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Preface

Bone and joint diseases (such as osteoporosis or osteoarthritis) are among the leading
causes of morbidity and confer a significant burden on individuals and societies. Inspired
by the «Bone and Joint Decade 2000-2010,» the Medical University of Vienna estab-
lished the doctoral program «Regeneration of Bones and Joints.» The objective of this
program is to train doctoral students to become the next generation of advanced
researchers in musculoskeletal and oral sciences. In a translational and multidisciplinary
approach, pathophysiologic mechanisms and novel therapeutic strategies for bone, joint,
and dental diseases are investigated. The curriculum also includes lectures, seminars,
and practical trainings.

This book is intended as an accompanying book for the program «Regeneration of Bones
and Joints» of the Medical University of Vienna and similar doctoral or master’s pro-
grams. It describes basic principles and methods of bone and joint research. In addition,
the pathophysiology of selected musculoskeletal and oral diseases is presented.

I am very thankful to the authors of this book for their effort, time, and expertise. I
would also like to acknowledge the important help and dedication of the Springer Nature
staff, in particular Dr. Silvia Herold. Finally I, wish to thank Birgit Schwarz for her con-
tinuous support of this book project.

I am convinced that this book will contribute to advance our knowledge in musculoskel-
etal and oral sciences.

Peter Pietschmann
Vienna, Austria
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What You Will Learn in This Chapter

One important role of our skeleton is to fulfil mechanical functions, in particular the
mechanical support of our body enabling complex movement and locomotion as well as
safety housing for sensitive organs. In this book chapter, you will learn about the character-
istics of the bone material and their role for the mechanical performance of the bone at
organ level. First, we give an overview of the hierarchical organization of the bone, the het-
erogeneity of bone material structure and the composition from microscale to nanoscale.
Second, we describe important technical terms related to bone deformation; we present
bone material quality parameters and discuss their role in bone deformation. Third, we
briefly explain the most important current techniques for the characterization of the bone
material quality such as light and electron microscopy methods, X-ray scattering and fluo-
rescence, vibrational spectroscopic techniques, etc. Forth, we present material characteris-
tics in clinical examples of bone fragility including postmenopausal osteoporosis and
treatment and osteogenesis imperfecta.

1.1 Structure and Composition of Bone at Material Level

Bone is a lightweight structured organ, i.e. it is constructed following the principle to have
maximum resistance to fracture based on as little material/mass as possible. For this pur-
pose, bone is hierarchically organized [1]. One may distinguish between organ, tissue and
material levels (8 Fig. 1.1). The organ level (outer geometry, shape and dimensions of the
whole bone) and the tissue level (inner architecture of the bone) and their role in bone
fragility are described in the book » Chap. 6 of Pietschmann et al. In general, all hierarchi-
cal levels are optimized for the excellent mechanical competence of the bone [2]. As dis-
cussed later, bone diseases associated with fragility can be caused by either affecting single
or multiple hierarchical levels of bone organization.

1.1.1 Bone Structural Units (BSUs)

The ongoing process of bone resorption and formation (bone remodelling) is responsible
for a remarkable heterogeneity of the bone material. During bone remodelling, bone for-
mation is occurring on surfaces which were generated by previous resorption due to
osteoclastic activity (see book » Chap. 3 of Teti and Rucci) and covered by a thin non-
collagenous protein cement layer. The bone material which is deposited on a pre-existing
bone surface by the coordinated action of numerous osteoblasts (see book » Chap. 2 of
Fratzl-Zelman and Varga) during formation time is called a bone structural unit (BSU) (in
trabecular bone also termed «bone packet» or «<hemiosteon», in cortical bone «osteon»).
Depending on the time passed from formation, each BSU has its specific tissue age. The
bone turnover rate (frequency of remodelling cycles) determines the distribution and the
average of these BSUS’ tissue ages.

An important feature of a BSU is its mineral content, the bone matrix mineralization
density. When bone matrix is deposited by the osteoblasts, its mineral accumulation fol-
lows a specific time course. First, during the osteoid phase, the collagenous matrix is
maturing without being mineralized. Second, after onset of mineralization, mineral
accumulates rapidly during the primary mineralization. This is followed by a third period
with slowly increasing matrix mineralization (secondary mineralization) which takes
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@ Fig. 1.1 Hierarchical structure of the bone

months to years until the plateau of full mineralization is achieved [3, 4]. Due to the time
course of these processes, the bone is composed predominantly of BSUs in the secondary
mineralization phase. In healthy individuals, the global mineralization pattern reflects the
tissue ages of the BSUs (younger bone tissue is less, older higher mineralized) (8 Fig. 1.2).

Another characteristic feature of a BSU is its lamellar collagen fibril arrangement (the
next lower level of bone material organization; see » Sect. 1.2). In trabecular bone a uni-
form lamellar structure parallel to the trabecular surface is formed, while in cortical bone,
the lamellar bone is arranged cylindrically around a Haversian canal (a canal for blood
vessels, nerves and bone marrow). In general, this orientation is abruptly changing at the
cement line, which represents the demarcation to the adjacent BSU (B Fig. 1.3).

When the osteoblasts deposit the matrix, part of these cells gets entrapped in the
mineralized bone matrix and differentiates into osteocytes which form a dense osteocyte
lacunar-canalicular network [5] with a density of about 20,000 osteocyte lacunae per
mm? [6] and an average osteonal canalicular density of 1.6 + 0.8 x 106/mm? [7]. There is
evidence that this network is involved in mechanosensing of load by local bone deforma-
tion and in cell communication. Moreover, this lacuno-canalicular system provides an
enormous inner bone surface of about 215 m? [8] (see book » Chap. 2 of Fratzl-Zelman
and Varga), which might be used to regulate rapidly the homeostasis of elements like Ca,
P and Mg.
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1.1.2 Lamellar Arrangement of Collagen Fibrils

In mature bone, the collagen fibrils are arranged in parallel bundles, which are embedded
in an extra-fibrillar matrix (organic and mineral) [9]. They are further organized to form
a lamellar structure with a period of about 7 pm produced by a periodic change of the
dominant fibril orientation (this is in contrast to primary/callus bone, where the fibrils are
oriented randomly) [10]. A narrow and a wide lamella can be distinguished. In osteonal
bone, a helicoidal structure of the collagen fibrils arranged in a spiral around the blood
vessel can be observed [10].
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1.1.3 Mineralized Collagen Fibrils

The mineralized collagen fibril is the basic building block of the bone material [11]. Within
the fibril, about 300 nm long molecules line up parallel staggered and form a characteristic
banded structure with a 67 nm periodicity of hole and overlap zones of collagen molecules
[12] (B Fig. 1.4). It is assumed that during the mineralization process (see » Sect. 1.1), the
mineral crystals start growing predominantly in the hole zones of the fibril to form plate-
like mineral particles of 1.5 to 4.5 nm thickness, about 50 nm length and 25 nm width [13,
14]. They are also arranged in a parallel, staggered manner with orientation to the
longitudinal axis of the fibrils [2].

1.1.4 Collagen and Mineral

The components of the nanocomposite bone material are organic molecules and mineral
crystals. The main organic part (90%) is collagen type I, and the rest (10%) are non-
collagenous proteins which are both important for initiation of mineralization [15, 16].
After the secretion of procollagen molecules by the osteoblasts, the collagen fibrils form by
self-assembly and get mineralized later (see » Sect. 1.1). Enzymatic and non-enzymatic
cross-links are formed between the collagen helices to stabilize the collagen fibrils.
Divalent cross-links are first formed by enzymatic involvement (lysyl oxidase) partly fol-
lowed by transformation to trivalent cross-links spontaneously [2].
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The mineral phase of the bone is calcium phosphate salt in the form of nanosized
crystals of hydroxyapatite [17]. In the bone, these hydroxyapatite minerals (Ca,(PO,),OH)
are not pure but contain other elements like F, Na, K, Mg and Sr. Commonly, some phos-
phate or hydroxyl groups are replaced by carbonate groups (type B carbonate substitution)
and may perturb crystal lattice perfection [18].

1.2 Quality and Mechanical Properties of Bone Material

In our skeletal system, the bones are exposed to various loading conditions. How much of
these loads are tolerated without occurrence of a fracture is not only dependent on the
bone quantity/mass but also on its quality at all hierarchical structural levels.

1.2.1 From Mechanical Properties of Whole Bone to Properties
of Bone Material

The bones of our skeletal system can experience three principle loading modes: tension,
compression and shear and the combination thereof. Estimation of whole-bone mechani-
cal properties is typically based on compression tests (e.g. for vertebrae) or three- and
four-point bending tests (for long bones); for details see reference [19]. During a typical
compression test, e.g. both the progress of loading (increase of force) with time and the
corresponding deformation (displacement of the vertebral endplate) are recorded in the
load-displacement curve. Characteristic mechanical indices derived from this curve
(B Fig. 1.5) are the applied load (y-axis), the resulting displacement (x-axis), the linear
part of the curve (the elastic region), the slope of the elastic region (stiffness), the non-
linear region (indicating the plastic region, where deformation is irreversible), the dis-
placement and load (failure load) at which bone fractures and the entire area under the
curve which represents the work to failure. Furthermore, single loading (increasing load),
cyclic loading (repetitive lower magnitude loading) or creep experiments (constant load)
can be distinguished but will not be further described here.

a b
=
Y Failure load/ < . Strength/
displacement 3 ultimate strain
= K .
= 3 Elastic
'§ Stiffness Work to 3 modulus
= 1 failure v Toughness
4 -1
Elastic_ plastic < Elastic, plastic
R
Displacement [m] Strain

(Displacement/orig. length) [%]

O Fig. 1.5 Characteristic mechanical indices derived from a load-displacement or b stress-strain curve
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Such mechanical tests on whole bone or even on small tissue samples are dependent
on both geometrical/structural and material properties. For instance, an important geo-
metrical parameter of the long bone is its cross-sectional outer radius, as the bending
stiffness of the bone increases with a power 4 law of its outer radius. Moreover, cortical
thickness, porosity, density and size of Haversian canals as well as trabecular architecture
(see also book » Chap. 6 of Pietschmann et al.) play an important role for whole-bone
mechanical properties. In general, if sufficient geometrical information is available, indi-
rect estimates of mechanical properties of material (in contrast to the direct measures in
> Sect. 1.3, where an overview of methods for bone material characterization is given) can
be deduced from such experiments. Subsequently, the load-displacement curves normal-
ized for bone/sample geometry reveal indirect estimates of bone material such as stress,
strain, E-modulus, strength and toughness (8 Fig. 1.5).

1.2.2 Bone Material Quality

Apart from macroscopic changes, deformation and failure at multiple lower size scales (at
material level) play a role in the deformation of the bone as a whole.

Role of Mineralization Pattern for Deformation

The slope of the pre-yield (elastic) region in the stress-strain curve was shown to be related
to the degree of matrix mineralization [20]. The higher the degree of mineralization or
density of the mineral particles, the larger is the slope (the stiffer is the material) [21]. Both
hypo- and hypermineralization may compromise the mechanical performance of the
bone [22]. Our previous findings suggest an optimal bone mineralization density distribu-
tion throughout the bone matrix [23]. Another important parameter of mineralization is
its heterogeneity (introduced by the BSUs) that may play a role for crack propagation and
deflection as discussed below.

Role of the Microcomposite for Deformation

The combination of soft and tough collagen with the hard and brittle mineral leads to an
extraordinary composite which is stiff but not brittle. The special arrangement and the qual-
ity of the two components are essential as tensile stress on the bone material is transmitted
through the collagenous matrix by shear to the crystals protecting them from fracture [9, 24].
Abnormal tendon collagen in a mouse model of osteogenesis imperfecta was found to have
decreased yield and ultimate stress and strain as well as decreased toughness [25]. Abnormal
enzymatic and non-enzymatic cross-linking was related to increased bone fragility [26-30].
Additionally, deviations from normal mineral crystal shape and size as observed after sodium
fluoride treatment were linked to decreased bone material strength [31]; see » Sect. 4.1.

For the direct observation of deformation at nanoscale, sophisticated techniques
including in situ experiments at the synchrotron are required which enable simultaneous
mechanical testing and high-resolution imaging. Approximately 58% of the tissue strain
in the elastic region (overall deformation) during tensile testing occurs via shearing within
the extra-fibrillar matrix (between the fibrils) and 42% within the mineralized fibrils. The
mineral platelets receive only 16% of the overall deformation. This indicates a natural
stress shielding design where the brittle mineral particles see less strain to avoid
catastrophic failure. When deformation in these tensile tests exceeded the elastic region,
fibrils showed no further elongation suggesting the slippage of the fibrils [9].
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O Fig. 1.6 Backscattered elec-
tron image of crack propagation
perpendicular to the lamellar
orientation of the bone material.
«Zig-zag» line indicates the
requirement of much energy for
propagation

Toughening Mechanisms of Bone Material

When the bone is loaded beyond the elastic region, damage and cracks (deformation)
become apparent at microscopic scale. It was observed that the formation of such micro-
cracks and/or diffuse microdamage increased bone toughness, thus being a mechanism of
energy absorption. The underlying mechanisms were proposed to be (i) crack (or «liga-
ment») bridging and (ii) crack deflection [32]. Indeed, lamellar orientation plays an
important role, and it was reported that it requires much higher energies to propagate a
crack perpendicular than parallel to the lamellar orientation [33] (8 Fig. 1.6). Disturbed
lamellar orientation was linked to bone fragility in pycnodysostosis [34]. Heterogeneity of
bone material in general (interfaces with changing mineral content, lamellar orientation,
organic matrix) might be important for crack deviation and crack stopping [35-38]. There
is also evidence that the osteocyte lacunar-canalicular network plays a role in crack initia-
tion and propagation [7].

Although the formation of microcracks might enhance toughness, once they have
been formed, their presence might weaken the bone material in response to future exter-
nal loading [39]. Removal of microdamage has been proposed to be essential and to be
conducted by targeted resorption. Microdamage involves the damage of the osteocytic
network, and signals from the osteocytes have been proposed to attract the osteoclasts to
these damaged sites for resorption and removal of damaged bone material. This targeted
bone resorption is generally assumed to be an important bone remodelling mechanism.

1.3 Overview of Methods for Characterization of Bone Material

During recent years, several methods and the combination thereof have been developed
which allow comprehensive characterization of structural and mechanical properties at
high spatial resolution. We give here an overview of selected methods and their applica-
tion on bone material; for more information, see reference [40].

= Arrangement and Composition of Organic Matrix

Polarized light microscopy: The lamellar arrangement of the collagen fibrils can be visual-
ized due to the birefringence of collagen.
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Fourier transform infrared (FTIR) and Raman microspectroscopy (RM): Vibrational spec-
troscopic methods are sensitive to bond vibrations thus providing information on the func-
tional groups present in the mineral and organic matrix components, as well as the short- and
medium-range interactions between them («molecular neighbourhood»). In FTIR thin
(~4 pm) sections are required, whereas in RM, sections and/or bone blocks are analysed.
Both techniques allow the characterization of the relative amounts of organic matrix and
mineral, information on carbonate substitution in the mineral, mineral crystallinity/matu-
ration and collagen cross-linking. RM has been recently established also for the measure-
ment of lipids, proteoglycans and advanced glycation end products (AGEs) [41, 42].
Recently, a new parameter has been introduced which provides information on the nanopo-
rosity (a surrogate for tissue water) of bone sample. During sample preparation, the embed-
ding substrate penetrates the porosities of the bone material which had been previously
(in-vivo) filled with water. In this way, the relative amount of the embedding material can be
used for an estimation of the nanoporosity/water content within the bone material [43].

= Quantification of Mineral Content Distribution

Quantitative Backscattered Electron Imaging (qBEI): qBEI in the scanning electron micro-
scope is a sensitive and frequently applied technique for the analysis of the mineralization
pattern [23]. It requires block samples of undecalcified polymethylmethacrylate embed-
ded tissue with a flat surface. qBEI is based on the dependency of the backscattered elec-
tron intensity on the local atomic number in the sample (mainly dependent on the local
calcium concentration). The higher the calcium concentration, the higher the backscat-
tered electron intensities and the brighter are the pixel grey levels in the image. The images
can be used for the analysis of histograms revealing the frequency of the different calcium
concentrations (given in weight% Ca) in the studies bone sample (designated bone min-
eralization density distribution, BMDD), @ Fig. 1.7.

Quantitative Microradiography (gMR): This was the first method used to quantify the
mineralization pattern. gMR is based on the unidirectional X-ray projection of 100 pm
thick polymethylmethacrylate embedded bone sections and the measurement of the
absorption of the former. The resulting microradiograph is analysed for its grey levels and
grey level histograms having the meaning of mineral content in units of g/cm? [44].

