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Preface

Bone healing is the process whereby deficiencies and discontinuities in bone tissue
are repaired by a regeneration process that rescues the biomechanical properties of
the skeleton. Inevitably, this process involves an ultimate net gain in the amount of
mineralized matrix at the affected sites. This gain may progress slowly, as in the case
of the positive shift of bone remodeling balance induced in the osteoporotic skeleton
by bone anabolic agents, or, as an outburst of bone formation and remodeling characteristic of the bone tissue reaction to traumatic insults. The importance of bone
healing to medicine and biomedical research is illustrated by the number of publications on the different aspects of the subject, which exceeded 2,000 in 2011 alone.
Either form of bone healing is affected by a multitude of genetic, environmental,
mechanical, cellular, and endocrine variables which eventually lead to changes in
gene expression that enhance the guided action of osteoblasts (and chondroblasts)
to lay down bone that restores, or even improves, the skeletal load bearing capacity
and body motion. Needless to say, osteoclasts are also involved in shaping the
healed tissue. Recent breakthroughs in understanding the regulatory aspects of bone
formation and resorption, at the basic, translational, and clinical arenas, offer new
modalities to induce, enhance, and guide repair processes in bone for the benefit of
millions of patients with conditions such as osteoporosis, nonunion fractures, critical size defects, orthodontic tooth movement, periodontal bone loss, intraosseous
implants, and deformed bones.
An immense number of approaches to treating these conditions are currently
under basic, preclinical, and clinical investigations. They range from the development of sophisticated biomaterials for implant surgery, identification of neurotransmitters active in bone and other molecular drug targets, new drugs engineered by
cutting edge pharmacological and molecular approaches, and advanced methods for
tissue engineering and gene and cell therapies.
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Preface

Because of the multidisciplinary nature of these efforts, this book addresses the
modern aspects of bone healing, with a special attempt to enhance the convergence
of the different experimental and clinical approaches designed for the study and
treatment of bone healing in its diverse forms and under varying conditions. The
information and ideas provided should have value not only for the experimental
skeletal biologist and clinician treating bone conditions but also for a general interpretation of healing and regenerative processes in mammals.
Jerusalem, Israel
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Part I

Physiology of Bone Healing

Chapter 2

Cellular and Molecular Aspects of Bone Repair
Itai A. Bab and Jona J. Sela

Bone healing is characterized by a series of molecular, cellular, and tissue
transformations consisting of resorption and formation of hard and soft tissues.
Mineralized tissue remodeling in fracture repair involves the activity of various
cells, inter alia, chondroblasts, osteoblasts, osteocytes, and osteoclasts (Fig. 2.1).
Bone and cartilage are produced through a concerted generation of molecular
signals that act on lineage-specific stem cells. The stem cells differentiate into various
cellular phenotypes. Signal conduction via hormones, growth factors, and mechanical regulation ensures subsequent remodeling of bone and cartilage [1]. Progenitor
cells are recruited from periosteal and bone marrow tissues and differentiate into
matrix producing mature cells at the injured bone site. Bone is essentially a type of
hard connective tissue. It is involved in the regulation of body size and height and
provides structural support for skeletal muscles and physical protection of vital
organs. Concomitantly, bones serve as a principal depot for calcium and phosphate
minerals and the essential site of marrow tissues serving as continuous source
for hematopoiesis. Bone formation by osteoblasts and resorption by osteoclasts
regulate skeletal remodeling throughout the life. Osteoclasts are derived from
hematopoietic stem cell (HSC) of the monocyte/macrophage lineage typically
located in bone marrow and blood [1]. Bone-resorbing cells have a key role in the
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Fig. 2.1 Bone and cartilage cells. (a) Chondroblasts. (b) Osteoblasts (arrows) forming osteoid
with Osteoblast–osteocyte transition adjacent to reversal line (double arrows) and osteocytes
(arrow heads). (c) Osteoclasts in resorption bay

