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Bone remodeling is a continuous biological process leading to the replacement of
the used bone by a newly formed one. The process restores function and continuity
of the bone as whole skeleton and locally in particular bones, i.e. post fracture,
immobilization, etc. During fracture healing phases remodeling covers the period
of replacement of the woven bone within the fracture gap and callus by secondary
osteonal bone. However, without previous fracture healing stages of the strict
remodeling phase could not proceed. The callus remodeling leads to complete
restoration of the injured bone, with no scar formation. It is possible to investigate
and describe complicated mechanisms of bone remodeling based on the fracture
healing process. The process of fracture repair is regulated by various molecular
substances stimulating protein synthesis proliferation and chemotaxis of cells in
the process of bone union. Many of those molecular substances BMPs, TGF-
3, 1GFs, PDGF and FGFs and interleukins evoke the most prominent influence
on skeletal tissue. Selected topics of bone physiology, regulating molecules and
mechanisms of remodeling and fracture healing are described in the paper.
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1. Introduction

Bone remodeling is a continuous, biological process, supporting adapta-
tion of the skeletal tissue to the local environment. Various cell populations
take part in remodeling including mesenchymal progenitors being a reservoir
of bone forming cells. Remodeling mechanisins are stimulated and regulated
by molecular substances, namely growth factors, chemokines and cytokines.
Molecular regulatory factors are controlled by local and/or systemic me-
chanical, chemical and molecular (including hormonal) environment. They
are synthesized, released or activated due to several stimuli affecting the
skeleton. The process of bone remodeling also enables ingrowths of porous
coated implants and regeneration after fractures. Morcover, it leads to opti-
mization of the internal structure of the skeletal tissue for its most effective
weight-bearing and protective function. The phenomenon of bone remodeling
proceeds due to cooperation of two main cellular components—osteoclasts,
which degrade extracellular matrix dissolving minerals and digest its pro-
tein components, and osteoblasts forming new bone. In some specific way
those two cellular populations cooperate; as soon as osteoclasts degrade the
bone, osteoblasts fill the emptied spaces with newly formed bone matrix.
The phenomenon of bone degradation and restoration is called “remodeling’”,
and its intensity process is characterized by “bone turnover”. The process
consists of many remodeling episodes that proceed simultaneously in many
places of the skeleton. Single remodeling phase starts as soon as osteclasts
are being activated (Fig.1). As osteoclasts transmigrate through the bone
dissolving its mineral components and digesting extracellular proteins, vas-
cular loops are created from the surrounding blood vessels in angiogene-
sis. Newly formed blood vessels originate from activated endothelial cells,
which proliferate, migrate (chemotaxis in the gradient of molecular stimuli),
and form three-dimensional tubulae. As soon as blood starts to circulate
in newly formed vascular loops, osteoblastic progenitor cells originating from
circulating stem cells repopulate spaces freed after osteoclastic digest of bone
matrix, and differentiate into osteoblastic cells lineage. Osteoblasts synthe-
size and release extracellular matrix proteins and activators of calcification,
forming a “new” bone filling erosions made by osteoclasts. The sequence of
groups of osteoclasts followed by osteoblasts form the structure of cutting
cone. Those cones have activated osteoclasts at the top, followed by vas-
cular loops, and osteoblasts rebuilding extracellular matrix. The remodel-
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Fiaure 1. Activation of osteoclasts. Maturation of monocytes/macrophages into
osteoclasts requires M-CSE, which is produced and secreted by bone marrow
cells stimulated by the NF-kB. RANK (also known also as OPG) and its lig-
and (RANKL, OPGL) are members of the TNF-alpha superfamily. See text for
description of the abbreviations.

ing is a permanent process throughout the whole life. Its intensity is high-
est at adolescence, achieves plateau in adults and gradually decreases after
menopause/andropause. Remodeling proceeds in thousands of places at the
same moment. Multilocular process recreates three dimensional structures of
bone trabeculae affected by mechanical strains.