Synchrotron Radiation Microtomography (SRuCT): SRUCT is the most modern method
and provides 3-dimensional information on the mineral content in the bone sample. It is
based on multidirectional projection and absorption of a focused, monochromatic X-ray
beam by small bone samples (2 mm x 2 mm). The resulting data set allows 3-D recon-
struction and mineral distribution measurement based on voxel grey levels with the
meaning of mineral content in units of g/cm? [40].

m  Characteristics of Mineral Particles/Crystals

Scanning Small-Angle X-Ray Scattering (sSAXS): This method is based on the measurement
of the scattered intensities very close to the incident beam direction (at small angles). In
bone material analysis, this method is mainly used for information on the size distribution,
the shape and the arrangement of the mineral particles of the nanocomposite material with
size dimensions smaller than 50 nm. sSAXS is available at the laboratory or at the synchro-
tron (the latter allows to scan the sample with high spatial resolution of 3-10 pm; however,
it requires very thin 3-10 pm bone sections) [14, 31]. Recently, sSSAXS tomography was
introduced which provides the 3D view of mineral particle properties of the bone [45].
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O Fig. 1.7 Examples of bone mineralization density distribution in health and disease. A postmenopausal
osteoporosis, B bisphosphonate treated, C osteogenesis imperfecta, D sodium fluoride treated bone

Scanning Wide-Angle X-Ray Scattering (sWAXS): The scattered X-ray intensities under
larger (wide) angles can originate from the scattering/diffraction of the incident X-ray
beam by the crystal lattice of the bone mineral particles and provide information on crys-
tal lattice characteristics (lattice parameters of the crystal unit cell, crystallinity and crystal
dimensions) [10].

Transmission Electron Microscopy (TEM): Another method to study the small bone
mineral particles is TEM, which provides direct high-resolution images or might be used
for electron microscopic tomography [40]. For TEM analysis, plastic embedded, ultra-
thin bone sections (70-100 nm) are required. The energy of the electrons, which have to
transmit the bone section, is in the range of 100-1000 keV. The image contrast is gener-
ated mainly by the difference in electron density of the structures in the sample. Single/
isolated crystals in the viewing field can be analysed for their shape and dimensions.

m  Elemental Composition
X-Ray Fluorescence (ERF) Induced by Electrons or by X-Ray at the Synchrotron (SR-XRF):
These techniques allow non-destructively, spatially resolved analysis of the elemental
composition of the bone (Ca, P, Mg, Na, K). SR-XRF is applied when sufficient sensitivity
(ppm concentration range) is needed, e.g. in the detection of trace elements (Pb, Sr, Mn,
Zn, F) [46].

Visualization and Quantification of Osteocyte Lacunar-Canalicular Network (OLCN):
The OLCN in the bone material can be studied in three dimensions by confocal laser scan-
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ning microscopy (CLSM) after fluorescent staining of bulk bone samples with rhodamine
G, e.g. which stains the organic phase of all inner surfaces of the OLCN [5]. Alternatively,
synchrotron high-/nano-resolution X-ray computed tomography allows to visualize the
OLCN without any staining but is limited to small bone volumes.

m Direct Measures of Mechanical Aspects of Bone Material

In contrast to the indirect estimates of mechanical properties of bone material described
above, there are methods available which result in a direct measure of bone material prop-
erties. These measures are independent of geometry and have the advantage that they can
be obtained in a spatially resolved manner which is highly important in a heterogeneous
material such as bone.

Scanning Acoustic Microscopy (SAM): The elastic properties of the sectioned bone
sample can be visualized with spatial resolution up to 1 pm. SAM is based on generation
and focusing of high-frequency acoustic waves to the bone followed by the detection of the
echo signals [53]. The inherent contrast (amplitude or difference of time of flight in thin
section) is caused by elastic interactions of the incident acoustic waves with the bone mate-
rial, in particular with changes in lamellar orientation and local mineral content (8 Fig. 1.8).

Nanoindentation: Direct mechanical measurements can be also obtained from
nanoindentation at the atomic force microscope (AFM) [40]. In a controlled deformation
experiment, the tip of the AFM (nanosized indenter) is pushed into the bone block or
sectioned sample, and the load-displacement curve is recorded, from which the indenta-
tion modulus as well as the hardness can be derived. The latter outcomes were shown to
generally correlate with local mineral content, despite quite large variation at a specific
mineral content, and revealed a high anisotropy depending on the direction of the lamel-
lar structure.

B Fig. 1.8 Backscattered electron mapping of mineral content of osteonal bone (/eft), SAM velocity
mapping of enlarged area (right). The higher the mineral content, the higher the ultrasound velocities.
Both combined informations enable calculation of the local elastic modulus [53]
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1.4 Bone Fragility Associated with Altered Bone Material

Commonly, the measurement of bone mineral density (BMD by DXA) is considered for
fracture risk assessment and treatment decision for a patient. However, BMD alone is not
a perfect predictor of fracture risk. With advancing development of techniques and with
awareness of bone material quality being an important contributor to the whole-bone
mechanical competence, the characterization/quantification of bone material properties
has become an important tool of clinical application (differential diagnosis and treatment
monitoring). Two examples are shown in the following.

1.4.1 Bone Material in Postmenopausal Osteoporosis and After
Treatment

Postmenopausal osteoporosis is associated with low BMD due to bone loss and reduced
bone matrix mineralization (shift of the BMDD to lower calcium concentrations in
@ Fig. 1.7) as a consequence of increased bone turnover rates [47]. Additionally, altered
cross-link patterns have been reported [48]. Commonly, postmenopausal osteoporosis
is treated with anti-resorptive agents such as bisphosphonates. Interestingly, relatively
small treatment-induced increases in BMD result in disproportionally higher fracture
risk reduction of treated patients. The observed increase in degree of mineralization was
suggested to be contributing to the improvement of bone quality during treatment [47].

Another strategy in osteoporosis therapy is anabolic treatment, for instance, with
teriparatide or parathyroid hormone which are improving BMD by increasing bone
volume while even transiently decreasing average bone matrix mineralization (due to
large amounts of young BSUs). Another therapy to be mentioned in this context was the
previous treatment with sodium fluoride. This treatment was not successful, as it had
no positive effect on fracture risk reduction although it caused large increases in bone
volume. Analysis of bone material formed under therapy revealed highly increased
mineral content and an abnormal nanocomposite including increased size of the min-
eral particles [31].

1.4.2 Bone Material in Osteogenesis Imperfecta

Osteogenesis imperfecta (OI) is a genetic disease associated with collagen fibril alterations
and characterized by increased bone turnover and brittle bone phenotype [49]. The bone
fragility is based on reduced tissue quality (reduced bone volume, abnormal architecture)
and in particular on deviations from normal bone material quality. Decreased mechanical
competence of collagen matrix and hypermineralization (shift of the BMDD to higher
calcium concentrations in @ Fig. 1.7) has been linked to the increased brittleness in this
disease [50]. Bisphosphonate treatment was found beneficial to patients with OI [49, 51].
The positive effect on fracture risk reduction in young patients with OI is based primarily
on the increase in cortical width and cancellous bone volume [51] in these patients, while
the bone material quality remains unaffected by treatment [52].
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Take-Home Messages

== Bone is a hierarchically organized material.

== Each hierarchical level is mechanically optimized and thus important in bone
deformation processes.

== One has to distinguish between whole-bone mechanical properties and
material properties. The latter are independent of bone size and geometry.

== Bone material quality parameters are usually measured in bone samples in a
spatially resolved manner and characterize structure and composition as well
as hardness and elasticity of the bone material.

= |n addition to lower bone volume/mass altered deformation mechanisms due
to altered bone material quality has to be considered in bone fragility.

== Certain bone diseases and treatment thereof alter bone material quality
parameters.
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What You Will Learn in This Chapter
This chapter discusses the development of the bone-forming cells that are all descendants
from the mesenchymal stem cells (MSCs). MSCs have the ability to self-renew and provide a
pool for osteoprogenitors. However, MSCs can also differentiate into cells of the mesoder-
mal cell line, which besides the bone-forming cells include chondroblasts, adipocytes, and
muscle cells. Hormones, local factors, and the extracellular matrix program the MSCs into
the distinct differentiation pathways. Especially, the inverse relationship between osteo-
genesis and adipogenesis plays a pivotal role for bone formation and maintenance of the
bone. During differentiation of the osteoblastic lineage, cells pass distinct states with dis-
tinct roles in the bone-forming process, i.e., matrix synthesis and mineralization as well as
regulation of bone remodeling which appears to be mainly directed by osteocytes.
Moreover, osteocytes have important endocrine functions as they secrete factors into circu-
lation that regulate other organs of the body.

In the second part of this chapter, several experimental systems to study bone cell dif-
ferentiation and mineralization are presented and discussed.

2.1 From Mesenchymal Stem Cells to Osteocytes

Osteoblasts, bone lining cells, osteocytes, chondrocytes, adipocytes, myoblasts, and
fibroblasts differentiate all from common precursor cells present in the non-
hematopoietic compartment of the bone marrow, the mesenchymal stem cells (MSCs).
Cells committed to skeletal cells are also referred to as adventitial reticular cells (ARCs)
or CXCL12-abundant reticular (CAR) cells in the murine bone marrow [1]. MSCs reside
in the trabecular space (stem cell niche) in common with hematopoietic stem cells,
which are the founder cells of the hematopoietic lineage, the source for the bone remov-
ing osteoclasts. Additionally, endothelial cells and their progenitors reside in the stem
cell niche as well.

Differentiation of the MSCs is regulated on the one hand by a tight interaction between
the cells but also by local and hormonal factors activating or repressing gene transcription.
This happens by cell surface-bound receptors, which can interact either with cell surface-
bound ligands or mobile ligands. Moreover, the receptors might be located intracellularly
within the cytoplasm as found with some steroid hormones like the estradiol receptor,
moving into the nuclei after hormone binding or directly bound to DNA in the nucleus as
the thyroid receptor. In addition, the MSCs are wrapped with extracellular matrix (ECM),
which not only stabilizes the three-dimensional structure of the bone marrow but also
signals to the cells. Balanced concentrations of hormonal and local factors as well as
proper ECM in the trabecular space are therefore important for the development not only
for the bone cells but also for hematopoiesis. It is now generally accepted that osteoblasts
influence hematopoiesis and vice versa [2, 3] (B Fig. 2.1).

Osteoblasts regulate not only differentiation and function of osteoclasts (as discussed
below) but also of B-cell differentiation [4] and leukemogenesis [5].

Importantly, MSCs committed to differentiation into skeletal cells are able to differen-
tiate into adipocytes as well. With increasing age there is a bias to adipocyte differentia-
tion, which is manifested in accumulation of adipocytes in the bone marrow [6]. It is
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B Fig. 2.1 Mesenchymal stem cells have the capacity to differentiate into several cell types (tissues).
These processes are regulated by transcription factors (green). This results in expression of genes typical
or specific for these tissues (blue). The surplus of mature osteoblasts, which do not become neither a lin-
ing cell nor an osteocyte, is removed by apoptosis

estimated that the bone marrow from newborn infants lacks any fat deposition, while
about 70% of the adult bone marrow is occupied by fat. This process is probably irrevers-
ible and results in a reduced capacity of bone formation and hematopoiesis [1].

2.2 Inverse Relationship Between Osteogenic and Adipogenic
Programming

After commitment the osteoblast precursor cells differentiate along the osteoblastic lin-
eage that involves the development of osteo-chondroprogenitor cells representing the com-
mon precursor of osteoblast and chondrocytes. These osteo-chondroprogenitors
differentiate either into chondroblasts or osteoblasts. These cells express two master tran-
scription factors, SOX9 and Runt-related transcription factor 2 (RUNX2) that are essen-
tial for chondrogenesis and osteogenesis, respectively, and interact mutually [7-9].
RUNX2 is the master gene of bone formation (although not sufficient for osteoblast matu-
ration) directing MSCs to the osteogenic lineage and inhibiting differentiation into the
adipocyte fate. SOX9 is the transcriptional activator of chondrocyte-specific genes. In the
osteoprogenitor cells, SOX9 and RUNX2 are co-expressed, whereas SOX2 represses the
activity of RUNX2. In proliferating preosteoblastic cells, SOX9 is not any more expressed,
and RUNX2 directs the osteogenic cells toward the mature osteoblastic phenotype pro-
moting matrix synthesis and maturation in concert with many other factors like Osterix
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and ATF4. Conversely, Runx2-deficient mice have a heavily disturbed endochondral bone
formation, lacking functional osteoblasts and having only a cartilaginous skeleton. In
addition the mice fail to form growth plate calcification since Runx2 directs also the late
stages of chondrocyte differentiation triggering chondrocyte hypertrophy. These animals
are not viable and die after birth.

Osteoblasts proliferate and form the bone matrix. They start producing high levels of
bone/liver/kidney alkaline phosphatase (ALPL). Alkaline phosphatase was described in
1923 by Robison who first suggested that the enzyme is essential for bone mineralization.
This was confirmed later on by the discovery of hypophosphatasia, an inborn metabolic
disorder characterized by undermineralized bone due to loss-of-function mutation(s) of
the enzyme. Alkaline phosphatase is a membrane-bound glycoprotein, anchored in the
outer plasma membrane of osteoblasts (and chondrocytes) capable of dephosphorylating
a wide range of molecules. Deficiencies of ALPL lead to local accumulation of inorganic
pyrophosphate (PP,), a potent inhibitor of mineralization. Moreover, alkaline phosphatase
seems necessary for the phosphorylation status of non-collagenous proteins involved also
in the mineralization process (like osteopontin; see below). Nevertheless, the exact way of
action of alkaline phosphatase is still not completely elucidated.

Matrix-forming osteoblasts also express osteoprotegerin (OPG), a decoy receptor for
RANK-ligand that blocks osteoclast formation (for further details, see, e.g., [10]).

In addition, osteoblasts have receptors for many systemic hormones and most impor-
tantly for the traditional mineral-regulating hormones (parathyroid hormone (PTH),
parathyroid hormone-like hormone, calcitonin, 1,25-dihydroxyvitamin D3, thyroid hor-
mones, growth hormones, androgens, estrogens, etc.).

During extracellular matrix secretion, the cells synthesize collagen and their accessory
proteins to form stable collagen fibrils. This includes proteins for post-translational colla-
gen modification (procollagen-lysine, 2-oxoglutarate-5-dioxygenases, PLOD1-PLOD3)
important for folding and cross-linking (lysyl oxidase, LOX). Additionally the cells pro-
duce non-collagenous proteins (NCPs) with different functions, which are integrated into
the bone matrix.

Here are some important NCPs. For more details, refer, for example, to [11]:

Growth factors like TGFf3, bone morphogenetic proteins, and IGF1. These proteins

are often integrated as precursors and/or associated with binding proteins and play

multiple roles in cell signaling.

Osteonectin is the most abundant NCP. It is a phosphorylated glycoprotein (35-45 kD

protein) regulating collagen organization probably mediating mineral deposition.

Proteoglycans are macromolecules containing acidic polysaccharide side chains

(glycosaminoglycans) attached to a central core protein. In the bone (and skin!),

the predominant proteoglycans are decorin, lumican, and biglycan belonging both

to the family of secreted small leucine-rich proteoglycans (SLRPs). These proteins
bind to collagen and regulate the activity of TGF-f as well as of other growth fac-
tors. Perlecan is a very large heparin sulfate proteoglycan with a core protein of
over 4000 amino acids and plays an essential role for the maintenance of osteocyte

functionality [12].

Osteopontin, bone sialoprotein, dentin matrix protein 1 (DMP1), and matrix

extracellular phosphoglycoprotein (MEPE) belong all to the small integrin-

binding ligand N-linked glycoprotein (SILBING) superfamily. They are mostly
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highly phosphorylated and play an important role in initiation and regulation of
mineralization. Note that DMP1 and MEPE are important regulators of osteocyte
function [13].

Osteocalcin (or bone Gla protein) is a gamma-carboxyglutamic acid-containing 5 kD
protein. Osteocalcin is exclusively expressed by mature osteoblasts, binds strongly

to hydroxyapatite the mineral of the bone matrix, and is thought to have multiple
functions in regulating bone turnover. More recently, it has emerged that osteocalcin
is not only stored in the bone matrix but also released into the circulation, acting as
a glucose metabolism regulating hormone on pancreatic B-cells to enhance insulin
production and secretion and on muscle cells to increase insulin sensitivity and glu-
cose uptake and decreasing visceral fat [14].

It is important to note that metabolically active, matrix-secreting osteoblasts do not func-
tion individually but are found in clusters on the bone surface where they deposit new
collagen and non-collagenous proteins within a cavity that has been previously resorbed
by osteoclasts (see » Chap. 1). Not all matrix-forming osteoblasts present on the bone
surface will share the same fate:
During matrix formation, some cells stop making matrix, are left behind the other
active osteoblasts, become embedded within the (still non-mineralized!) organic
matrix, and will differentiate toward the osteocyte phenotype.
At the end of the matrix formation process (e.g., when the resorption cavity on the
bone surface is filled), alkaline phosphatase activity declines, and some cells will
become flatter and metabolically less active. These cells become lining cells, form
tight junctions with each other, and cover the bone surface forming a natural barrier
toward the bone marrow space or stem cell niche. The lining cells, although consid-
ered as postosteoblastic, are quiescent cells that retain the ability to redifferentiate
into matrix-forming osteoblasts upon exposure hormones or mechanical condi-
tions [15]. As lining cells are connected to the osteocyte via the canalicular network
and gap junctions, they could also signal to osteocytes when stress and damage are
sensed (see below). Other functions attributed to the lining cells are regulation of the
influx and efflux of mineral ions [16] and the ability of cleaning and deposition of a
thin layer of a collagenous matrix along the Howship’s lacuna to enable new matrix
formation [17].
However, most of the former active osteoblasts will undergo apoptosis and express
genes regulating apoptosis. Apoptosis (programmed cell death, very different from
necrosis) is a regulated process to maintain bone homeostasis. It is important to
realize that the balance of osteoblast proliferation, differentiation, and apoptosis
determines the size of a cell population [18]. Conversely, the lifespan of the osteo-
blasts determines the amount of bone that is formed and can be controlled physi-
ologically by hormones and local factors. For example, intermittent treatment with
PTH prevents apoptosis of osteoblasts and osteocytes leading to an increase in
bone mass. Similarly, androgens decrease the rate of apoptosis in osteoblasts and
osteocytes as other bone anabolic agents like insulin-like growth factors (IGFs) do.
Pharmacologic levels of glucocorticoids, however, induce apoptosis of osteoblasts
and osteocytes, and this is thought to be the mechanism by which these steroids
cause bone loss [19] (B Fig. 2.2).
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B Fig2.2 Apoptosis is an actively and genetically controlled process, which is ATP dependent. Charac-
teristically, apoptosis leads to enzymatically controlled DNA fragmentation. a This fragmentation can be
detected by fluorescent TUNEL assay, which uses enzymatic addition of FITC-labeled Bromodeoxyuridine
(green) to the free 3'-hydroxyl termini of DNA fragments. The cell nuclei are stained with propidium
iodide (red). b Morphologically, apoptotic cells undergo shrinkage and separation from their neighbors;
plasma membrane blebbings and a characteristic form of chromatin condensation occur; there is nuclear
membrane breakdown and cytolysis into condensed apoptotic bodies which are phagocytized by sur-
rounding cells and macrophages (From Varga et al. [39], with permission from BioScientifica Ltd)

2.3 From Osteoblasts to Osteocytes

The question whether the mature osteoblast-directed mineralization in vitro is physiolog-
ical or not might be overcome by the assumption that the mineralizing cell in vivo is rather
the osteocyte than the osteoblast.