osseous healing process. Osteoblasts originate from bone marrow mesenchymal
stem cells (MSCs) [2]. In healthy bone, a balance of bone formation/resorption is
achieved by and large through the coordinated differentiation of these cells from
their precursors. The multipotentiality of MSCs is accountable not only for the
development of osteoblasts but also to a wide cellular range, including adipocytes,
chondrocytes, myoblasts, and fibroblasts. MSC differentiation to the osteoblast versus adipocyte lineage has particular relevance to the maintenance of normal bone
homeostasis. Accumulating evidence suggests that a shift in MSC differentiation to
favor the adipocyte lineage directly contributes to imbalances in bone formation/
resorption that ultimately leads to bone loss [3]. Indeed, conditions associated with
bone loss such as osteoporosis and glucocorticoid excess coincides with increased
bone marrow adiposity [2, 3]. The balance between adipogenic and osteogenic differentiation is regulated by ligands such as bone morphogenetic proteins (BMPs)
and the osteogenic growth peptide (OGP) and receptor/transcription factor PPARg
[4, 5]. However, a multitude of regulators, including neurotransmitters and peptides, hormones, growth factors, and transcription factors are involved in the regulation of the complex and finely tuned process of osteoblast differentiation. During
bone healing, the adipogenic–osteoblastogenic balance of stem cell differentiation
is completely shifted toward the chondrocyte/osteoblast cell line [4–7]. Cartilage
and/or bone matrices serve as provisional bridging of the fracture gap providing
mechanically functional components. The coordinated production of these skeletal
tissues requires timely recruitment of the progenitor cells at the site and their differentiation into chondroblasts and/or osteoblasts. Disturbances in any one of these
events can have a hindering effect on bone repair.
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Osteoblasts

The osteoblasts produce and regulate bone matrix and mineralization during
development, remodeling, and regeneration (Fig. 2.2).
Osteoblasts arise from MSCs that develop according to a well-documented course
of gene expression, progressing from osteoblastic commitment to proliferation, and
final morpho-differentiation. Bone formation and repair by osteoblasts are the basis
of healing of skeletal injuries and restorative procedures (Fig. 2.3).

2.2

Osteocytes

The osteocyte is the mature form of the osteoblast.
Osteoblasts and osteocytes [3, 6] produce connections with the existing embedded
cells (Fig. 2.4). While becoming engulfed in the matrix, the cells are referred to as
osteoid–osteocytes [7].
Mineralization of the matrix completes the osteocytic maturation. The osteocyte
embedded in mineralized matrix is the stationary resident responsible for function
and metabolism of bone tissue (Fig. 2.5). Osteocytes make up more than 90–95% of
all bone cells in the adult skeleton.
Osteoblasts compose less than 5% and osteoclasts less than 1%. Osteocytes are
viable for years, even decades, whereas osteoblasts live lifetimes of weeks and
osteoclasts of days. The unique feature of osteocytes is the formation of long processes that connect through minute tubules in the bone matrix with one another and

Fig. 2.2 Osteoblasts (arrows) aligned along primary bone surfaces
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Fig. 2.3 Electron micrographs of different osteoblastic features. (a) Osteoblasts adjacent to blood
capillary. (b) Osteoblasts adjacent to Calcifying front (TEM). (c) Osteoblastic lacunae on surface
(SEM). (d) Higher magnification of the square in C, an osteocytic lacunae (SEM)

Fig. 2.4 Osteocytes and cellular processes demonstrated by impregnation methodology
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Fig. 2.5 Electron micrographs demonstrating osteocytic features. (a) Osteocyte embedded in
mineralized matrix (TEM). (b) Osteocytic lacuna (SEM)

