mandibular DO, a case of severe temporal bone
resorption after mandibular DO [38] was reported and in 2017, two cases of
temporomandibular joint ankylosis after early mandibular DO [39] were noted.
Many of these complications can be avoided with meticulous technique and plan-
ning, but early recognition will optimize the outcomes for both patients and their
family [40].

Authors (years) Types of complications Incidence (%)
Master et al. [33] Mandibular DO
Relapse 64.8
Tooth injury 225
Hypertrophic scarring 156
Nerve injury 114
Infection 9.5
Inappropriate distraction vector 8.8
Device failure 79
Fusion error (Premature consolidation & fibrous union) 2.4
Temporomandibular joint injury 0.7
Mazzonetto et al. Alveolar DO
321 Infection 14.5
Paresthesia 10.9
Tipping of transport disk 5.5
Hyperplasia 5.5
Dehiscence 5.5
Fracture of screw 1.8
Fracture of device 1.8
Osteotomy revision 18
Inadequate length 1.8
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Authors (years) Types of complications Incidence (%)

Mofid et al. [26] Craniofacial DO

(a) Technical failure of the distraction process

Compliance 4.7
Hardware failure 4.5
Device dislodgement 3.0
Premature consolidation 19
Pain preventing distraction 1.0
Fibrous union 0.5

(b) Damage to vital structure

Inferior alveolar nerve injury 3.6
Tooth bud injury 1.9
Facial nerve injury 0.4
Spinal cord injury (quadriparesis) <01
Macxillary sinus perforation <0.1
Parotid injury (fistula) <01

(c) Failure to guide distraction along appropriate vector

Inappropriate vector of distraction associated with single- 8.8
vector distractor
Inappropriate vector of distraction associated with single- 72
vector distractor
(d) Infection

Pin-tract infection or loosening 52

Infection not requiring removal 29

Infection requiring removal 09

Osteomyelitis 0.5

(e) Others
Chronic pain after distraction <0.1
Midface seroma <0.1
Nout et al. [34] Rigid external distraction

Frame migration (1/4 cases was traumatic migration) 28.6

Pain at pin site 71

Pin loosening 429

Skin infection 71

Scarring 4.8

Decubitus of forehead 4.7

Severe motivation problem 4.7

Pin migration complicated with local skull fracture 4.7
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Authors (years) Types of complications Incidence (%)
McMillan et al. [35] Posterior calvarial distraction
CSF leaks 14
Bleeding 2
Incomplete osteotomies and gull winging 6
Infection 18
Minor wound breakdown 4
Mechanical problem 12
Serious complications
Torcula hemorrhage 2
Cerebritis 2
Dural tear 2
Dunaway et al. [36] Frontofacial distraction
Mortality <1
Significant blood loss (greater than 1 blood volume) 53-91
CSF leak 2-20
Frontal bone necrosis 3-20
CSF fistula 6.2
Seizure 6.2
Major blood loss 6.2
Zygomatic fracture 6.2
von Bremen et al. Mandibular midline distraction
[37] Instable screw 4
Re-osteotomy 3
Scar stricture 2
Tooth fracture 2
Mandibular swelling 1
Abscess 1
Recession 1
Table 4.

Percentage of complications in craniomaxillofacial DO.

6. Research and advances

Distraction osteogenesis offers many advantages in craniofacial surgical prac-
tice, such as the ability of correction of the deformity without the need for a bone
graft [26]. Because of the advances in surgical technique and technical equipment,

the indications of the DO have significantly widened [41].

There has been an explosion of distractor designs available on the market in
the last 20 years. Further development is limited by the intermittent mode of
distraction activation and the mechanical age may soon be replaced by biologi-
cal modulation of distraction for compromised tissues and hosts. Emerging
results of distraction from some new research directions are further elaborated

below [29].
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6.1 Automated continuous DO

Currently available distraction devices are patient and surgeon dependent.
The patient must adjust the manual control two or more times daily, often over
long periods. Because non-compliance and device failure are the leading causes
of treatment failure, the patient requires numerous clinical visits to ensure
proper distractor activation [42]. Considering these drawbacks, many research
groups are working to design novel distraction devices that expand automati-
cally and continuously. An automated mechanism would eliminate the need
for patient compliance and decrease the frequency of post-operative visits for
patient supervision. At the moment, the types of these devices are classified into
three categories based on the method of power: hydraulic, motor-driven and
spring-mediated [43-47]. It has also been reported that continuous distraction
may be carried out at rates up to 2 mm per day with formation of bone in the
gap. This would allow greater distraction distances in a shorter period, without
sacrificing bone quality [43].

6.2 Administration of growth factors to enhance bone healing

The major disadvantage of DO is the long distraction and consolidation
period, which contributes to the risk of complications such as local infection
(Figure 9) which may jeopardize the effectiveness of DO application clini-
cally. The major objectives in current DO research focus on the acceleration of
new bone formation and shortening the treatment period. Great efforts have
been made by researchers and clinicians to promote bone formation via local
and systematic administration of angiogenic and osteogenic growth factors or
cytokines, including bone morphogenic protein (BMP), transforming growth
factor beta (TGF-B), platelet-derived growth factor (PDGF), vascular endothe-
lial growth factor (VEGF), and fibroblast growth factor (FGF). Among all these
growth factors and cytokines, BMPs play the most important role in bone heal-
ing and regeneration by inducing the osteogenic differentiation of mesenchymal
stem cells and have a synergistic effect with the angiogenic growth factor, VEGF
[29]. On a rabbit model of mandibular lengthening, recombinant human (rh)
BMP-2 has been demonstrated to enhance bone ossification at both routine and

Figure 9.
Common complication of a localized infection at the exit wound of mandibular distractor’s activation rods.
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rapid distraction rates. The addition of rhBMP-2 was able to compensate for the
rapid distraction rate in DO [46]. Nevertheless, the effectiveness of delivery
method, cost and biological safety still require further investigation [29].

6.3 Development in distraction devices

In a case of complex mandibular deformities, a complex multivector extraoral
device with multiple joints is used in order to achieve movements in all desired plane.
This device may be difficult for the patient and surgeon to manage and errors often
occur during active distraction. The use of a semi-buried curvilinear distraction
device (Synthes CMF, West Chester, PA), with 3-dimensional treatment planning, is
a potentially powerful tool to correct complex mandibular deformities [48].

In conclusion, DO is a reliable technique to regenerate new bone and can be
considered as an effective alternative in oral and craniomaxillofacial reconstructive
surgery. The technique application requires comprehensive understanding of its
principles, appropriate pre-surgical planning, expert technical handling, reason-
ably good surgical skills, and a holistic post-surgical care in preventing potential
complications.
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Edited by Haisheng Yang

Osteogenesis is a core component of the skeletal system and depends on the well-
coordinated proliferation and differentiation of osteogenic cells. Multiple signaling
pathways and transcriptional factors tightly regulate the process of osteogenesis.
Any abnormities in bone formation could cause severe disorders such as osteogenesis
imperfecta and osteoporosis. Bone regeneration, a complex and well-orchestrated
physiological process of osteogenesis, remains a medical challenge in the field of
orthopedics and maxillofacial surgery. This book provides an overview of the current
developments in osteogenesis and bone regeneration, including molecular and cellular
mechanisms, physical therapies (low-level laser, distraction osteogenesis), biological
therapies (mesenchymal stem cells, stem cell derived exosomes, inflammatory
factor, Chinese medicine), as well as tissue engineering approaches promoting bone
regeneration by targeting osteogenesis.
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