Mikuni-Takagaki et al. [20] characterized already in 1995 the different cell population
in newborn rat calvaria after sequential digestion with collagenase and made the following
observations:

1. The mature osteoblastic cells on the bone surface do not mineralize but rather
separate themselves from the mineralization front by a 10-20 pm layer of unmineral-
ized matrix (8-10 pm in adult remodeled bone).

2. The mineralizing cells are not (or very weakly) positive for alkaline phosphatase.

3. The initiation of mineralization coincides with the phenotypic transformation of
cuboidal osteoblastic cells to stellate osteocytes (formation of dendritic processes)
within the collagenous matrix, a differentiation state qualified as osteoid-osteocyte.

It has to be stated that about one decade ago, very little was known about osteocyte func-
tion. One reason is that unlike osteoblasts, the in vitro study of osteocytes is complicated
by the fact that isolated osteocyte from bone tissue does not proliferate [20, 21]. The estab-
lishment of osteocyte-like cell lines has greatly improved the knowledge about osteocyte
differentiation and function [22].

24 The Osteocyte

Osteocytes have been defined during decades by their morphology (cells with cytoplasmic pro-
cesses) and location (cells embedded within the mineralized bone matrix). They were thought
to be passive cells that become «buried alive» in the matrix formed by mature osteoblasts.
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B Fig.2.3 Osteocyte network in osteonal equine bone (With courtesy of the Max Planck Institute of Colloids
and Interfaces, Department of Biomaterials, Golm, Germany For further details see Kerschnitzki et al. [46])

One of the first suggested functions postulated was that osteocyte senses mechanical
deformation. Julius Wolft in 1867 suggested that bone adapts its external shape and inter-
nal structure in response to the mechanical forces that are required to support it. The
remodeling of the bone in response to loading is achieved via mechano-transduction, a
process through which forces or other mechanical signals are converted into biochemical
signals (B Fig. 2.3).

2.5 Some Essential Facts About Osteocytes

== They are differentiated cells of the osteoblastic lineage that become embedded within
the mineralizing matrix.
== They share many markers with osteoblasts but do not make matrix.
== They are the most abundant (90-95%) and the longest-lived cells in the bone. Their
number in the human adult skeleton is estimated to 42 billion [23].
== They are connected through dendritic processes called canaliculi (about 89 + 25 per
cell, in total human skeleton about 3.7 trillion! [23]) via gap junctions (= transmem-
brane channels that connect cytoplasm of two adjacent cells allowing the passage of
molecules <1 kDa) [24]:
To each other
To cells on the bone surface (osteoblasts, lining cells)
To the bone marrow (osteoblast and osteoclast recruitment!)
To blood vessels (!)
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Cell body and dendritic processes form a functional network, the lacunocanalicular

system, which is surrounded by an unmineralized space filled with interstitial fluid pro-

viding oxygen and nutrients to maintain cell viability in the mineralized environment.
Dendritic osteocytes convert from polygonal matrix-producing mature osteoblasts by
progressing through different transitional stages and sequential expression of marker
genes reflecting changes in morphology and functionality.

Osteocyte
differentiation
stage

Young osteoid-
osteocyte:

Cell embedded in
non-mineralized
matrix, beginning to
generate dendritic
processes

Late mineralizing
osteoid-osteocyte:
Cell embedded
within the osteoid
with small, calcified
spheres forming
along the cell
membrane toward
the mineralization
front

Mature osteocyte:
Cell is completely
embedded within
the mineralized
matrix

Numerous dendritic
processes connect
the osteocytes to
each other

Some important marker genes

Podoplanin (PDPN): transmem-
brane protein, the

earliest known marker of
osteocyte differentiation

Membrane-anchored protein-
ase that cleaves collagen
(MMP14)

Dentin matrix protein1 (DMPT):
secreted serin-rich acidic
protein with many phosphoryla-
tion sites

Phosphate-regulating gene
with homologies to endopepti-
dase on the X chromosome
(PHEX)

Matrix extracellular phospho-
glycoprotein (MEPE)

Osteopontin (SPPT)

Sclerostin, secreted factor.
Highly and specifically
expressed in the late osteocyte
(SOST)

Function

Regulates formation of dendritic
processes

Important for dendritic formation
and morphology

Regulates osteocyte maturation,
phosphate metabolism, and
mineralization

Inactivation mutations cause
autosomal recessive hypophosphate-
mia and osteomalacia

Regulates osteocyte maturation,
phosphate homeostasis, and mineral-
ization

Inactivation mutations cause
hypophosphatemic rickets

(X-linked hypophosphatemia (XLH))

Regulates phosphate metabolism and
mineralization. Inhibits PHEX

Negative regulator of bone
mineralization

Negative regulator of bone formation
through inhibition of the
WNT/B-catenin signaling pathway
(regulation of transcription factors) in
a negative feedback loop [25].
Treatment of mice with a sclerostin
antibody leads to increased
osteoblast number by converting
quiescent lining cells into active
osteoblasts [26]

Inactivation mutations cause
sclerostosis and van Buchem
disease with increased bone
formation
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Osteocyte Some important marker genes Function

differentiation

stage
Fibroblast growth factor 23 Reduces serum phosphate (Pi) levels
(FGF23) by inhibiting renal phosphate
Secreted factor! Most important  reabsorption and downregulation of
organ is the kidney 1,25-dihydroxyvitamin D3 synthesis
Highly expressed in DMPT and The osteocyte network becomes an
PHEX-associated hypophospha- endocrine gland [14]
temic rickets, chronic kidney Inactivation mutation causes
disease, and tumor-induced autosomal dominant hypophospha-
osteomalacia temic rickets
Receptor activator of nuclear Control of osteoclastogenesis — major
factor - xB ligand (RANKL, contribution to bone remodeling in
TNFSF11) adults [27]
Tartrate-resistant acid phospha- ~ Removal of perilacunar
tase (TRAP, ACP5) Cathepsin K matrix = osteocyte osteolysis.
(CTSK) Important in situation of high

calcium demand like lactation [27]

hypoxia upregulated 1 (ORP150,  Preserves viability of osteocytes in
HYOUT) hypoxic environment

2.6 Conclusion

Emerging data from osteocyte function have established a new paradigm: osteocytes
embedded within the mineralized bone matrix are extremely active and multifunctional
cells - they control bone mineralization mainly through expression of factors that regulate
phosphate homeostasis (reviewed by [22]); they secrete factors that target the kidney and
muscles; they do remodel their extracellular matrix and modify their microenvironment.
Osteocytes regulate bone remodeling through regulation of both osteoclasts and osteo-
blasts as well as their apoptosis, which is an essential tool to control skeletal damage repair
[28]. Most importantly, the lacunocanalicular system appears as a highly organized net-
work of connected osteocytes that sense mechanical strain, respond to chemical signals,
and orchestrate bone homeostasis. The discovery of these multiple signaling pathways
raises also the possibility to develop new therapeutic agents for skeletal diseases [29].

2.7 Experimental Systems to Study Osteoblastic Differentiation
and Behavior

In their pioneering work, Friedenstein and coworkers showed for the first time that a bone
marrow cell suspension contains a subset of long, plastic-adherent cells with a robust pro-
liferative activity that will give rise to single cell-derived colonies (or colony-forming
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units, CFUs) with the capacity to differentiate into the bone, chondrocytes, adipocytes,
and fibroblastic cells [6, 30, 31]. Experimentally, these cells can be used to study osteoblas-
tic differentiation and regulation. Cell behavior depends on their (micro)environment:
the substrate, the degree of contact with other cells, the constitution of the medium, the
oxygen tension, and more. Under optimal culture, cells proliferate and differentiate
in vitro to form an extracellular matrix that might become later on mineralized (reviewed
by, i.e., [32]).

Actually, primary bone cells or cell lines from chick, rat, and mouse are widely used to
study the molecular properties of the osteoblast phenotype during proliferation, differen-
tiation, and maturation. Osteoblasts and early osteocytes can be isolated from aseptically
dissected calvaria or long bones. For this purpose the bones are serially digested with
collagenase. After each sequential digestion, the cell suspension is precipitated by cen-
trifugation and, after washing the cells, suspended in culture medium and seeded into cell
culture dishes; the last fraction shows the phenotype of early osteocytes.

Another experimental system is a culture of cells growing out from trabecular bone.
For this purpose, small pieces of trabecular bone, i.e., remnants from surgery, are placed
in culture dishes containing an appropriate medium for about 3-4 weeks. Thereafter, a
lawn of cells is found that can be split several times, and these cells can be frozen in liquid
nitrogen for long-term storage.

Osteosarcoma cell lines with diverse differentiation stages can be used as well for
studying osteoblastic cell behavior. It must be emphasized that these osteoblast-like cell
lines are established from tumor and consequently the system might have some limita-
tions. In particular, the genotype of these transformed and immortalized cell lines is often
partially polyploid, and some genes are possibly overrepresented, whereas some others
may be deleted or mutated. Nevertheless, these cells are very suitable for studying specific
issues. The most frequently used cell lines are U-2 OS, MG-63, and SaOS-2. They differen-
tially respond to vitamin D. While MG-63 expresses and responds to vitamin D with
increase expression and secretion of osteocalcin, the marker protein of the mature osteo-
blast and the two other cell lines do not. Mineralization, however, was demonstrated for
MG-63 and SaOS-2 [33].

For mice, several cell lines exist showing different phenotypes and differentiation
states and competence. The cell line with the curious denomination C3H10T1/C3H10T2
is an undifferentiated mesenchymal cell line with the potential to differentiate into myo-
blasts [34], adipocytes [35], chondrocytes, and osteoblasts [36]. This cell line is best suited
to study differentiation between osteoblasts and adipocytes [35]. A more differentiated
cell line on the way to osteoblasts is the stromal cell line ST2. This cell line, as suggested for
stromal cells, supports the differentiation of osteoclast-like cells [37].

An interesting and widely used cell line is MC3T3-E1 and will be discussed here a little
more in detail: the cell line was established by immortalization of newborn mouse osteo-
blasts and behaves similar as primary cells isolated from newborn mouse calvaria by
sequential digestion with collagenase [38]. The MC3T3-E1 cells have the capacity to
differentiate into mature osteoblasts as indicated by increasing expression levels of alka-
line phosphatase and osteocalcin [39]. During prolonged culture time (up to 6 weeks), the
cells form many cell layers with a tissue-like appearance [40, 41]. Moreover, the cells form
discrete three-dimensional nodular structures consisting of collagenous matrix and cov-
ered with cuboidal alkaline phosphatase positive cells [32, 38]. It is generally assumed that
the nodules become mineralized by mature osteoblasts [32].
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However, MC3T3-E1 like most osteoblastic cell cultures usually do not mineralize
spontaneously their extracellular matrix but generally require phosphate supplementa-
tion, to induce mineral deposition. For this purpose, 5-10 mM -glycerophosphate (3GP)
is added (generally designated as mineralizing medium) [42].

Although the process of mineralization is still controversial and yet not clarified, there
are some aspects that are general consents. The mineral in the bone is hydroxyapatite, a
calcium phosphate compound. The solubility product of Ca** ions with phosphate ions
(P,) of the intercellular liquid favors calcium phosphate precipitation. However, mineral-
ization is an ordered and highly regulated process where delivery of Ca** and phosphate
ions occurs only at the mineralization front. Therefore uncontrolled initiation of mineral-
ization must rather be inhibited than promoted. Matrix proteins like osteopontin,
SIBLING proteins, as well as enzymes regulating the local ratio between pyrophosphate
(PPi inhibits mineralization) and phosphate ions (Pi promotes mineralization) are impor-
tant players that in concert modulate the physiological mineralization process [43]
(@ Fig. 2.4).

Addition of PGP to MC3T3-E1 cultures provides an increase in Pi concentration, pos-
sibly by the action of enzymes synthesized by the cells, like alkaline phosphatase, promot-
ing formation of calcium phosphate. Whether the formed mineral is hydroxyapatite or
non-apatitic and ectopic (non-collagen associated) is still a matter of controversies [42]
(8 Fig. 2.5).

X100
Internodular Nodular
region region

25 um
125 pm

O Fig. 2.4 Long-term culture for 6 weeks of MC3T3-E1 cells in the presence of ascorbate to enable collagen
synthesis, which is important for osteoblastic differentiation. Alkaline phosphatase-positive cells are stained
in blue. In the internodular region a, the predominant phenotype of the cells is a spindle-shaped fibroblastic
like phenotype, while in nodular region colonies densely packed cuboidal alkaline phosphatase positive cells
were observed b, c the hallmark of the mature osteoblast. Cross sections of the internodular region

c and the nodular region d (right From Fratzl-Zelman et al. [41] with permission from Elsevier)
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B Fig. 2.5 Six-week-old cultures of MC3T3-E1 treated with BGP for the last 2 weeks. The culture
was stained with the azo-dye to localize ALPL-positive cells (gray) and with von-Kossa staining for
simultaneous visualization of mineral deposition (black). T Nodule with high mineral content. 2 Nod-
ule with low mineral content. 3 Internodular region with mineral deposition. Left overview, scale bar
=1 mm right: cross section, scale bar = 0.2 mm (From Fratzl-Zelman et al. [42] with permission from
Elsevier)

Osteocytic cells are highly differentiated cells embedded within the bone matrix and
therefore more difficult to isolate and to maintain in culture. In principle, they can be
isolated from aseptically dissected long bones of 3- or 4-day-old mice as well. Therefore,
bones are serially digested with collagenase, and the isolated cells are recovered by cen-
trifugation and seeded on dishes (see above); the last fraction shows the phenotype of
early osteocytes. In fact these osteocytes were found to adhere rapidly to glass or plastic
substrates, forming numerous cytoplasmic processes and making contact with other
osteocytes [20, 21]. However, these postmitotic cells become rapidly overgrown by the
mitotic fibroblast-like cells that were co-extracted from the bone, making further func-
tional analyses very difficult. But there are now recent reports on successful isolation and
culture of human osteocytes [44, 45].

Studying osteocytes in culture became much easier with the establishment of
osteocyte-like cell lines. Actually, three characteristic osteocyte-like cell lines derived from
mouse long bones are available: the post-osteoblast, preosteocyte-like cells MLO-A5 that
spontaneously mineralize in culture, the MLO-Y4 cells that mimic a rather mature osteo-
cyte phenotype, and more recently the IDG-SW3 cell line that expresses characteristic
markers from late osteoblast to mature osteocyte phenotype in vitro. The study of these
cell lines provided within the last few years a wealth of data showing that osteocytes are
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; M hymal- Osteochondro-
Adipocyte MEERCIYNA pfo;gﬁ,t‘(’,? Gl Preosteoblasts  Mature osteoblasts Osteocytes
3T3-L1 C3H10T1/2 MC3T3-E1 MC3T3-E1 MLO-A5 MLO-Y4
C2H12 short time culture  long time culture IDG-SW3

O Fig. 2.6 Nearly every phenotype of the osteoblastic differentiation cascade can be approached by
an established cell line

extremely active cells with a complex developmental biology and multiple functions in
bone metabolism [22].

Taken together, the accurate knowledge about osteoblast phenotype and differentia-
tion shows that the choice of an appropriate cell line is crucial for a correct experimental
setup (B Fig. 2.6).

—Take-Home Message

= Osteoblasts derive from mesenchymal stem cells of the bone marrow,
differentiate in a highly regulated fashion, and secrete an extracellular matrix
consisting mainly of type | collagen and a small amount of non-collagenous
proteins. Active, matrix-secreting osteoblasts undergo one of the three fates:
the great majority dies by apoptosis, which is an important regulatory process
to maintain bone homeostasis, and some remain quiescent on bone surfaces
as flat lining cells, while about 5-20% differentiate into osteocytes.

== Osteocytes are the most abundant cells of the bone tissue. As they become
embedded within the bone matrix, they undergo a characteristic transforma-
tion from a cuboidal to a stellate cell through the formation of multiple
dendritic processes called canaliculi and start to mineralize the surrounding
matrix. Canaliculi and osteocytic cell body (also called osteocyte lacunae) form
a highly functional network, which allows communication among osteocytes,
with osteoblasts and lining cells.