Fig. 2.6 Osteocytic processes (TEM). (a) Osteocyte with processes embedded in the mineralized
matrix (horizontal). (b) Osteocytic process traversing in canaliculus in heavily calcified bone
(perpendicular)

with cells on the bone surface. These processes have been shown to extend into the
bone marrow [4] (Fig. 2.6).
Osteocytes send signals of both bone resorption and bone formation. It has been
proposed that at death phases, osteocytes send signals initiating resorption [5, 8].
Recently, it has been shown that sclerostin, a highly expressed protein in osteocytes,
targets osteoblasts to inhibit bone formation [9]. It has been suggested that osteocytes act as orchestrators, directing both osteoclast and osteoblast activity in bone
remodeling. A major issue in the understanding of bone regulation concerns the
probable sensing of mechanical strains by the osteocyte. It is thought that cells on
the bone surface (lining cells, osteoblasts) are subjected to substrate strain, whereas
osteocytes “sense” mechanical strain due to fluid flow shear stress. Osteocytes when
compared to osteoblasts are more responsive to fluid flow shear stress than to other
form of mechanical strain, such as substrate stretching [10]. It has been proposed
that osteocytes sense shear stress mainly along their cellular processes and the cell
body. Osteocytic deformation in vitro correlates with the extent of shear stress,
which in turn is in direct relationship with a biological response manifested in
prostaglandin release.
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PKD1 and 2 are known to have mechano-sensory functions in the kidney and
were shown to be expressed in bone. Deletion of PKD1 function results in animals
with a bone defect [11]. In a search for markers highly expressed on osteocytes, the
E11/gp38 molecule was found first in MLO-Y4 osteocyte-like cells and also in
early embedding osteocytes in bone but not in cells on the bone surface [12, 13].
E11/gp38 is a 40 kDa transmembrane protein thought to play a role in the formation
of cellular processes in various cell types. Cells with extensive cellular projections,
such as podocytes and type1 alveolar lung cells, etc., express high amounts of E11/
gp38. This membrane molecule appears to play a role in dendrite elongation, as
MLO-Y4 cells subjected to fluid flow shear stress elongate their processes, and this
elongation was blocked by siRNA [13]. Conditional deletion of this gene results in
neonatal lethality due to lung defects [14]. In vivo loading induced elevation in both
gene and protein expression of E11/gp38, not only near the bone surface but also in
deeply embedded bone in response to loading [13]. It was not clear why a molecule
proposed to have a role in dendrite formation would be increased in deeply embedded osteocytes-cells thought to have their dendrites stationary and tethered to the
walls of their canaliculi [15, 16]. However, dynamic imaging of viable calvarial
bone has shown that osteocytes can extend and retract their cell processes [17].
This suggests that E11/gp38 could be involved in the extension of dendrites in
osteocytes embedded in bone in response to load. Observations using static data
limit our thinking and ability to form more accurate and novel hypotheses, whereas
dynamic imaging has opened a whole new area for investigation. Cellular and
molecular mechanisms involved in osteoblast formation are of major significance
for the progress of curative procedures. Selective expression of master transcriptional regulators is responsible for lineage commitment of MSCs. The myogenic
path is regulated by MyoD (myosin dictyostelium); PPARg (peroxisome proliferator activated receptor gamma) promotes adipogenesis; Sox9 (SRY-sex determining
region Y-box 9) and Runx2 (Runt-related transcription factor 2) are responsible for
chondrocytic and osteoblast differentiation, respectively [8–11, 18]. Lineage commitment of osteoprogenitors is followed by a proliferative stage, characterized by
the production of proteins such as histones, fibronectin, type I collagen c-Fos (antisense oligonucleotide), c-Jun (N-terminal kinases), and p21 (cyclin-dependent
kinase inhibitor 1) [12]. Following division, cellular transition expresses genes such
as alkaline phosphatase, bone sialoprotein, and type I collagen, producing osteogenic extracellular matrix. Concomitantly the osteoblasts express genes engaged in
mineralization of the extracellular matrix such as osteocalcin, osteopontin, and
collagenase [13]. Transcription factors including Runx2, Osx (osterix, osteoblastspecific transcription factor), SMADs, TCF/LEF (transcription factor/lymphoid
enhancer factor), NFATc1 (nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1), Twist (twist homolog 1), AP-1 (adaptor-related protein complex
1), and ATF4 (activating transcription factor 4) regulate the program of gene expression and cellular differentiation. Notably, micro-RNAs (miRs) have been identified
as regulators of osteoblast gene expression. The mechanistic control of gene
expression by cofactors such as acetyltransferases and histone deacetylases
(HDACs) has been identified. Numerous transcription factors and epigenetic