During the development of the skeleton the process of modeling leads
to the formation of proper three-dimensional structure of the bone. The
modeling transforms bones from amorphous, calcifying cartilage. Repeating
episodes of the modeling introduce vascular tree into the bone as a conse-
quence of bone modeling. Newly formed blood vessels remain in the cortical
bone after each “passage” of the cutting cone. Moreover, modeled bone after
cutting cone passage is no longer amorphous. Three dimensional structure
of osteon, with blood capillaries located at the centre, and bone lamellae are
formed. Moreover, free spaces between trabeculae are settled by bone marrow
cells. Osteons and bone marrow appear due to modeling of the bone. There
is an obvious functional link between bone and bone marrow, as bone sup-
ports bone marrow cells as “scaffold”. Apart from that, bone marrow provides
molecular environment for skeletal development, regeneration and physiology.
Disorders affecting one of them usually influence the other. There is a con-
tinuous adaptation process affecting the external shape of the skeleton and
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its internal structure according to the mechanical forces loading the bones.
Thus, the structure of the bone is functionally adapted to the local mechani-
cal environment. However, the shape of the skeletal bones is determined by
the genetic factors. The rise of mineral content is observed in the overloaded
skeleton. Bone mineral content decreases in disuse (long-lasting limb immo-
bilization with reduced weight-bearing or space flights in weightlessness).

The mechanical loads affect the external shape and internal structure of
the bone. It allows optimizing the structure of the bone assuring its maximal
strength. During skeletal development mechanical factors are considered as
an important risk factor of neonatal anatomical deformations (flat foot, club
foot or developmental hip dysplasia, etc.).

Bone remodeling phenomenon enables full restoration of the bone struc-
ture (“restitutio ad integrum”) lost due to fracture. Repaired bone achieves
the restoration of its continuity on macroscopic and microscopic level. The
healed bone tissue regenerates completely with no connective tissue scar.

The changes in the net concentration of the mineral components of the
skeleton are regulated by the differences between dissolve and deposition
of bone minerals. Furthermore, plasma calcium ions released from its de-
posits in the extracellular matrix hydroxyapatites, participate in the calcium-
dependent homeostasis. They are required for activation of peptides (coagu-
lation factors, etc.) and are important for various intracellular processes. The
remodeling mechanisms are able to accommodate circadian fluctuation in cal-
cium balance and supply a temporary need for additional calcium lasting for
a few months. The remodeling apparatus may slow elimination of surplus
bone in response to the age-related decline in physical activity. Plasma cal-
cium homeostasis requires rapid ion exchange, which is impeded by progres-
sion of secondary mineralization and loss of water from the surface mineral.
Calcium homeostasis can be considered as one of metabolic expressions of
bone remodeling, locally regulated by mechanical loads, and generally by the
hormonal influence on the bone (growth hormone, estrogens, and parathor-

mone).

2. Bone Physiology—Cells Responsible for Bone Remodeling
Bone physiology requires cooperation of various cells, including bone

forming (osteoblasts, osteocytes) and bone resorbing cells (osteoclasts). Cells
derived form other tissues as cartilage (chondroblasts, chondrocytes, chon-
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droclasts), immune cells (macrophages, lymphocytes), and their progenitors
of mesenchymal origin are involved also into the bone physiology.

Osteoclasts are bone resorbing cells of hematopoietic origin; all others
originate from mesenchymal stem cells. Stem cells form a reservoir pool of
cells for tissue regeneration. They are located in the inner layer of the endos-
teum, superficially to the hematopoietic cell lineages, near the cortical bone
and distant to the venous sinusoids [1]. Stem cells activated by molecular
stimuli, differentiate into a particular cell lineage in response to the local
molecular and metabolic influences. Progenitor cells, transmigrating into the
donor site, repopulate osteolysed bone and restore its structure (osteogenesis,
regeneration) [2].

Several attempts have been made to characterize factors recruiting pro-
genitors for tissue regeneration. They allowed to associate systemic inflam-
matory response to injury [3, 4] with tissue regeneration process (Fig.2).
Molecular mediators involved both in the systemic inflammatory response
and in reparative process. It was suggested that stem cells are stimulated by
various interleukins as IL-3 (Interleukin-3) and IL-11 [5], IL-6, soluble form
of IL-6 (sIL-6R) [6, 7], IL-8 and also SCF-1 (stromal cell factor-1) as well
through IL-6 receptor (IL-GR) [8].

ne lining cells

Soft
tissues,
circulatory
Stem Cells

FIGURE 2. Migration, extravasation of preosteoblasts and synthesis of bone ma-
triz proteins. Osteoblasts transmigration: activated from their precursors (mes-
enchymal stem cells) osteoblasts migrate through vascular loops. Once osteoblasts
transmigrate through vascular wall they transform into osteocyte.
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The mechanism activating cells to differentiate into a particular cell lin-
eage is not fully understood. Nevertheless, it has been established that low
tissue oxygenation is responsible for chondroblastic instead of osteoblastic
differentiation, pointing out to the importance of adequate blood supply in
the fracture repair [9]. The migration of the stem cells from bone marrow into
destination site requires chemotactic stimuli, including SDF-1 (stromal cells
derived factor-1), IL-8 and co-stimulation by SCF-1, involving activation of
enzymatic break-down of the matrix proteins by matrix metalloproteinase’s
(e.g. MMP-9) [10]. Stem cells accumulate at the high SDF-1 concentration
sites [11]. Increased SDF-1 expression is observed as a factor of bone marrow
repopulation, tissue repair and heterotopic ossification [12].