= QOsteocytes secrete factors that target also osteoclasts and hormones that
affect other organs by endocrine mechanisms. The many functions of osteo-
cytes include mechanosensing, regulation of phosphate metabolism, bone
formation, and bone resorption.

== Cell cultures of osteoblasts and osteocytes allow to determine biological
functions; however, one has to be aware that all in vitro models have strengths
and limitations.
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What You Will Learn in This Chapter

Osteoclasts are monocyte/macrophage arising cells with the classical function of bone
resorption, thus fulfilling the bone remodelling process in concert with osteoblasts. The
correct balance between osteogenic functions and osteoclast activity is mandatory to pre-
vent skeletal diseases. While an exacerbated bone resorption is associated with bone loss,
eventually leading to osteoporosis, the lack of osteoclast activity is responsible for osteope-
trosis, a rare genetic disorder characterised by increased bone density and a wide heteroge-
neity in terms of severity, ranging from asymptomatic to fatal in infancy. Besides this
well-established role in bone resorption, new functions have been recently attributed to
the osteoclast. Indeed there is a reciprocal crosstalk between osteoclasts and osteoblasts
which influence each other, in case of osteoclasts by releasing factors from the resorbing
matrix and by secreting the so-called clastokines. Another recently discovered function of
osteoclasts is haematopoiesis regulation. This draws to the obvious consequence that any
osteoclast dysfunction would not cause exclusively a bone phenotype. As for other cell
types, the knowledge of osteoclast biology has benefited from the study of skeletal dis-
eases in which their formation and function are compromised. Furthermore, well-estab-
lished methods are available to perform osteoclast primary cultures, and the identification
of macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor
kB ligand (RANKL) as pro-osteoclastogenic factors fostered their employment. Therefore,
nowadays the preferential way to obtain purified differentiated osteoclasts is to isolate
osteoclast precursors from the bone marrow or peripheral blood mononuclear cells and
treat with the above-mentioned pro-osteoclastogenic cytokines.

3.1 Osteoclast Biology

Osteoclasts are classically described as the cells of the bone tissue devoted to destroy the
mineralised matrix, thus accomplishing an apparently damaging function that actually is
crucial for the correct homeostasis of this hard tissue [1]. In fact, bone resorption is a
necessary step that, when perfectly balanced by the osteogenic function of osteoblasts,
fulfils the bone remodelling process, which ensures the maintenance of a correct bone
mass throughout the life of each individual, in terms of both quality and quantity. When
this delicate osteoblast-osteoclast coupling is unbalanced, it causes bone diseases.

As for many other cell types of the body, the biology of osteoclasts has benefited from
the study of skeletal diseases in which their formation and function are compromised. The
classical example is osteopetrosis (also known as marble bone disease), a rare genetic dis-
order characterised by increased bone density accompanied by a wide range of complica-
tions, such as bone marrow failure, compressive neuropathies, hypocalcaemia and
fractures, most of them resulting from the lack of bone resorption [2].

3.1.1 Osteoclastogenesis

One of the first experiments suggesting the actual origin of osteoclasts dates back to the
late 1970s, when it was shown that bone resorption could be restored in osteopetrotic mice
by bone marrow transplantation or by parabiosis, thus suggesting a haematopoietic origin
and a circulating ability of osteoclast precursors [3]. These results came after other studies
that, in contrast, had hypothesised a common origin for osteoblasts and osteoclasts [4].
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B Fig. 3.1 Osteoclast differentiation. Schematic representation of the multistep process of osteoclast
differentiation. For each step, the genes crucial for the process are reported (boxes). HSC haematopoietic
stem cells, GM-CFU granulocyte/monocyte colony-forming unit, OCL osteoclast, M-CSF macrophage col-
ony-stimulating factor, OPG osteoprotegerin, RANK receptor activator of nuclear factor kB, RANKL RANK
ligand

Therefore, as stated by Chambers in his recent review [5], «the osteoclasts are not really
bone cells, but blood-borne immigrants into bone».

By now, it is known that osteoclasts arise from the monocyte/macrophage cell line
through a step-by-step process requiring the sequential activation of specific pathways
(B Fig. 3.1). First, there is the switch-on of the transcription factor PU.1 [6], which drives
the positive regulation of the receptor of the macrophage colony-stimulating factor
(M-CSEF), c-fms, expressed by the haematopoietic stem cells (HSCs). This event eventually
leads to cell commitment towards a common progenitor for macrophage and osteoclasts,
belonging to the granulocyte macrophage colony-forming unit (CFU-GM) lineage [7, 8].
M-CSF is necessary for proliferation and survival of these macrophage/osteoclast pro-
genitors. Moreover, it promotes the expression of the receptor activator of nuclear factor
kB (RANK) [9]. This is a very crucial step due to the fundamental role of the RANK/
RANKTL/osteoprotegerin (OPG) triad in osteoclastogenesis [10-13]. Moreover, the
appearance of RANK also marks the transition from the CFU-GM cells to a committed
osteoclast precursor [14]. The pro-osteoclastogenic ligand of RANK (RANKL) is pro-
duced by lymphocytes, stromal cells, osteoblasts and osteocytes, preferentially as a trans-
membrane cytokine, requiring a cell-cell contact, and, in lower quantities, as a soluble
factor released through the proteolytic cleavage of the active ectodomain. In both circum-
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stances, RANKL primes intracellular pathways in the osteoclast precursors that definitely
promote their full differentiation (B Fig. 3.1).

As mentioned above, another player in the regulation of osteoclastogenesis is OPG, a
secreted glycoprotein belonging to the TNF receptor superfamily [10]. It shares the same
extracellular domain of RANK, which allows binding of RANKL, thus preventing its
interaction with RANK (8 Fig. 3.1). It is therefore described as a decoy receptor that neg-
atively affects osteoclastogenesis [10].

Going deeply inside this pathway, RANKL binding to RANK induces the subsequent
interaction of the cytoplasmic tail of RANK with the TNF receptor-associated factor
(TRAF) 6, which in turn activates the transcription factor nuclear factor k-light-chain-
enhancer of activated B cells (NF-kB). This is a dimeric transcription factor pivotal for
osteoclastogenesis, since the double knockout of its subunits prevents osteoclast forma-
tion [15]. NF-kB in turn upregulates the nuclear factor of activated T cells and cytoplas-
mic, calcineurin-dependent (NFATc) 1, which undergoes auto-amplification. The
cooperation among NF-kB, NFATc1, activator protein 1 (AP1), PU.1 and microphthalmia-
associated transcription factor (MITF) finally promotes the transcription of specific
downstream genes necessary for osteoclast differentiation and function [14]. These
include tartrate-resistant acid phosphatase (TRAcP), cathepsin K, matrix metalloprotease
9 (MMP-9), calcitonin receptor (CTR) and dendritic cell-specific transmembrane protein
(DC-STAMP), the latter pivotal for fusion of preosteoclasts into multinucleated cells [16].
Although the discovery of the RANKL/RANK pathway represents a milestone in osteo-
clastogenesis, this also requires the involvement of two immune co-receptors displaying
the classical immunoreceptor tyrosine-based activation motif (ITAM): Fc receptor com-
mon v signalling chain (FcRy) and DNAX-activating protein of 12 kDa (DAP12). These
co-receptors interact with osteoclast-associated receptor (OSCAR) and trigger receptor
expressed on myeloid cells 2 (TREM2), with a resulting activation of the phospholipase Cy
(PLCy) eventually leading to intracellular Ca?* oscillations that mediate calcineurin-
dependent activation of NFATc1 [17].

3.1.2 Osteoclast Functions

Apart from the well-known activity of bone resorption, the picture of osteoclast duties has
changed over the years, thus delineating a new profile including unexpected functions for
this very versatile cell, as we will describe in the next paragraphs.

Osteoclast Bone Resorption

The machinery of bone resorption is now well known and requires mature and polarised
multinucleated cells, firmly adhering to the bone surface in order to isolate the underlying
matrix that will be digested. A mature osteoclast is a polarised cell with plasma membrane
domains associated with specific functions. The specialised domain facing the bone
matrix, characterised by extensive folding of the plasma membrane, is named «ruffled
border». The «sealing membrane», a circular outer domain-containing adhesion struc-
tures, is crucial for the tight sealing of the bone area to be resorbed [1]. These adhesions
are called podosomes [18] and are constituted by dynamic actin microfilaments, actin-
binding proteins and signalling molecules, which move to the periphery of the osteoclast
forming a podosomal belt [19]. A further step of cytoskeletal rearrangement before start-
ing resorption is the gathering of podosomes in hooplike structures named actin rings
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[19]. Finally, the tight sealing is guaranteed by the integrin receptors, mainly «aVf3 and, to
a lesser extent, a2f1 and aVp5, which ensure the tight anchorage of microfilaments with
the extracellular matrix.

The portion of the osteoclast membrane facing the vascular compartment represents
the basolateral domain [20], which again participates to the bone resorption function
since it is rich of molecules involved in ion transport, and in the response to extracellular
stimuli. Just opposite to the ruffled border, the basolateral membrane displays the
functional secretory domain [21] that contributes to the release of the bone degradation
products into the circulation, through intense vesicular trafficking and transcytosis
processes [22].

Bone resorption is a step-by-step process (B Fig. 3.2). After adhesion, osteoclasts
dissolve first the inorganic components of the bone matrix. To this aim, the carbonic
anhydrase IT (CAII) accelerates the hydration of carbonic anhydride (CO,) into carbonic
acid (H,CO,), which spontaneously dissociates in bicarbonate (HCO,") and proton (H")
ions. The latter are actively transported in the extracellular microenvironment under-
neath the cells, called resorption lacuna, by means of a specialised vacuolar-type proton
(H*)-ATPase located in the ruffled border, while the HCO,™ is exchanged with chloride
(CI") through the HCO3~/CI~ anion exchanger 2 (AE2) [23, 24]. The CI~ ions are then
moved in the resorption lacuna by a 2Cl~/1H* antiporter, and the result is the presence
of hydrochloric acid (HCI) in the lacuna. This acidic microenvironment dissolves the
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@ Fig. 3.2 Osteoclast bone resorption. Schematic diagram showing the molecular machinery of bone
resorption
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hydroxyapatite, exposing the organic bone matrix, which can now be digested by proteo-
lytic enzymes, including cathepsin K [25], released by lysosomal exocytosis. Finally, debris
deriving from the digested matrix is removed by the osteoclast through the functional
secretory domain by transcytosis [26].

The mechanism of bone resorption has recently been further enriched by other mol-
ecules (B Fig. 3.2). Pleckstrin homology domain-containing family M (with RUN domain)
member 1 (PLEKHM1) [27] is likely involved in vesicular trafficking, while osteopetrosis-
associated transmembrane protein 1 (OSTM1) [28] represents the P subunit of the
2CI7/1H" antiporter, ensuring its correct placing in the lysosomal and ruffled border
membranes.

Osteoclast Regulation of Osteoblasts

It is well known that a close crosstalk between osteoclasts and osteoblasts is crucial to
maintain a correct balance between resorption and formation in the bone remodelling
process. Although the paracrine regulation of osteoclasts by osteogenic cells is well
described, the reciprocal regulation has become apparent only recently.

Definitely, osteoclasts concur to regulate osteoblast formation and recruitment at the
sites of bone remodelling through the release of factors stored in the bone matrix, such as
transforming growth factor (TGF) f, insulin-like growth factor 1 (IGF1) and bone mor-
phogenetic proteins (BMPs) [29, 30], which recruit and activate osteoblasts in the resorbed
area. In addition, what emerged recently is that osteoclasts directly regulate osteoblast
differentiation by secreting coupling factors, collectively called clastokines [31-33]. This
was previously suggested by the observation that transgenic mice in which osteoclast for-
mation is severely affected present with impaired osteoblast function and decreased bone
mineralisation [34, 35]. Conversely, in the osteoclast-rich osteopetrosis models, bone for-
mation rate is not affected or is even increased [36, 37].

One of the first clastokines identified so far is sphingosine 1-phosphate (S1P), which
was found to induce in vitro osteoblast differentiation [38, 39]. Consistently, in vivo stud-
ies performed with myeloid-specific cathepsin K knockout mice showed that their osteo-
clasts had increased levels of S1P with a consequent increase of osteoblast number [31].

TRACP is another evoked clastokine, which likely promotes osteoblast differentiation.
Indeed, TRAcP-overexpressing mice have an increased bone formation rate [40]. Similar
effects were observed with the collagen triple repeat containing 1 (CTHRC1) [41, 42] and
the complement factor 3a (C3a), the latter recently identified in osteoclast-conditioned
medium [43]. Interestingly, it has been observed that while CTHRCI deletion in osteo-
blasts does not induce a bone phenotype, its conditional knockout in osteoclasts resulted
in reduced bone mass and bone formation rate [44].

The Osteoclast Niche: Regulation of Haematopoietic Stem Cells

Another recently discovered function of osteoclasts is the regulation of haematopoiesis,
which highlights the high versatility of this cell. An indirect role of HSC regulation for the
osteoclast has been ascertained by the means of the MMP-9 and cathepsin K enzymes
released during resorption, which regulate the activation of some cytokines crucial for
HSC homeostasis. In particular, cathepsin K cleaves the CXC chemokine ligand 12
(CXCL12), responsible for the anchorage of the HSC to the niche, causing the mobilisa-
tion of immature haematopoietic progenitor cells [45]. Likewise, MMP-9 allows the
release of soluble Kit-ligand (sKit-L), thus promoting the transfer of HSC from the
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quiescent to proliferative niche. Consistently, in MMP-9 knockout mice, both sKit-L
release and HSC motility are impaired, resulting in the failure of haematopoietic recovery
[46]. Interestingly, it has been observed that increased levels of local calcium, which could
derive from the osteoclast bone-resorbing activity, promote HSC engraftment at the end-
osteal niche [47].

Other clues suggesting that osteoclasts could regulate HSC rely on the evidence that
some treatments affecting osteoclasts also influence HSC homeostasis and vice versa. As
an example, bisphosphonates augmented peripheral HSC numbers after their mobilisa-
tion with granulocyte colony-stimulating factor (G-CSF) [48], while Sim et al. showed
that alendronate increased the long-term engraftment potential and stress resistance of
HSCs [49]. Strontium ranelate, which also inhibits osteoclast function, delayed the recov-
ery of HSC after bone marrow transplantation [50]. Likewise, bone marrow HSCs are
increased after prostaglandin E2 (PGE2) administration [51]. Finally, mobilisation of
HSC after G-CSF treatment is further increased in mice carrying osteopetrosis due to
mutation of genes involved in osteoclast differentiation, including M-CSF, c-Fos and
RANKL, while it is reduced in osteoprotegerin (OPG) knockout mice [52], characterised
by high numbers of osteoclasts.

3.2 Osteoclast Deregulation and Related Pathologies

The picture of osteoclast physiology has undoubtedly benefited from the study of diseases
in which their formation and function are deregulated. In fact, the correct balance between
osteogenic functions and osteoclast activity is mandatory to preserve the bone and pre-
vent skeletal diseases. Herein we will describe three main pathologies due to the failure of
osteoblast-osteoclast coupling.

3.2.1 Osteoporosis

This is a systemic and progressive bone disease characterised by a decrease in bone mass
and density, eventually leading to a higher risk of fracture [53, 54]. It has been estimated
that approximately 30% of postmenopausal women develop osteoporosis in the United
States and in Europe, and at least 40% of these women and 15-30% of men will experience
one or more fractures in their remaining lifetime [55, 56]. Furthermore, increase of life
expectancy worldwide will be responsible for a steadily increase in the incidence of this
disease in the years to come.

The term «primary» osteoporosis refers to a condition related to elderly people and is
further classified as type I (i.e. postmenopausal) and type II (age related) [57]. This condi-
tion is generally due to an exacerbated osteoclast activity that cannot be compensated by
a suitable deposition of new bone by osteoblasts. As a matter of fact, age-related oestrogen
and androgen withdrawal is the main guilty of bone mass defaillance, since these hor-
mones physiologically act on two fronts: promoting osteoblast survival and function to
one side and restraining bone resorption by favouring osteoclast apoptosis to the other
[58, 59]. Oestrogens also reduce osteoblast production of pro-osteoclastogenic cytokines,
such as tumour necrosis factor (TNF)-a, interleukin (IL)-1f, IL-6 and RANKL, and
increase the secretion of OPG [60, 61].
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Secondary osteoporosis includes a broad range of osteoporotic features arising from a
number of chronic diseases with the onset at any ages [62]. Indeed, bone mass loss could
be secondary to the four following disease conditions:

Endocrine diseases, such as hypogonadism and, to a lesser extent, hyperthyroidism.

Glucocorticoid treatment, which is often indicated in the anti-inflammatory thera-

pies, is also responsible for bone loss [63].

Environmental and lifestyle factors, which include sedentary life, alcohol and use of

drugs [64].

Chronic inflammatory diseases, such as the rheumatoid arthritis [65].

Reduced mobility as consequence of cerebrovascular accident, spinal cord injury and

weightlessness, the latter condition experienced by astronauts living for months at 0

gravity [66, 67].

According to the knowledge of the onset of osteoporosis, animal models have been devel-
oped in order to experimentally mimic this disease. With regard to the oestrogen with-
drawal-induced osteoporosis, the best model employed is the ovariectomy of adult (age
4-8 weeks old) female mice and rats [68]. Ovariectomized (OVX) animals show a dra-
matic decrease of trabecular bone mass along with an increase of the osteoclast numbers
and of the serum levels of the bone resorption marker carboxy-terminal collagen cross-
links (CTX) [69].

A successful in vivo model of secondary osteoporosis is the hindlimb suspension [70].
This model mimics the bone loss induced by mechanical unloading. Mice or rats are sub-
jected to hindlimb suspension by means of their tail, which is hanged to a swivel apparatus
(approximately 30° angle), thus allowing animals to move freely into the cage using their
forelimbs and to readily access food and water. After 21 days of suspension, animals pres-
ent a decrease in their bone volume, due to an increase of osteoclast numbers [71].

Finally, another model useful to mimic disuse osteoporosis is the botulin toxin A
(Botox) treatment, which consists in the injection of Botox (2.0 unit/100 g) into the right
quadriceps and the posterior compartment of the right calf (targeting gastrocnemius,
plantaris and soleus) [72]. Therefore, this treatment induces a transient and local paraly-
sis, eventually leading to hindlimb bone loss, which becomes overt after 21 from treat-
ment [71, 72].

3.2.2 Bone Metastases

Bone metastases represent the fatal destiny of several oncologic patients, especially those
affected by breast and prostate carcinomas, in which the incidence of relapse in bone can
reach 70 and 90%, respectively [73]. Once bone metastases come up, the chance of sur-
vival dramatically drops, and the quality of life deteriorates, eventually leading to a severe
morbidity characterised by pain, fractures, nerve compression and, not least, hypercalce-
mia, due to exacerbated bone resorption [74]. From the clinical and radiographic points of
view, bone metastases can be classified into (i) osteosclerotic, in which there is an abnormal
deposition of a woven bone, very poor in quality; (ii) osteolytic, due to prominent bone
resorption; and (iii) mixed, in which both features coexist in the same metastatic site [75].
Osteolytic lesions are most frequently observed in breast cancer patients, and as suggested
by the name, bone erosion is extensive, allowing the tumour cells to create a physical space
into a hard tissue, where they can survive and proliferate [75]. Therefore, this pathological
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condition typically evokes an exacerbated osteoclast activity. As a matter of fact, there is
a general consensus about the fact that tumour cells are not able per se to resorb the bone
matrix, while they can produce factors that directly and/or indirectly stimulate osteoclast
formation and activity, thus incepting the so-called vicious cycle [75]. Several studies tried
to picture this complex and tight crosstalk between osteoclasts and cancer cells, paving
the way for the identification of new therapeutic strategies able to affect both cell types
[76, 77]. Most of these studies relied on the possibility to reproduce the bone metastatic
disease in mouse models, through the intracardiac injection of osteotropic tumour cells.
This technique, developed by Arguello [78] and implemented by Yoneda [79], implies the
injection of tumour cells that have a specific propensity to colonise the bone, into the left
ventricle of 4-week-old female mice, the latter being immunocompromised if the tumour
cells are of human origin. This allows cells to spread in the systemic circulation and colo-
nise the bone. Generally, after 3-4 weeks from cell inoculation, it is possible to appreciate
the presence of osteolytic lesions in the hindlimbs of mice by X-ray analysis [80]. Further
processing of the hindlimbs for histochemical and histomorphometric analysis allows to
determine other features of the bone metastases, which include the increase of osteoclast
number and surface over the bone surface by histomorphometric analysis, and the wors-
ening of the tumour burden, by histological staining with haematoxylin and eosin or by
immunohistochemistry of specific tumour markers [80].

Among the factors involved in the fuelling of the vicious circle, the parathyroid
hormone-related protein (PTHrP) was one of the first spotted protagonists, proven to
exert a key role in the development of bone metastases [81]. Moreover, its production by
tumour cells is further stimulated by TGFp [82]. In turn, PTHrP induces osteoblasts and
stromal cells to produce RANKL, thus promoting osteoclastogenesis [83].

Other pro-osteolytic factors produced by tumour cells in the bone microenvironment
are IL-6, IL-8 and IL-11 [84, 85], cyclooxygenase-2 (COX-2) [86], hypoxia inducible fac-
tor (HIF)-la [87] and TNF-a, all promoting osteoclast formation and resorption.
Moreover, a recent study from Sethi et al. [88] demonstrated that tumour-derived Jagged
promotes osteolytic bone metastases by the activation of the NOTCH pathway in osteo-
clasts [88].

What further consolidates the vicious circle is that osteoclasts, while destroying the
bone matrix, release and activate several growth factors therein stored, such as TGFp,
BMPs, IGE-1, VEGF and PDGE which support tumour cell survival and growth. Therefore,
it is conceivable that, in order to fight the vicious circle, it is necessary to act on two fronts:
(i) inhibit osteoclast activity by antiresorptive therapy and (ii) block local tumour growth,
thus counteracting this dangerous synergy.

3.2.3 Osteopetrosis

This pathology features the other side of the coin, that is, when osteoclasts do not work at
all. In fact, osteopetrosis (i.e. marble bone disease) is an onomatopoeic term to describe a
rare genetic disorder characterised by increased bone density at radiography, now known
to be due to the impairment of osteoclast function [89]. The first description of the clinical
features of osteopetrosis came from Albers-Schonberg in 1904, who also gave the name to
this pathology [90].

Osteopetrosis is a very heterogeneous disease in terms of severity, ranging from asymp-
tomatic to fatal in infancy. Four forms of osteopetrosis are currently classified: autosomal
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dominant, autosomal recessive, intermediate autosomal recessive and X-linked osteope-
trosis [2]. The hallmarks for all these variants are the increase of bone mass, eventually
leading to frequent fractures due to a poor quality of the bone, and reduced skull cavities,
nerve foramina and bone marrow space. Extra skeletal symptoms are also present, such
as anaemia, pancytopenia and hepatosplenomegaly, all due to bone marrow failure [89].
The autosomal recessive osteopetrosis is generally the most severe form, with an incidence
of up to 1 in 250,000 births. It is also known as malignant infantile osteopetrosis, due to
the lethal outcome and the early onset in the first year of life. It is characterised by dense
and fragile bones, deformities, short stature, deafness and blindness, bone marrow failure
and impaired immune function, with sepsis and secondary infections and, in some cases,
mental retardation due to primary neurodegeneration [91].

Osteopetrosis is a typical osteoclast failure disease, and depending on whether it is due
to a defect in osteoclast formation or in osteoclast function, it is classified as osteoclast-
rich or osteoclast-poor subtypes. The former is the most common form. In this case,
osteoclasts are generated normally, but they do not degrade bone due to loss-of-function
mutations in genes encoding for key factors responsible for bone resorption, such as the
TCIRGI, which encodes the a3 subunit of the H*-ATPase pump, accounting for the 50%
of autosomal recessive cases [92, 93]. Mutations in the CLCN7 and the CA II genes, coding
for the 2CI7/1H" antiporter and the carbonic anhydrase type II, respectively, are also
implicated in this disease [94, 95]. Osteopetrosis due to CAII mutations is characterised
also by renal tubular acidosis and has an intermediate severity [95]. Loss-of-function
mutations of the CLCN7 gene cause a severe autosomal recessive form characterised by
lysosomal storage diseases often leading to primary neuropathy [94], while heterozygous
missense mutations cause autosomal dominant osteopetrosis, characterised by a milder
course.

Other genes recently found to be involved in osteopetrosis are OSTM1, which has the
likely role to act as a f-subunit to stabilise the CIC-7 protein [96], and sorting nexin 10
(SNX10), whose product has been suggested to interact with the proton pump [97].
PLEKHM1 is another protein whose deficiency induces an intermediate form of osteope-
trosis, due to a defective vesicular trafficking in osteoclasts, eventually leading to impair-
ment of their activity [27].

With regard to the osteoclast-poor type, Sobacchi et al. [98] found in 2007 that muta-
tions in the TNFSF11 gene, coding for RANKL, caused autosomal recessive osteopetrosis
characterised by a complete absence of osteoclasts. Unfortunately, patients carrying this
mutation cannot be treated with HSC transplantation, the only therapeutic option for the
management of infantile osteopetrosis, because the molecular defect is not intrinsic in the
osteoclast but affects RANKL-producing cells, including osteoblasts and stromal cells.
Consistently, another study identified mutations in the TNFRSFIIA gene coding for
RANK, giving rise to an autosomal recessive form with a phenotype similar to that caused
by RANKL mutations [99] but treatable with HSC transplantation given that this defect is
osteoclast autonomous.

3.3 Osteoclast Pharmacology

When osteoclast bone resorption exceeds osteoblast bone formation, a net loss of bone
mass occurs. Therefore, these cells are targeted by various drugs in order to rescue a bal-
anced bone turnover. The most prevalent treatments are herein described.
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3.3.1 Bisphosphonates

Bisphosphonates include a group of compounds that strongly inhibit osteoclast function,
and over the past two decades, they have been largely employed to treat osteoporosis and
bone metastases [100]. What made bisphosphonates a good therapeutic strategy is their
selective affinity for the bone, due to their P-C-P backbone structure and ability to chelate
calcium ions, thus binding to exposed bone mineral and being internalised by bone-
resorbing osteoclasts that then undergo apoptosis [101]. Indeed, the simplest bisphospho-
nates, clodronate and etidronate, employed since 1989, induce massive osteoclast apoptosis
because they are incorporated into non-hydrolysable analogues of adenosine triphosphate.
The more powerful next-generation nitrogen-containing bisphosphonates (pamidronate,
alendronate, ibandronate, risedronate, zoledronate) instead inhibit a key enzyme of the
mevalonate pathway, the farnesyl pyrophosphate (FPP) synthase, thus resulting in the
accumulation of the isopentenyl diphosphate, which is incorporated into the toxic nucleo-
tide metabolite Apppl, eventually leading to osteoclast apoptosis as well [101]. Moreover,
bisphosphonates prevent the prenylation of small GTPases, hereby disrupting the produc-
tion of isoprenoid lipids in the mevalonate pathway and affecting osteoclast function [102].

With regard to the therapeutic application in the treatment of postmenopausal osteo-
porosis, while the first generation of bisphosphonates showed a moderate effect on bone
resorption, the second- and third-generation compounds were much more potent, as
shown by several clinical trials performed during the last 15 years, with a reduction of
fracture rates up to 50% [103]. However, recently, an association between long-term
bisphosphonate use and atypical femoral fracture risk has emerged [55, 104]. Moreover,
due to the high affinity of bisphosphonates for the bone mineral, they accumulate in the
bone matrix in long-term treatments, «freezing» the bone and causing it to become much
more static [105].

The use of bisphosphonates in the management of bone metastases has beneficial
effects not only for osteolytic lesions but also for osteosclerotic metastases, efficiently
counteracting skeletal morbidity and improving the quality of life [106]. However, benefits
in the increase overall survival of patients need to be more deeply ascertained, and likely
as a consequence of the massive dose administered in these patients, some of them
develop, as an adverse effect, the osteonecrosis of the jaw [107].

3.3.2 Denosumab

Given the pivotal role of the RANKL/RANK/OPG axis in the biology of the osteoclast,
many therapeutic strategies were diverted to block this pathway. A recent drug developed
for this purpose is denosumab, a human monoclonal IgG2 antibody specifically raised
against the soluble and cell surface RANKL, thus inhibiting its binding to RANK with a
resulting block of osteoclastogenesis [108]. Overall, the effectiveness of this drug in post-
menopausal osteopenic women seems to be not inferior, or even greater, than that of the
reference drug alendronate, with a better patient compliance, since administration is per-
formed subcutaneously once every 6 months [109-111]. Denosumab treatment also
improves bone mechanical properties [112], and its effect on bone remodelling seems to be
reversible [113] after stopping the treatment, thus avoiding a permanent loss of dynamicity
of the bone. Finally, it has been reported that denosumab has the same adverse effect of
alendronate [114], while other studies found hypocalcaemia in few treated patients [109].
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3.3.3 New Antiresorptive Agents

Due to the possible side effects observed in the currently available antiresorptive thera-
pies, the need to identify new targets for alternative treatments is still present [115]. In this
respect, the most recently identified strategies are described below.

Cathepsin K Inhibitors

Cathepsin K belongs to a large family of at least 11 cysteine proteases in humans. As already
mentioned, it is highly expressed and released by osteoclasts inside the resorption lacuna
where it breaks down type I collagen. Indeed, the pivotal role of this enzyme in osteoclasts
has been clearly demonstrated by the fact that mutations of its gene lead to pycnodysostosis
(i.e. Toulouse-Lautrec syndrome), a rare genetic disease characterised by an impairment of
bone organic matrix resorption, while osteoclasts form and demineralise the bone matrix
normally [116, 117]. From a therapeutic point of view, the fact that cathepsin K inhibitors
block osteoclast activity and do not prevent osteoclast formation is a remarkable advan-
tage, given that it allows the osteoclast to perform other physiologic functions, one for all
the regulations of osteoblasts. Odanacatib (MK-0822) is a cathepsin K inhibitor that has
been employed in phase I and II clinical trials in postmenopausal women, proving to be
effective in preventing bone resorption [118]. This compound has also been found to
reduce serum bone resorption biomarkers in breast cancer patients with bone metastases
[119]. Another cathepsin K inhibitor under phase I and II clinical trial is ONO-5334, which
shows an antiresorptive activity similar to that of bisphosphonates [120].

oVfB3 Integrin Inhibitors

aVP3 integrin is also a potential antiresorptive and antitumoural target, since this recep-
tor participates in osteoclast adhesion, triggering a complex intracellular signalling involv-
ing tyrosine kinases c-Src and Syk [121], a crucial step for the assessment of bone
resorption. aVP3 integrin inhibitors (i.e. S247, ATN-161, PSK1404) have been mainly
employed in preclinical trials to treat bone metastases, providing the double advantage to
target osteoclasts and tumour cells, since in the latter this integrin can be highly expressed
and provide a pro-invasive phenotype [122]. L-000845704 is another aVP3 antagonist
already employed in clinical trials, which proved to inhibit bone resorption in women
with postmenopausal osteoporosis [123].

3.4 Methods for Osteoclast Primary Cultures

First attempts to obtain osteoclast primary cultures, dating back more than 30 years ago,
include mechanical disaggregation of the long bones of newborn animals (i.e. rabbits and
rats), which provided short living mature osteoclasts [124, 125]. Successful mature osteo-
clasts were also isolated from the long bones of laying hens kept in low-calcium diet, a
condition that enhances osteoclast formation and activity [126].

The identification of M-CSF and RANKL as powerful pro-osteoclastogenic factors has
greatly contributed to the generation of osteoclast primary cultures from different sources.
In fact, nowadays, the preferential way to obtain primary osteoclasts is by isolating osteo-
clast precursors from the bone marrow or peripheral blood mononuclear cells and dif-
ferentiating them using these two pro-osteoclastogenic cytokines. This method results in
a large number of purified differentiated osteoclasts.
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3.4.1 Osteoclast Isolation from Mouse Bone Marrow Cells

The fulfilment of this strategy has been supported by the ascertainment that osteoblasts
and stromal cells inside the bone marrow produce a plethora of factors that positively
regulate osteoclast differentiation from the monocyte/macrophage lineage. As described
below, two main protocols can be used to obtain osteoclasts from bone marrow cells, one
mimicking an osteoblast-preosteoclast coculture and the other requiring the purification
of osteoclast precursors from the bone marrow.

Osteoclast Primary Culture from Unfractionated Bone Marrow Cells

This method starts from a bone marrow culture, which contains osteoclast precursors and
mesenchymal stromal cells supporting osteoclastogenesis by producing RANKL and
M-CSF under the stimulation of 1a,25-dihydroxy-vitamin D, [1,25(OH),D,] added to the
culture [127, 128]. Seven-day-old mice are euthanized by CO, inhalation, and then the
fore- and hindlimbs are excised and put in HANK’s balanced salt solution (HBSS). A gross
cleaning with a blade is performed to remove the surrounding soft tissues; hence, the long
bones are finely minced into small pieces, and bone marrow is mechanically flushed out
by repeated pipetting with a Pasteur pipette. Collected bone marrow cells are cultured in
Dulbecco’s modified eagle medium (DMEM) plus 10% foetal bovine serum (FBS); then,
the day after, medium is replaced by fresh DMEM supplemented with 10% FBS and 10-%M
1,25(0H),D,. After 8-10 days of culture, multinucleated osteoclasts appear and can be
subjected to characterisation [69].

Osteoclast Primary Culture from Purified Bone Marrow
Macrophages

This method requires the isolation of osteoclast precursors from the bone marrow and
their subsequent differentiation by treatment with M-CSF and RANKL. Briefly, the bone
marrow is flushed out from the limbs of 7-day-old mice as described above; then it is
diluted 1:1 in HBSS and stratified over Ficoll/Histopaque 1077. After centrifugation at
400 g for 30 min without brake, the solution appears stratified in three layers. Osteoclast
precursors are recovered from the white ringlike intermediate layer, resuspended in
DMEM containing 10% FBS and plated. After 3 h, cultures are washed to remove non-
adherent cells, and then DMEM supplemented with 10% FBS, 50 ng/ml mouse recombi-
nant (mr) M-CSF and 50 ng/ml mrRANKL are added. After 5-7 days of culture, it is
possible to observe an enriched multinucleated osteoclast population [69].

3.4.2 Osteoclast Isolation from Human Peripheral Blood

The setup of this primary culture has greatly contributed to the study of the biology of
osteoclasts in normal and pathological conditions, allowing to recover osteoclasts from an
available human source, the peripheral blood, instead of bone marrow biopsies [93, 129].