Osteoblasts are formed from progenitors located inside the bone and pro-
liferative layer of periosteum and endosteum. Their precursors are located in
bone marrow, soft tissues adjacent to the bone, especially in striated, skeletal
muscles, pericytes of blood vessels, and circulating blood as well [13, 14]. Os-
teoblasts present almost similar function and morphology to fibroblasts. All
genes expressed by fibroblasts are also expressed by osteoblasts [15]. However,
exceptional for osteoblasts is their ability to express genes for transcription
factor Cbfal [16, 17], Osx [18] and osteocalcin coding gene (bone GLA pro-
tein) [19].

Osteoclasts are multinuclear cells formed from their precursors originating
from monocyte/macrophage lineage in the bone marrow. Osteoclasts locate
on the surface of the bone. They produce proteolytic enzymes (collagenases,
hydrolases, and proteases) that lead to degradation of the mineral and or-
ganic components of its matrix at the low pH (below 4). They are responsible
for the bone resorption. The differentiation of monocytes/macrophages cell
lineage into osteoclasts requires activation by M-CSF (macrophage-colony
stimulating factor), synthesized and secreted by bone marrow cells stimula-
ted by the ligand of receptor for activation of the nuclear factor kappa B
(NF-kB) [20, 21]. RANK (receptor for activator of NF-xB, located on osteo-
clastic cell membranes) and its ligand (RANKL, expressed by osteoblasts)
are members of the TNF-a (tumor necrosis factor-a) superfamily [22, 23].
Osteoclasts are activated by RANKL through membrane receptors RANK
for increasing their osteolytic capacity. Osteoprotegerine (OPG), a decoy re-
ceptor for RANKL, is secreted by osteoblasts. It inhibits osteoclasts differen-
tiation and activation what leads to blocking their osteolytic capacities [24].
That mechanism allows osteoblasts to control osteoclastic activity. The spe-
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cific equilibrium between osteolysis and osteogenesis balances the bone mass
throughout life. Activated osteoblasts produce and release factors stimulat-
ing and controlling osteoclasts maturation [25, 26]. Osteoclastic degradation
of the extracellular matrix releases growth factors (stimulating osteogene-
sis). Those factors are stored in a latent form in the extracellular matrix.
This functional link between osteoblasts and osteoclasts clearly proceeds in
early phases of bone formation. Once osteoblasts and osteoclasts are fully
differentiated, this cooperation is not so clear.

Decrease of OPG-dependent down-regulation of osteoclastic cell lineages
is assumed as the most obvious mechanism activating bone remodeling and
repair.

Osteoblasts transmigrating into the excavated spaces after bone resorp-
tion inhibit osteoclast-dependent bone resorption through the OPG, and
secrete and release extracellular matrix proteins. As soon as extracellular
matrix begins to calcify, osteoblasts transform into osteocytes. Mononuclear
cells, located in the lacunae filled with the non-calcified extracellular matrix,
form a network of long cytoplasmic appendices making direct connections
between bone cells [27].

Chondrocytes may participate in osteogenesis in two ways—as a scaf-
fold for skeletal development (endochondral ossification) and fracture repair
(endochondral fracture healing). Differentiating from their mesenchymal pro-
genitors and accumulating in the fracture site in response to molecular stim-
uli released during the inflammatory phase of the healing process [28, 29).
Chondrocytes filing the fracture gap replace hematoma and form a scaf-
fold for forthcoming angiogenesis and osteoblastic infiltration [30]. Moreover,
chondrocytes actively participate in the process of ossification through syn-
thesizing and releasing various enzymes and growth factors creating proper
microenvironment for osteoblast immigration 31, 32].