Human peripheral blood mononuclear cells are obtained by density gradient of fresh
peripheral blood [93]. This sample is first diluted 1:1 with PBS or HBSS and then stratified
over Ficoll/Histopaque 1077 and centrifuged at 800 g for 30 min with the brake off. This
procedure will again result in three layers, of which the middle white contains the osteo-
clast precursors. Isolated bufty coat cells are then washed with HBSS and centrifuged and
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resuspended in DMEM plus 10% FBS and plated. After 3 h, plates are rinsed to remove
non-adherent cells and cultured in the aforementioned medium in the presence of 50 ng/
ml human recombinant (hr) M-CSF and 30 ng/ml hrRANKL. The culture requires at least
2 weeks in order to provide multinucleated osteoclasts and 3 weeks to assess bone resorp-
tion, during which the medium should be replaced every 3-4 days.

3.4.3 Evaluation of Osteoclast Differentiation

Three main determinants demonstrate that bona fide osteoclasts have been formed in the
primary culture: (1) the presence of giant multinucleated cells (more than three nuclei/
cell) which can be easily observed by phase contrast microscopy, (2) the positivity of these
cells to the osteoclast marker TRAcP and (3) their ability to resorb the bone. This latter
will be discussed in the next paragraph.

Histochemical TRAcP Assay

As suggested by the name, TRACP belongs to a class of metalloenzymes that catalyse the
hydrolysis of various phosphate esters and anhydrides under acidic conditions. Although
it has always been considered a classical marker of osteoclasts, TRACP is also expressed by
inflammatory macrophages and dendritic cells. TRAcP activity can be easily evaluated in
osteoclast cultures fixed in 4% paraformaldehyde, by a histochemical assay using a com-
mercially available kit (Sigma-Aldrich #387A) according to the manufacturer’s instruc-
tion. TRAcP-positive osteoclasts appear as purple stained cells with three or more nuclei
(8 Fig. 3.3a, b).

Transcriptional Evaluation of Osteoclast-Specific Genes

As described above, during osteoclast differentiation, the activated NF-kB transcription
factor promotes the transcriptional expression of downstream osteoclast-specific genes,
which can be evaluated by RT-PCR. Typical genes whose expression increases during

Toluidine blue

O Fig. 3.3 aPicture showing an osteoclast primary culture obtained from purified bone marrow mac-
rophages and subjected to cytochemical assay for the tartrate-resistant acid phosphatase (TRAcP) activ-
ity (magnification, 25x). b Magnification of a (100x). c Picture of a bone slice stained with toluidine blue
showing several resorption pits evidenced as blue spot (magnification = 100x)
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osteoclastogenesis are cathepsin K, CTR, MMP-9, RANK and TRAcP [69]. Genes whose
expression is associated with preosteoclast fusion can also be evaluated, such as DC-
STAMP, CD44 and macrophage fusion receptor (MFR).

3.4.4 Evaluation of Osteoclast Function

In vitro osteoclast activity can be easily assessed by the resorption pit assay. Osteoclast
precursors are plated on dentine/bone slices (commercially available) and differentiated
into mature osteoclasts as described above. Alternatively, after their differentiation in
plastic dishes, mature osteoclasts are detached and replated onto dentine/bone slices for
at least 48 h [66]. Osteologic dishes covered with a layer of hydroxyapatite can also be
used. In both cases, at the end of the resorption period (48 h for rodent osteoclasts and
1 week for human osteoclasts), cells are mechanically removed from the bone surface,
and sections are stained with toluidine blue or Coomassie blue or observed by scanning
electron microscopy. Toluidine blue and Coomassie blue staining are very easy proce-
dures, which exploit the higher affinity of these dyes for the organic bone matrix compo-
nents that are exposed after removal of the mineral by the action of osteoclasts. These
areas appear more intensely stained, and in the case of toluidine blue, they are metachro-
matic for the content of glycosaminoglycans (8 Fig. 3.3c). Scanning electron microscopy
is more time-consuming but can provide more detailed information on pit shape, size
and depth. Total pit area and volume are then quantified by light and by scanning elec-
tron microscopy, respectively, using a morphometric software. Alternatively, pits are clas-
sified in small (<10 pm diameter), medium (10-30 pm diameter) and large (>30 pm
diameter), and their number is multiplied for a size score of 0.3 for small pits, 1 for
medium pits and 3 for large pits. The sum of the three scores provides the final pit index
that is proportional of the pit number and size [130]. Other methods make use of dentin/
bone sections pre-stained with calcium-binding fluorofores (calcein, alizarin red or inac-
tive fluorescent bisphosphonates). Fluorofores are removed during bone resorption, and
in this case, the resorption pits appear as dark areas in a fluorescent background. They are
then evaluated by fluorescence or confocal microscopy using the same parameters
described above.

3.5 Conclusions

Osteoclasts are bone-resorbing cells that largely contribute to bone remodelling. Their
deregulated activity impacts the bone health, and for this reason, they are considered
important targets for therapy. Osteoclast biotechnology has largely furthered the knowl-
edge on their biology and added to the development of therapies to block their exacer-
bated activity (i.e. in osteoporosis, bone metastases) or, conversely, re-establish their
impaired formation or resorption (i.e. osteopetrosis). More is expected in the years to
come to broaden the impact of their therapeutic management in other pathological condi-
tions that currently have no cure.
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— Take-Home Messages

== The osteoclast is a monocyte/macrophage arising cell whose differentiation is
a fine-tuned process regulated by systemic and local factors, among which the
RANKL/RANK pathway plays a crucial role.

== The osteoclast is more than a hungry cell that eats bone, showing a versatile
profile in terms of functions, which include the regulation of osteoblastogen-
esis and haematopoiesis.

== Several skeletal diseases are the result of a dysfunction of osteoclast formation
and activity, which makes this cell a useful target for therapy.

== The investigation of osteoclast pathophysiology can rely on well-established
in vitro methods of precursor isolation from mouse bone marrow and human
peripheral blood.
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What You Will Learn in This Chapter

Bone is a very active tissue that is constantly remodeled in order to adapt to mechanic or
metabolic requirements. Since disturbances in bone remodeling may result in relevant skel-
etal diseases, there is great interest in tools to assess bone remodeling for scientific and
clinical applications. Bone turnover markers (BTMs) are among these tools; this chapter
presents established markers of bone resorption and bone formation and also selected
novel markers. For each marker the biochemical background will be described; in addition
you will learn about non-pathological and pathological conditions that lead to alterations
of the levels of BTMs. Finally, strengths and weaknesses of the BTMs — especially with regard
to their potential clinical applications — will be discussed.

4.1 Introduction

The diagnosis of osteoporosis is based on bone mineral density (BMD) measurements.
Dual-energy x-ray absorptiometry (DXA) is believed to be the gold standard method, and
therefore, the World Health Organization’s (WHO) definition of osteoporosis is based on
DXA criteria. Nevertheless, bone quality and thus bone strength are not only determined
by BMD but bone architecture (geometry, tissue connectivity, and porosity), material
properties, and bone turnover as well. Bone is metabolically active, and approximately 20%
of bone tissue is renewed annually in a continuous process of remodeling. Throughout
lifetime, remodeling is necessary for different reasons: to regulate calcium homeostasis and
to preserve mechanical integrity. Continuous bone turnover is important for adaptation to
changing mechanical demands, to remove arising microcracks, and to replace apoptotic
cells. In bone remodeling, resorption and formation are tightly coupled and should be bal-
anced. Pathological and age-related imbalances between the amount and activity of osteo-
clasts (B Fig. 4.1) and osteoblasts, however, cause bone loss or disappropriate increases of
bone mass. Many different factors regulating bone turnover have been detected so far.
Bone as an endocrine organ expresses such biomarkers, and systemic dispersion
makes biochemical measurement of the released factors - the bone turnover markers -
possible. However, until now laboratory methods for BTMs are not as well standardized

B Fig. 4.1 Osteoclasts gener-
ated in vivo from murine bone
marrow cultures. At the end of
the culture period, cells were
stained for TRAP by histochemis-
try. TRAP-positive cells containing
three or more nuclei are consid-
ered as osteoclasts (marked by
arrows)
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as BMD measurements. Additionally, preclinical conditions like the time of the day of
blood withdrawal as well as nutritional status may influence BTMs. These methodologi-
cal drawbacks are probably the reason why biomarkers were not included in interna-
tional diagnostic tools like the fracture risk assessment tool (FRAX). In specialized
institutions with more experience, standardization seems to be much better and, thus,
make data on BTMs more comparable. Hence, BTMs are not only valuable research
tools; they also give relevant information on rates of bone resorption and bone formation
in the management of osteoporosis patients. For females and males as well, a significant
association between BTMs and the risk of future fractures has been shown [1]. In post-
menopausal women, prediction of fracture risk by BTMs is actually supposed to be inde-
pendent from BMD [2].

4.2 Bone Resorption Markers

Most resorption markers (hydroxyproline, pyridinoline, deoxypyridinoline, and cross-
laps) are collagen degradation products. A non-collagenous bone resorption marker is the
enzyme tartrate-resistant acid phosphatase type 5. Both in research and clinical settings,
the most frequently used marker is serum crosslaps.

4.2.1 Hydroxyproline

The first marker of bone resorption was hydroxyproline, an amino acid present in colla-
gen. Since it is not specific for bone resorption and is influenced by the consumption of
foods containing collagen, it is not used anymore.

4.2.2 Pyridinium Cross-Links

Breakdown of collagen during bone resorption leads to the release of small fragments with
characteristic cross-links - pyridinoline and deoxypyridinoline - into the circulation. As
they are excreted by the kidney, they can be measured in urine, which was widely done in
the 1990s. However, particularly due to the availability of serum/plasma markers of bone
resorption, their clinical relevance has declined.

4.2.3 Telopeptides of Collagen Type 1

The most frequently used bone resorption markers are linear fragments of collagen type 1,
which is the major component of the bone’s organic matrix. During collagen breakdown,
amino-terminal (NTX-1) and carboxy-terminal (CTX-1, also known as crosslaps) telo-
peptides of type 1 collagen are generated by the enzymatic activity of the cysteine protein-
ase cathepsin K. They are released into the circulation and can be measured by ELISAs or
automated analyzers. NTX-1 and CTX-1 are cleared by the kidneys and, thus, can also be
measured in urine. However, such measurements imply the necessity of correction for
creatinine excretion. The International Osteoporosis Foundation has recommended to
use serum levels of CTX-1 as the reference marker for bone resorption [2, 3].
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ICTP is another carboxy-terminal telopeptide of type 1 collagen fragment released
during collagen degradation. It can be determined in the peripheral circulation and, in
contrast to CTX-1, is supposed to be generated by the enzymatic activity of matrix metal-
loproteinases [4].

4.2.4 Tartrate-Resistant Acid Phosphatase Type 5

Tartrate-resistant acid phosphatase type 5 (TRAP) is an enzyme; whereas type 5a is pro-
duced by macrophages and dendritic cells, type 5b is expressed by osteoclasts and - in
consequence - is a marker of bone resorption [5]. TRAP 5b measured in serum does not
correspond to the biological activity of osteoclasts but rather to osteoclast number. An
advantage of this enzyme is that it is not influenced by renal function; thus, it reflects bone
turnover in renal osteodystrophy [6].

4.3 Bone Formation Markers

Within each of the two to five million bone remodeling units, bone resorption only lasts
for about 2 weeks and is followed by osteoid production. The responsible cells are osteo-
blasts, which also express enzymes essential for the mineralization of osteoid. This process
takes a few months - a much longer time span than bone resorption. At present the most
specific and sensitive markers of bone formation are serum osteocalcin, bone-specific
alkaline phosphatase, and the procollagen type 1N-terminal propeptide.

4.3.1 Propeptides of Type 1 Collagen

Around 90% of osteoid is type 1 collagen. The synthesis of type 1 collagen involves
various steps including the formation of a procollagen molecule containing C-terminal
and N-terminal propeptides (P1CP, PINP). In one of the last steps leading to mature
collagen fibrils, PICP and P1NP are removed by collagen peptidases and released into
the circulation where they can be measured as early bone formation markers [7, 8].
However, since type 1 collagen is also produced in other tissues - for instance, the skin
and tendons — P1CP and PINP are not specific to the bone. Additionally, serum levels
of PINP are dependent on liver function. Nevertheless, the International Osteoporosis
Foundation has recommended to use PINP as the reference marker for bone forma-
tion [2, 3].

4.3.2 Bone-Specific Alkaline Phosphatase

Matrix mineralization starts about 2 weeks after osteoid formation. Alkaline phosphatase
(AP) is an essential protein involved in this process. Serum levels of total AP, however,
show detectable variations only with pronounced changes in bone turnover (e.g., in Paget’s
disease of bone). Total AP consists of different isoenzymes; a large part of the circulating
AP is the liver isoenzyme. Therefore, in clinical routine, not total AP but the bone-specific
isoenzyme (BAP) is used to detect minor changes in bone turnover.
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4.3.3 Osteocalcin

In mineralized bone the non-collagenous peptide osteocalcin (Oc) is bound to hydroxy-
apatite. The affinity of Oc to hydroxyapatite depends on its carboxylation which is regu-
lated by vitamin K. This implies that high amounts of uncarboxylated Oc associated with
vitamin K deficiency induce a lower affinity of Oc to hydroxyapatite. Oc, which is fre-
quently evaluated in the management of patients with osteoporosis, is supposed to be a
late marker of osteoblast development. High levels of osteocalcin have been shown to be
associated with an elevated risk of hip fractures in osteoporotic women [9].

4.4 Animal Studies

The structure of essential proteins such as type 1 collagen, the major organic constituent
of osteoid, and the regulatory mechanism of central processes such as bone formation and
bone resorption are usually highly conserved across different species. Accordingly, the use
of BTMs is not restricted to studies in humans, and traditional markers of bone formation
(PINP, BAP, Oc) or bone resorption (CTX, TRAP5b) were successfully determined for
research purposes in rodents as well as in large animals such as pigs [10-12].

4.5 Further Bone Turnover Markers

Besides the well-established BT Ms, more novel biochemical markers of bone metabolism
exist. An overview of the regulating factors of bone resorption and bone formation is
given in @ Fig. 4.2.

Bone Resorption Marker: Bone Formation Marker:
CTX
Pyridinium crosslinks P1NP
TRAP Bone specific alkaline phosphatase
Cathepsin K Osteocalcin
o] /
77 W
Regulators:

RANK/RANKL/Osteoprotegerin
Sclerostin, Dickkopf-1

Periostin

Fibroblast growth factor 23
Micro RNAs

O Fig. 4.2 Schematic representation of markers and regulators of bone turnover
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4.5.1 RANK/RANKL/OPG System

Receptor activator nuclear factor k B (RANK) is a type 1 membrane protein expressed on
the surface of osteoclasts (and their precursors) and dendritic cells. Receptor activator
nuclear factor k B ligand (RANKL) is found on the surface of osteoblasts, osteocytes, stro-
mal cells, and T cells. RANK-RANKL interaction in the presence of M-CSF is essential for
the formation of osteoclasts. Osteoprotegerin (OPG), which is a member of the tumor
necrosis factor (TNF) superfamily, acts as a decoy receptor. By blocking the RANK-
RANKL interaction, OPG inhibits the formation of mature osteoclasts. The RANK/
RANKL/OPG system is an important factor in coupling of bone resorption and forma-
tion. Because of very low serum concentrations, quantification of RANKL levels is some-
times difficult. However, RANKL and OPG concentrations in the peripheral circulation
are influenced by age.

4.5.2 CathepsinK

Cathepsin K (Cat K) is a proteolytic enzyme involved in bone resorption. It is expressed in
osteoclasts and released into the resorption lacunae where it catalyzes the degradation of
type 1 collagen. Serum Cat K levels are supposed to be increased in patients with osteopo-
rosis, Paget’s disease, rheumatoid arthritis, and ankylosing spondylitis (for review, see [13]).

4.5.3 Periostin

Periostin (PSTN) is a protein mainly expressed by periosteal osteoblasts and osteocytes,
but it is also released by other collagen-rich tissues such as periodontal ligaments, ten-
dons, heart valves, or skin. PSTN may be regarded as an important regulator of bone for-
mation; it promotes osteoblast function and collagen cross-linking [14]. Accordingly, it is
involved in the regulation of bone strength not only in physiologic (following mechanical
stress) but in pathological conditions (cancer and bone metastases) as well [15]. An inter-
esting finding is that circulating PSTN levels seem to be associated with an increased risk
of fragility fractures which was first shown in the OFELY study for postmenopausal
women [16] and later on confirmed for lung transplantation recipients [17].

4.5.4 Dickkopf 1

The regulator dickkopf 1 (Dkkl) is a protein involved in embryogenic and adult bone
development. Elevated DKkl levels are associated with increased bone resorption and
decreased bone formation. It acts via inhibition of the Wingless (Wnt) signaling pathway.

4.5.5 Sclerostin

In contrast to the situation in the embryo, postnatally sclerostin is only expressed in osteo-
cytes. As an inhibitor of the Wnt signaling pathway, it has a negative effect on bone forma-
tion. Additionally, it promotes the secretion of RANKL. High serum levels of sclerostin
are associated with an increased risk of fragility fractures (for review, see [13, 14]).



62

K. Kerschan-Schindl et al.

4.5.6 Fibroblast Growth Factor 23

Fibroblast growth factor 23 (FGF-23), the negative regulator of phosphate concentration in
plasma, is a protein (encoded by the FGF 23 gene) expressed by osteocytes. FGF-23 may
also suppress 1-alpha-hydroxylase, reducing its ability to activate vitamin D and subse-
quently impairing calcium absorption. Only recently, evidence for a role of FGF-23 in regu-
lating bone mineralization has been provided [18]. Data on the association between FGF-23
and the risk of fragility fractures are controversial (for review, see [13]). Determination of
FGF-23 may be helpful in patients with severe restriction of renal function.

4.5.7 MicroRNAs

MicroRNAs (miRNAs) induce either repression or cleavage of their target mRNAs. In
vitro studies have shown that specific miRNAs are important for osteoclast and osteoblast
differentiation and function [19, 20]. Meanwhile human studies have confirmed effects of
endothelial miRNAs on osteogenic differentiation [21] and that several miRNAs are dif-
ferentially expressed following an osteoporotic fracture [22]. Currently the role of miR-
NAs as novel markers of bone metabolism is under intensive investigation.

4.6 Non-pathological and Pathological Conditions Leading
to Changes in BTMs

It is known that BTMs have to be interpreted with caution. Besides preanalytical influ-
ences, BTMs change with increasing age. Reference intervals for serum concentrations of
PINP, BAP, and CTX were published for premenopausal and postmenopausal women as
well as for men [23]. Even physical activity - dependent on intensity and duration —
changes bone metabolism [24-26]. Additionally, BTMs may be altered by diseases or
medication such as glucocorticoids. These drugs lead to a reduction in osteoblast forma-
tion and function as well as osteocyte function. From the first day of treatment, Oc is
reduced, whereas in most cases, the resorption marker CTX remains unchanged. Serum
levels of RANKL seem to increase, and OPG levels have been shown to decrease (for
review, see [27]).

Inflammation, hyperparathyroidism, hyperthyroidism, and renal failure are supposed
to increase BTMs, whereas diabetes, statins, thiazide diuretics, and — as mentioned above —
glucocorticoids generally decrease BTMs. After a fracture and during immobilization,
BTMs are altered as well [27].

4.6.1 Bone Turnover Markers in Patients with Chronic Kidney
Disease

Chronic kidney disease (CKD) is associated with bone disease and an increased risk of
fragility fractures. Parathyroid hormone - a classical hormone regulating calcium homeo-
stasis — frequently is increased in patients suffering from CKD. The formation marker
BAP and the resorption marker TRAP 5b are not influenced by kidney function and thus
may be good surrogates to estimate bone turnover [6, 27].
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4.7 Changes in Established Bone Turnover Markers
with Osteoporosis Treatment

The aim of any osteoporosis-specific therapy is to prevent fragility fractures. As mentioned
in the introduction, BMD is a good surrogate marker to estimate fracture risk. However,
since the magnitude of change in BMD in response to treatment is small, it takes at least 1
year till an effect of the medication can be ensured, whereas changes in BTMs may be
detected even within a few weeks after the initiation of therapy. In consequence, the use of
BTMs should allow the early determination of success or failure of treatment. According
to several studies, therapy-associated changes in BTMs seem to be good surrogate mark-
ers for the subsequent increase in BMD and the reduction in fracture risk. A least signifi-
cant change of 30% for serum BTMs has been suggested [28].

Anti-resorptive therapy with alendronate, risedronate, or zoledronic acid leads to a
decrease of bone formation and bone resorption markers; denosumab therapy massively
suppresses bone resorption (up to 86%; for review, see [29]). After the initiation of an
anabolic therapy with parathyroid hormone, bone formation markers, especially PINP
levels, increase rapidly. Bone resorption markers increase at a later time point and to a
lesser degree opening the so-called anabolic window (for review, see [29]). In the case of
anti-resorptive therapy, a more pronounced decrease of BTMs is predictive of a more dis-
tinct effect on BMD. In the case of anabolic therapy, a greater increase in serum PINP is
associated with a higher expected effect on BMD [27].

Cessation of osteoporosis-specific therapy changes bone turnover. However, after
alendronate treatment, BTMs remain suppressed for several years [30]. In contrast, after
discontinuation of denosumab, suppressed BT Ms increase more or less immediately [31].
Teriparatide-induced increases of BTMs gradually decline after cessation of therapy [32].

4.8 Clinical Relevance of Bone Turnover Markers

BTMs have limited value in predicting bone loss and fracture risk in the individual sub-
ject, but it is known that patients with accelerated bone turnover lose bone at a fast rate.
These patients may be even better candidates for an anti-resorptive therapy than those
with normal or low turnover. The combination of BMD and BTM assessment after the
change of osteoporosis-specific therapy seems to provide a better assessment of the anti-
fracture effect than either measurement alone [33]. Thus, BTMs may be helpful in decid-
ing what to do in special cases. In the following paragraphs, two examples are given.

An osteoporotic woman on oral bisphosphonate therapy is reevaluated after a few
years of treatment. BMD is more or less unchanged. In case of low BTMs, which indicate
that the patient takes her medication regularly and thus at least partially should respond
to treatment, bisphosphonate therapy may be continued. In case of high BTMs, which
may be interpreted as noncompliance of the patient or ineffectiveness of the oral bisphos-
phonate, a switch of the therapeutic regimen would be recommended [34].

The second case also illustrates how BTMs may guide clinical decisions: A frail elderly
woman, who is on drug holiday after 5 years of osteoporosis-specific medication, is reeval-
uated. Her BMD has slightly decreased to an osteoporotic value; the bone resorption
marker is elevated. In this case a resumption of osteoporosis-specific therapy is recom-
mended. The reason is threefold: The woman’s bone resorption is increased, her BMD has
decreased during the drug holiday, and last but not least, she has a high risk of falling [34].
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These cases show that determination of bone turnover status in specific cases is helpful

in guiding the selection of therapy. The use of BTMs in individual cases is recommended
by the German guideline for prevention, diagnosis, and therapy of osteoporosis (» http://
www.dv-osteologie.org/uploads/Leitlinie%202014/DVO-Leitlinie%200steoporose%20
2014%20Kurzfassung%20und%20Langfassung%20Version%201a%2012%2001%202016.
pdf).

— Take-Home Messages

= According to the WHO definition, BMD measurements determine the diagnosis
of osteoporosis. Nevertheless, together with clinical and imaging techniques,
biochemical tests reflecting bone resorption and bone formation play an
important role in the assessment as well as the differential diagnosis of meta-
bolic bone disease. Currently BTMs are not included in the FRAX algorithm, but
the German guideline for prevention, diagnosis, and therapy of osteoporosis
recommends measurements in individual cases.

== CTX and P1NP are the most advised markers for evaluation of bone resorption
and bone formation.

= BTMs reflect the efficiency of the therapy and can be used to improve patients’
compliance, a very important aspect in reaching our treatment goal.
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What You Will Learn in This Chapter

The imaging targets of bone scintigraphy are all changes of bone metabolism independent
of its underlying pathology. The technical background of this imaging method will be
explained briefly. The use of bone scintigraphy in connection with some selected but fre-
quent clinical questions and entities will be outlined concerning the results of bone scintig-
raphy in each entity. In addition, limitations of bone scintigraphy with technetium-99m
(Tc-99m)-labeled diphosphonates and a comparison to other imaging modalities will be
presented.

5.1 Introduction

The skeleton including bone and its joints can be affected by a broad variety of disorders
ranging from inflammation, benign and malignant bone tumors, bone metastases from
other organs to disorders diffusely affecting bone due to changes of bone metabolism.
Examples of such disorders affecting bone metabolism are osteoporosis, osteomalacia,
renal osteodystrophy, or hyperthyroidism. The diagnostic approach to these bone pathol-
ogies starts with the medical history and physical examination, as in general by other
organ systems, as well. However, a closer insight by physical examination into bone
pathology cannot be done easily. Bone biopsy may be necessary in some circumstances to
obtain information whether, e.g., an unclear pathological bone lesion is of benign or
malignant origin, an information essential ahead in case of possible surgery. However,
biopsies of bone are an invasive and time-consuming procedure, not to mention possible
complications such as pain, bleeding, or infection. Thus, in most cases imaging results will
be the easiest way to access an insight view of bone and in order to set up a diagnosis, as
the different disorders reveal typical pathological changes by imaging. Various imaging
modalities of bone are available in daily routine (conventional X-ray, computed tomogra-
phy, magnetic resonance imaging, osteodensitometry, bone scintigraphy). Whereas con-
ventional X-ray, computed tomography, and magnetic resonance imaging reveal
information about the morphological aspects of bone and bony disorders, bone scintigra-
phy gives an insight into the metabolic changes associated with the different disorders. In
this respect bone scintigraphy has a particular position in imaging, which stands not in
competition to the other morphologically orientated bone imaging modalities; it can
rather be seen as a method adding additional information.

The article will give a short introduction into the concepts of bone imaging by bone
scintigraphy. Detailed information on bone scintigraphy including further indications,
scintigraphic results, and diagnostic limitations can be found in specific literature [1-10].

5.2 Bone Scintigraphy: General Information

Radioisotopic bone scanning using technetium-99m-labeled phosphate and diphos-
phonate compounds, commonly called bone scintigraphy or bone scan, is a method
of imaging metabolic changes of the skeleton. The nuclear medicine technique is
sensitive to areas of unusual bone rebuilding activity, since the radiopharmaceutical
is taken up by osteoblast cells which build bone. For a bone scan, the patient is
injected with a small amount of a diphosphonate (most commonly methylene
diphosphonate (MDP) is used), which is labeled with technetium-99m (Tc-99m) as a
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gamma-emitting radioactive material for tracer detection by a gamma camera
(8 Table 5.1). Diphosphonates can exchange places with bone phosphate in regions
of active bone growth or bone metabolism, thus anchoring the radioisotope to that
specific region. The patient can be scanned at different times, e.g., rapid imaging
sequences just after injection of the radiopharmaceutical resembling the arterial per-
fusion phase, after a few minutes to visualize the extent of soft tissue perfusion, and
after 2-4 h to image the bone phase (8 Figs. 5.1 and 5.2). To view small lesions (less

B Table 5.1 Tc-99m-labeled diphosphonates

y-Emitting tracer: technetium-99m (Tc-99m)
Bone-seeking component
HMDP: hydroxymethylene diphosphonate
HEDP: hydroxyethylidene diphosphonate
HDP: hydroxymethane diphosphonate
MDP: methylene diphosphonate
Accumulation: in bone after 2-4 h 40%
Excretion: renal excretion after 2-4 h by 50% of injected activity

=> Radiation burden of the bladder: advice to drink much to keep radiation burden as low as
possible by increased diuresis

555-740 MBq Tc-99m-Diphosphonat i.v.

«  Perfusion phase/arterial phase
directly after tracer application
1 Frame/sec for 120 sec

« Bloodpool phase/soft tissue phase
after 3-5 min
static images

» Delayed phase/bone phase
after3-4 h
static images

Image interpretation
Visually
ROI technique: calculation of ratios between lesions and normal bone

@ Fig. 5.1 Bone scintigraphy - phases of investigation
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1 min.p.i 10 min.p.i 2hpi

B Fig. 5.2 Perfusion phase/blood pool phase/delayed phase

than 1 cm) - especially in the spine - the SPECT imaging technique may be required.
The method has assumed major clinical importance to some bone pathologies, which
will be outlined in the following section concerning the scintigraphic results. Other
information in connection with these pathologies, such as epidemiology, pathology,
radiological results, and course of disease, will be outlined only briefly in this chap-
ter, if necessary for the understanding of the scintigraphic results. For further and
broader information on these disorders, additional literature will have to be con-
sulted.

5.3 Bone Disorders with Pathological Bone Scintigraphies

5.3.1 Primary Bone Tumors

Some but not all primary bone tumors, whether benign or malignant, show a patho-
logical accumulation in bone scintigraphy. Bone scintigraphy can thus give informa-
tion concerning the metabolic activity of the tumor and about whether or not additional
pathological lesions are present in the skeleton. However, bone scintigraphy cannot
give a conclusive information about the dignity of the tumor, as both benign and malig-
nant bone tumors can show pathologically increased tracer accumulation (8 Figs. 5.3
and 5.4). A list of tumors which reveals increased tracer accumulation is listed in
O Table 5.2.
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O Fig. 5.3 Example of a benign
bone tumor - osteoid osteoma

O Fig.5.4 Example of a
malignant bone tumor -
osteosarcoma
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O Table 5.2 Benign and malignant bone tumors with
scintigraphic abnormalities

Primary bone tumors

Osteogenic tumors

Osteoid osteoma

Osteoblastoma

Osteosarcoma

Chondrogenic tumors

Chondroma, enchondroma, periosteal chondroma
Osteochondroma

Chondrosarcoma

Primary chondrosarcoma

Secondary chondrosarcoma

Collagenic tumors

Fibrosarcoma

Myelogenic tumors

Ewing sarcoma

Bone metastases

Osteoblastic metastases

Osteolytic metastases

5.3.2 Bone Metastases

Different tumors such as breast cancer, prostate cancer, or lung cancer frequently develop
bone metastases. Bone metastases with osteoblastic activity in bone scintigraphy show an
increased tracer accumulation (B Fig. 5.5), whereas osteoclastic bone metastases in gen-
eral reveal no scintigraphic abnormalities, as the tracer accumulation is mediated via the
osteoblasts but not the osteoclasts. The exception will be large osteoclastic metastases
which impose as «cold lesions» (B Fig. 5.6). In cases of diffusely spread bone metastases,
the skeleton imposes with an increased tracer accumulation. As the complete tracer is
bound and trapped in bone, the kidneys by which bone scintigraphic tracers are normally
excreted within hours show no tracer accumulation. This scintigraphic appearance is
called hyperscan (8 Fig. 5.7). Although frequently seen in metastatic bone disease, the
image of a hyperscan is not specific for metastatic bone disease, as it can also appear in
cases of hypermetabolic bone disorders such as hyperthyroidism or hyperparathyroidism
(see below).
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@ Fig.5.5 Multiple bone

metastases in prostate cancer -y
¢
-
-
i 4

AP PA

B Fig. 5.6 Osteolytic bone
metastasis in lung cancer
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O Fig. 5.7 «Hyperscan» - diffuse bone
metastases from gastric cancer

5.4 Metabolic Bone Disorders

5.4.1 Osteoporosis

The decrease of bone mass and the reduction of bone strength, as by which osteoporosis is
defined, cannot be visualized by bone scintigraphy. The reduction of bone mass can be
measured by dual X-ray absorptiometry (DXA), and the morphological changes of bone
including fractures can be imaged by different radiological methods (e.g., X-ray, com-
puted tomography, high-resolution computed tomography). However, bone scintigraphy
can be of clinical use in osteoporosis, as not all fractures can be visualized by radiology
(occult fractures). After falls non-dislocated fractures are often overseen with conven-
tional radiological methods such as X-rays, although the patients report on persistent pain
or difficulties to walk. With bone scintigraphy increased tracer accumulation occurs due
to bone hypermetabolism in the area of the fracture. The typical scintigraphic pattern seen
in association with fractures is a linear hypermetabolic lesion (8 Fig. 5.8).
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Female, 82a
hip-TEP right side 1992 &
hip-Fx left side 1995, DHS left hip <
fall 3 weeks ago, since that time £ e
pain within the lumbar spine and
chest

-

Dept. Traumatology: no new Fx

99MMDP bone scintigraphy: e
multiple Fx of several ribs,

ramus sup. ossis pubis sin.

T11,T12,L1,L2, L4

B Fig. 5.8 Multiple osteoporotic fractures after fall

5.4.2 Osteomalacia

Although bone scintigraphy is not the method of choice to diagnose osteomalacia,
the disease reveals some signs in bone scintigraphy. In severe disease bones show
deformities such as bending of long bones, and an accentuation of tracer accumula-
tion in the cortical region of long bones can frequently be visualized (B Fig. 5.9).

5.4.3 Primary Hyperparathyroidism

Bone turnover is accelerated in hyperparathyroidism which can be seen in bone scintigra-
phy as an increased tracer accumulation in particular in the skull and the central skeleton
accompanied with a decreased or missing visualization of the kidneys (hyperscan)
(@ Fig. 5.10).

In severe disease brown tumors can occur which usually show an increased tracer
accumulation with bone scintigraphy. This can potentially be misled as bone tumors or
bone metastases.
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Female, 86yrs
Resident of nursing home
25-OH Vit D3 15nmol/I

O Fig.5.9 Osteomalacia

Female, 73yrs, @

papillary thyroid carcinoma
(surgery + iodine TE 1971) g T
Tg < 0.5ng/ml R101% - remission

| >
X-ray: osteoporosis ’ k i . .
Bone scintigraphy & ?
diffusely increased tracer upake r :
=> metabolic osteopathy
Laboratory parameters: 1
fT4 22.49 Ca 246
TT3 1.76 Ca++ 1.23
TSH <0.03 PTH 96.4 pg/ml
osteocalcin 64.8 ng/ml
serum-Crosslaps 750.4 pmol/I
25-OH Vit. D 17.9 ng/ml

AP PA

O Fig.5.10 Hypermetabolic bone disease
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5.4.4 Renal Osteodystrophy

Tracer accumulation can be increased or decreased, and no typical scintigraphic features
are associated with renal osteodystrophy. Usually also scintigraphic features as seen with
osteomalacia, osteoporosis, or primary hyperparathyroidism can be found in patients
with renal osteodystrophy. In general scintigraphy provides no relevant additional infor-
mation in this metabolic bone disease.