3. Selected Mechanisms Related to Fracture Healing and Bone
Remodeling

Bone fracture could be repaired in the process of endochondral ossifica-
tion (mostly observed during long bones fractures healing) or intramembra-
nous ossification. The process of endochondral ossification leads to the new
bone formation “per analogiam” skeletogenesis. This process leads to mine-
ralization of cartilaginous tissue in the consequence of action of proteases,
phosphatases, and calcium ions exocytosis from chondrocytes [33]. Calcified
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cartilage stimulates formation of microvascular loops sprouting from the ves-
sels of the bone adjacent to fracture gap, and immigration of chondroclasts
and osteoblasts through those newly formed vessels. Osteoblasts, transformed
from activated precursors, transmigrate through microvasculature and colo-
nize cartilaginous tissue. Once osteoblasts colonize cartilage, they start to
produce and secrete specific proteins changing the composition of the extra-
cellular matrix (replacing the cartilage collagen type II to osseous collagen
type I [34], fibronectin, osteocalcin and osteopontin) [35]. Deposition of cal-
cium phosphate around osteoblasts forms specific lamellar structures, and
immobilizes osteoblasts in the extracellular matrix, where they transform
into residual bone cells—osteocytes |36].

Intramembranous ossification proceeds due to proliferation and differ-
entiation of activated mesenchymal progenitors directly into osteoblasts. It
is suggested that TGF-31 is responsible for this process [37]. TGF-3 and
BMP-—Smad-dependent pathway was shown to be responsible for activation,
proliferation and differentiation of osteoblastic progenitors [38], stimulation
of osteoclasts for synthesis and release of growth factors, particularly BMPs,
and extracellular matrix proteins, including type I collagen. [39].

Osteoblasts transmigrating into the fracture gap, restore bone continuity
and structure. The crucial role in fracture repair is played by angiogenesis,
i.e. the process of restoration of bone microvasculature. It starts immediately
after fracture, and is mediated by cytokines and growth substances released
from blood clot, traumatized soft tissues, bone cells and bone matrix. Ac-
tivated osteoblasts transmigrate through the endothelium repopulating the
fracture gap, as soon as blood starts to flow through newly formed vascular
loops. Osteoblasts settle down around the blood vessels and then transform
into osteocytes. They synthesize and release extracellular matrix proteins
(type I collagen), biologically active substances (growth factors like Bone
Morphogenetic Proteins, Transforming Growth Factor Beta, etc...). Since
the process of intramembranous ossification is less complicated than endo-
chondral one, it proceeds much faster. This type of fracture repair usually
occurs without, or with only minimal external callus formation. Clinically,
it is usually observed in anatomically reduced, firmly stabilized fractures
without severe damage of bone fragments and surrounding soft tissues, with
minimal blood volume extravasated into the fracture gap [40].
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4. Molecular Regulators of Bone Physiology

Bone physiology is regulated by the molecular substances influencing cel-
lular components of bone and surrounding tissues. Those substances are at-
tracted to fracture gap from: the cellular components of blood extravasated
into the fracture gap (platelets and immune cells), bone matrix and bone
cells, surrounding soft tissues (i.e. skeletal muscle), and endings of the pe-
ripheral nervous system. Genetic control over bone remodeling is regulated
through various gene expressions and also mechanisms of apoptosis [41]. Frac-
ture healing is upregulated by various genes, expressed to affect all aspects
of intracellular and extracellular processes, from transcription, intracellular
signaling and extracellular protein synthesis and cell-matrix communication
[42,43]. Up-regulation of signaling molecules, particularly growth factors and
cytokines, lead to activation of cellular populations forming skeletal tissue
from their undifferentiated precursors, their migration and homing at the
site of injury [44]. They also regulate other processes, i.e. angiogenesis, pro-
viding vascularity needed for stem cells immigration and proper blood supply
for newly formed bone |45].

Local ischemia and subsequent hypoxia and necrosis of osteocytes, result
in the decrease of OPG expression [46]. Osteoclasts which are not sufficiently
OPG-suppressed keep their activation, proliferation and migration, what fi-
nally increases degradation of the bone matrix.

Peptides from TGF-3 family play an important role in skeletogenesis,
chondrogenesis, bone remodeling and fracture repair [47,48]. They possess
capability to stimulate formation of the osteoblast progenitors from the non-
differentiated mesenchymal stem cells [49]. Bone Morphogenetic Proteins be-
long to the most important factors of induction of the bone regeneration after
injury [50]. The expression of BMP-2 and BMP-4 was observed in primary,
non-differentiated mesenchyme during chondrogenesis [51], intramembranous
bone healing |52] and morphogenesis as well [53]. The regulatory function of
BMP-2 and BMP-3 on differentiation of mesenchymal cells was found during
chondrogenesis [54]. But BMP-6 was detected as stimulator of chondrocyte
maturation [55]. In opposite to other growth factors like PDGF, TGF-3, IGF,
only BMPs have the ability to stimulate connective tissue pericytes to form
the bone de novo.

BMPs transduce metabolic signals through two transmembrane receptors:
type I and type I (BMP-RI and BMP-RII; both serine/threonine kinase
receptors) [56]. The signal transduction into the nucleus proceeds through
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the phosphorylation of Smad proteins. leading in consequence to activation of
specific genes, or alternatively through Wnt signaling pathway [57]. A number
of known BMPs antagonists (Noggin, Chordin, Gremlin, Dan. Sclerostatin
and others) modulate their signaling, being regulated not only by local BMP
synthesis and activation, but also by their antagonists | 58|.

Platelet Derived Growth Factor (PDGF) is a potent mitogen of cells of
a mesenchymal origin that could also be found in bone cells. It was found that
PDGF stimulate proliferation, chemotaxis and synthesis of matrix proteins
by osteoblasts [59] as well as proliferation and differentiation of chondroblasts
|60]. Increased concentration of PGDF protein and its mRNA was found at
the sites of endochondral bone formation and bone remodeling [61].

The most potent influence on osteoblasts evokes the isomer PDGF-BB
[62] which stimulates chemotaxis of various cells of mesenchymal origin, in-
cluding osteoblasts [63]. It was found as a potent activator of fibroblast pro-
liferation [64,65]. PDGF-BB also activates fibroblasts to increase of DNA
synthesis and proteins production. Nash and al. [66] injecting PDGF into
a fracture gap showed its stimulatory effect on callus formation and accel-
eration of fracture healing. It was also shown that PDGF may lead to bone
resorption by enhancement of prostaglandin (PG) synthesis and rise of intra-
cellular PGE, concentration in bone cells [67] and PGFa, in in vitro cultures
of mesangial cells [68].

Osteoblasts synthesize and release IGF-1 i IGF-II into extracellular ma-
trix for further storage in latent form. Both forms evoke almost the same
biological effects, but the effect of IGF-I is 4-7 times higher than IGF-II [69].
Production and release of bone I1GFs depends on hormonal regulation of the
parathormone (PTH) and the growth hormone (GH). It seems to be pos-
sible that biological effect of GH on bone is mediated by IGF's. The most
important influence of IGFs on bone is their potent activation of growth
plates. IGFs, present in serum in nanomolar concentrations are mostly syn-
thesized in liver. They activate chondroblasts to release proteoglycans and
osteoblasts to produce collagen |70, 71]. Their biological half time is about
few minutes, increases up to 15 hours when bound with one of the seven
known IGFs binding proteins (IGF-BPs). Among them IGF-BP3 binds 80-
95% of whole circulating IGF-1 and IGF-11. Together with ALS (acid labile
subunit) it forms a storage form of IGF - stable protein complex |72 and in-
creases the resistance of its degradation, prolongs their half-time, modulates
the biological effect of IGFs, and regulates IGFs transport [73].
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The FGF-1 and FGF-2 (known previously as acidic a-FGF and basic
b-FGF) are the best known from the seven already distinguished FGFs. Both
proteins possess 53% homology and express the capability to bind heparin.
Both forms have the molecular weight of 17-18kD, although the forms with
higher molecular weight (21-25 kD) occur as a consequence of development of
N-terminal peptide chain. FGF binds to membraneous receptor, which results
in intracellular activation of protein kinase C [74]. It was shown that during
fracture repair the activated fibroblasts express FGF-2. When injected into
fracture gap, FGF increases callus formation and synthesis of collagen and
proteoglycans [75]. It was also shown that FGF increases expression of TGF-/3
in osteoblasts |76]. An application of autologous cells containing high amount
of regulatory substances, i.e. blood platelets, is a permissible alternative.
Clinical results with the platelet-rich plasma require further investigations.
They could be used as a natural, autogenic source of growth factors regulating
the regenerative process [77,78].

5. Conclusion

Bone remodeling appears in later stage of fracture repair. It is possible to
investigate and describe complicated mechanisms of bone remodeling based
on fracture healing process.

The process of fracture repair is regulated by molecular substances stim-
ulating protein synthesis proliferation and chemotaxis of cells orchestrating
in the process of union. From those molecular substances BMPs, TGF-3,
IGFs, PDGF and FGFs and interleukins evoke the most prominent influence

on skeletal tissue.
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