5.4.5 Hyperthyroidism

In patients with clinical hyperthyroidism, bone turnover is extensively increased with an
acceleration of bone formation and bone resorption. This increased bone turnover can be
visualized by bone scintigraphy revealing a diffusely increased tracer accumulation in the
whole skeleton, thus producing the image of a hyperscan (increased tracer accumulation
in the whole skeleton but no visualization of the kidneys as no tracer is excreted)
(B Fig. 5.10). This scintigraphic pattern can be also seen in patients with diffuse bone
metastases (B Fig. 5.7).

5.4.6 Paget’s Disease of Bone

Paget’s disease of bone is a chronic disorder that can result in enlarged and misshapen
bones caused by the excessive breakdown and formation of bone, followed by disor-
ganized bone remodeling. This results in weak and misshapen bone prone to fracture,
pain, and arthritis. Rarely, it can develop into a primary bone cancer known as Paget’s
sarcoma. Often Paget’s disease is localized to one or only a few bones in the body. The
skull, pelvis, femur, and lower lumbar vertebrae are the most commonly affected
bones.

Paget’s disease can occur as monostotic or polyostotic and usually reveals an increased
tracer accumulation within the affected bone (8 Fig. 5.11).

Bone scintigraphy wherein the whole skeleton is scanned with one investigation
is most useful in determining the extent and activity of the condition. If a bone scan
suggests Paget’s disease, the affected bone(s) should be X-rayed to confirm the diag-
nosis.

5.4.7 Fibrous Dysplasia

Similar to Paget’s disease, also lesions of fibrous dysplasia can show an increased
tracer accumulation. Although lesions of Paget’s disease usually show a more intense
tracer accumulation in bone scintigraphy than fibrous dysplasia lesions, a clear dif-
ferentiation between fibrous dysplasia and Paget’s disease by scintigraphic appearance
is not possible. The differentiation can rather be made by means of localization and by
other radiological methods such as X-ray or computed tomography. The major indi-
cation and value of bone scintigraphy is therefore similar to Paget’s disease, the scan-
ning of the whole skeleton within one investigation for lesions of this hypermetabolic
bone disorder.
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5.5 Inflammation

5.5.1 Joint Inflammation

For the purpose of imaging joint inflammation, bone scintigraphy is usually performed in a
three-phase technique with a rapid perfusion/arterial phase, delayed perfusion phase
resembling soft tissue perfusion, and a late bone phase (see above). Tracer accumulation is
usually not only described by optical appearance but also by a region of interest technique
(ROI) with comparison of the affected joint (joint region with the similar contralateral
region. In acute joint inflammation, all three phases reveal an increased tracer accumula-
tion. In chronic joint inflammation, the arterial phase is usually normal, but the soft tissue
and bone phase show pathological tracer accumulation around the affected joint
(8 Fig. 5.12).

5.5.2 Chronic Osteomyelitis

After complex fractures or orthopedic interventions, chronic osteomyelitis may develop.
Bone scintigraphy can show the extent of inflammation within the bone cavity, the inten-
sity of inflammation (B Fig. 5.13), or after antibiotic therapy the disappearance of inflam-
matory activity.
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5.5.3 Degenerative Bone and Joint Changes

In particular within the spine or the large joints, an increased tracer accumulation
can frequently be seen due to morphological changes of the joints (arthrosis) or
pathological mechanical alterations of skeletal regions (e.g., scoliosis of the spine)
(B Fig. 5.14). In general the increase of tracer accumulation in association with
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B Fig.5.14 Degenerative bone changes - osteochondrosis

degenerative bone disease is mild to moderate, so scintigraphically in a differentia-
tion to other focal bone pathologies such as inflammation or bone tumors, bone
metastasis is possible.

5.5.4 Algodystrophy

Persistent pain or atrophy may occur after fracture within the fractured region or
after surgery. Bone scintigraphy performed as three-phase scintigraphy reveals patho-
logic patterns in algodystrophy within the whole affected extremity, which permits
the establishment of the diagnosis and extent of disturbance (8 Fig. 5.15). The differ-
ent patterns dependent on the time since the onset of symptoms are listed in
O Table 5.3.
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5.6 Conclusion

Bone scintigraphy is a method which can easily be performed allowing to scan the whole
skeleton on a metabolic level or to visualize pathological changes of defined regions
including its perfusion and soft tissue accumulation. Various bone pathologies as outlined
above show pathological changes. The strength of bone scintigraphy is a high sensitivity to
detect pathological changes in bone metabolism; however, specificity is low. The differen-
tiation between different pathologies can be established through different anatomical pat-
terns of the pathological lesions seen, in combination with arterial perfusion and soft
tissue accumulation adjacent to bone pathologies and to some extent by the intensity of
tracer accumulation. Furthermore, scintigraphic results have to be matched with other
radiological results and the clinical history of the patient. Putting all these information
together, a diagnosis can frequently be established, by which bone scintigraphy can add
important information of the metabolic level of the investigated pathologies.

—— Take-Home Message

Bone scintigraphy with technetium-99m (Tc-99m)-labeled diphosphonates is a sensitive
method to image metabolic changes in bone; however, pathological tracer accumulation
lacks specificity. In comparison to other imaging modalities of bone such as computed
tomography and magnetic resonance imaging, bone scintigraphy is thus rather
complementary to these morphologically orientated methods.
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What You Will Learn in This Chapter

Fragility fractures are defined as fractures that occur as a result of a minimal trauma, such as
a fall from standing height or less, or in the absence of an obvious trauma. When getting
older, the probability to sustain a fragility fracture increases. This age-related increase is
even more pronounced in women due to the sudden drop in sex steroid secretion during
menopausal transition. In the first part of this chapter, you will learn how different bone-
related properties including bone mass, bone microarchitecture and macroarchitecture,
bone material properties, and bone metabolism contribute to bone fragility. The most
prominent and most frequent disease associated with bone fragility is osteoporosis.
However, also patients with various other diseases including Paget’s disease, primary hyper-
parathyroidism, rickets, osteomalacia, and chronic kidney disease-mineral bone disorder
(CKD-MBD) do have an increased risk to sustain fragility fractures. In the second and third
part of this chapter, you will learn about the pathophysiological mechanisms leading to
bone fragility in these diseases.

6.1 Determinants of Bone Fragility

One in three women and one in five men over the age of 50 years are predicted to suffer a
fracture in their lifetime [1]. Fractures are among the most dramatic sequelae of the aging
human skeleton leading to morbidity and an increased risk of mortality. As the proportion
of elderly in the population worldwide is growing, not only the personal but also the eco-
nomic burden increases exponentially. Our main goal must be to identify persons with
increased risk of fragility fracture as early as possible to introduce fracture prophylaxis
and if necessary specific treatment. In this chapter determinants of bone strength and the
pathophysiology of selected metabolic bone diseases are discussed; for a review of malig-
nant, infectious, or genetic diseases as a cause of bone fragility, the reader is referred else-
where.

6.1.1 Bone Mass

Measurement of areal bone mineral density (BMD) by dual-energy absorptiometry
(DXA) provides a quantitative assessment of mineralized bone mass at the axial and
appendicular skeleton. It is the method of choice for diagnosis of osteoporosis and has
been proven to be a strong predictor of fragility fractures. However, it has some limita-
tions. When using the WHO classification, less than 40% of fractures occurred in osteo-
porotic women, 46% in osteopenic women, and 15% in women with a T-score > —1 [2].
Thus, the quantity of bone is just one among several indicators of bone health. It has been
shown that age-related declines in bone strength are disproportionately steeper than
decreases in BMD [3]. Only 40% of the vertebral fracture risk reduction and about 60% of
the nonvertebral fracture risk reduction can be explained by the changes in total hip BMD
induced by antiresorptive therapy [4]. Additionally, exercise induces only minor increases
in BMD; thus, the reduction in fracture risk in physically active persons must be achieved
by modifying other factors contributing to bone strength [5]. An approach in identifying
persons at increased risk of fracture is to not solely rely on BMD measurements but to use
a fracture risk assessment tool like FRAX" [6]; another approach is to quantify - as far as
possible — other factors contributing to bone strength.
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6.1.2 Macroarchitecture

Long bones are fashioned according to their demands. Bones’ geometry continuously
changes throughout the whole life span. During puberty growth in length ceases and the
periosteal diameter increases, in girls but even more in boys. Periosteal bone apposition
may be higher in males than in females [7]. After menopause the expansion of the perios-
teal diameter is supposed to increase and has been suggested to counteract to some extent
the age-associated bone loss [8]. It has been shown quite a while ago that even without
changes in bone mass, increases in diameter exponentially increase a bone’s resistance to
bending and torsion [9]. However, data are contradictory. According to one study, the
median cortical thickness is a relevant predictor of femoral neck fragility [10], and accord-
ing to other studies, femoral neck and femoral shaft diameter are not associated with frac-
ture risk [11, 12]. Concerning the neck-shaft angle, data are also diverse [11, 12], but the
longer the hip axis length, the higher the hip fracture risk [11, 12].

6.1.3 Microarchitecture

Trabecular Microarchitecture

Trabecular microarchitecture is characterized by the number of trabeculae, their aver-
age thickness, the distance between trabeculae, and the degree of connection to each
other. Trabecular bone volume (TBV) is supposed to decrease by about 27% in the distal
radius from the age of 20-90 years; that holds true for females as well as for males [13].
However, there are some gender-specific differences: women display a decrease in tra-
becular number with consequent increase in trabecular separation, whereas in men
mainly trabecular thickness decreases [13]. Patients with previous fractures had higher
trabecular separation and a lower interconnectivity index than those without fractures
[14, 15]. Trabeculae do not only become thinner, they also shift from a platelike to a
rodlike shape [5], and this conversion has been shown to be significantly associated with
bone fragility [16].

Cortical Microarchitecture

Thinking of the fact that 80% of bone is cortical and that most fractures in old age are
nonvertebral arising in mainly cortical areas, one realizes the importance of cortical
integrity concerning bone strength. Cortical bone is not compact; it comprises 70% min-
eralized bone matrix and 30% extracellular fluid-filled void volume, the central canals of
the Harversian and Volkmann channels [17, 18]. These canals provide a surface for osteo-
clasts to remove bone and, thus, increase the diameter of the channel consequently lead-
ing to cortical porosity which is known to compromise bone strength. Compared to
young individuals in aged and even more in osteoporotic patients, osteonal wall thick-
ness is decreased, and the number of osteocytes per osteon reduced leading to inferior
osteonal strength [19]. By age 80 years, intracortical surfaces are supposed to exceed tra-
becular surfaces; cortical bone becomes more or less trabecularized, and cortical bone
loss exceeds by far bone loss in the trabecular compartment [20]. Elderly people have a
higher cortical porosity compared to younger subjects [21]. A study by Bala et al. showed
that in women with osteoporosis, porosity is captured by areal BMD measurements,
whereas in women with osteopenia cortical porosity is associated with forearm fractures
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[22]. Thus, assessment of microstructure may improve sensitivity and specificity in iden-
tifying osteopenic women at risk for fracture. An autopsy study showed that older sub-
jects did not only have thinner osteonal walls but also worse osteonal strength compared
to younger subjects [19].

Microdamage

Applied load may induce diffuse microdamage or linear microcracks. Heterogeneity of
collagen fiber orientation, tissue mineral density, and cement lines around osteons
obstruct crack progression. Microcrack density increases exponentially with increasing
age [23], and unfortunately the efficacy of damage-initiated remodeling decreases with
age [24]. Thus, microdamage accumulates with increasing age, and this accumulation
weakens bone strength. The structure model index (SMI) reflecting the rod- versus plate-
like nature of the trabeculae is supposed to be a good predictor of microdamage [23].

6.1.4 Material Properties

Bone is a composite material with two major components: type I collagen and the inor-
ganic calcium hydroxyapatite-like crystals. Recently renewed bone is less densely mineral-
ized than older bone where secondary mineralization (crystal enlargement) has taken
place. The degree of matrix mineralization plays an important role in the ability to absorb
energy: it increases as mineralization increases; however, if bone is already more or less
fully mineralized, the ability of cortical bone to absorb energy decreases with increasing
mineral content [25]. Postmenopausal women with vertebral fractures seem to have a
lower mean degree of mineralization compared with postmenopausal controls [26].
Osteomalacia is characterized by a primary mineralization defect. Fluorosis, induced by
ancient osteoporosis-specific treatment with fluorides, induced a secondary mineraliza-
tion defect.

Any disorder that affects collagen structure or its function also negatively affects bone
quality. Collagen fiber orientation [27] as well as abnormalities in collagen cross-links [28,
29] has been identified as important predictors in bone strength. Osteogenesis imperfecta
is a disease associated with both a defect in collagen synthesis and the degree of mineral-
ization.

6.1.5 Bone Turnover

Cellular mechanisms are responsible for the adaptation of bone. Bone modeling and
remodeling modify the external size, contours of bone, and its internal architecture.
Osteocytes physiologically sense bone deformation and initiate adaptive remodeling.
Rapid remodeling is associated with an increased risk of fragility fracture because of
temporarily unfilled resorption sites, presence of less densely mineralized bone, and
impaired isomerization and maturation of collagen [30]. Additionally, the risk of loss of
trabecular connectivity is higher in a situation of increased bone turnover. Besides osteo-
porosis, Paget’s disease, hyperparathyroidism, hyperthyroidism, and regular intake of
medications like corticosteroids are examples of pathologically high bone turnover.
However, extremely low turnover (for instance, in osteopetrosis) also has a negative
impact on bone stability because it seems to be related to the presence of microcracks.
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Diseases affecting bone remodeling negatively influence bone strength, but on the
other hand drugs that impact bone remodeling can influence a bone’s resistance to frac-
ture in a positive way.

6.1.6 Bone Fragility: Concluding Remarks

Bone has to resist the mechanical forces applied to it by gravity and muscle contraction.
The ability of bone to withstand everyday loads depends on the ability of its material and
structural properties to absorb energy imposed during loading and to release it when
unloaded. It depends on bone mass, bone geometry, bone architecture, and material prop-
erties including microdamage. Bone is adapting throughout life, and the age-associated
loss of bone strength reflects the ongoing response to change in mechanical and hormonal
environment. Postmenopausal osteoporosis is the most common derangement of bone
strength.

Since the material properties of bone are influenced by many factors which are inter-
related, a multicomponent strategy is needed to increase a bone’s ability to withstand
forces of daily life, thus reducing the risk of fragility fractures. We also have to keep in
mind that skeletal trauma in the elderly is principally related to falls. In the frail elderly,
both skeletal fragility and fall risk are important determinants of fracture risk because
when striking the ground, the impact on bone often exceeds its load-bearing capacity.

6.2 Pathophysiology of Osteoporosis

6.2.1 Definition and Risk Factors

Osteoporosis is a multifactorial skeletal disease characterized by impaired bone mass
and bone microarchitecture leading to decreased bone strength and consequently to an
increased risk of fragility fractures [31]. The main clinical manifestations of osteoporosis
are fractures of the vertebrae, the hip, and the wrist. Less «classical» are, i.e., fractures of
the humerus, the trochanter, or the ribs [31]. According to the World Health Organization
(WHO), osteoporosis is operationally defined as bone density that is 2.5 standard devia-
tions (SD) below the mean for young healthy adults of the same sex and which is referred
to as a T-score below —2.5 [32]. Individuals with a T-score between —1 and —2.5 are
defined as being osteopenic and at increased risk of developing osteoporosis [32].
However, almost 50% of fractures among postmenopausal women occur in this group
[2]. Thus, besides conventional risk fracture assessment based on bone density, alterna-
tive computer-based fracture risk assessment tools like FRAX?®, additionally considering
other risk factors than bone density, were developed [6]. The main risk factors and inde-
pendent predictors of osteoporotic fractures include female gender, advanced age, eth-
nicity, personal and parental fracture history, low body weight, immobilization or
extended sedentary periods, certain medications (i.e., long-term use of corticosteroids),
and lifestyle factors like nutrition, cigarette smoking, or excessive alcohol consumption
[33]. Also chronic inflammatory diseases such as rheumatoid arthritis, chronic diseases
associated with malabsorption like Crohn’s disease, and chronic diseases that increase
the propensity to fall like dementia or Parkinson’s disease influence osteoporotic fracture
risk [33].
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A model of primary osteoporosis
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O Fig. 6.1 A model of the pathogenesis of primary osteoporosis (Modified from Rauner et al. [43])

6.2.2 Types of Osteoporosis

Osteoporosis is usually classified as primary or secondary osteoporosis. Primary osteopo-
rosis is associated with the aging process and includes rapid bone loss due to the post-
menopausal decline in estrogen levels (postmenopausal bone loss) and a phase of slower
bone loss due to various factors like age-associated inflammatory processes, calcium and
vitamin D insufficiency, or increased parathyroid hormone (PTH) levels («senile» bone
loss) (B Fig. 6.1). Secondary osteoporosis is diagnosed when a secondary underlying con-
dition (i.e., certain medical conditions or treatments) accounts for the bone loss [34]. A
list of the most important causes of secondary osteoporosis is given in 8 Table 6.1.

6.2.3 Pathophysiology

Bone fragility results first from the failure to achieve optimal peak bone mass and strength
in the process of skeletal growth and second from age-related changes in bone remodeling
leading to accelerated bone loss due to an imbalanced bone resorption by osteoclasts and
bone formation by osteoblasts [35]. In contrast to bone modeling, which is responsible for
changes in size and shape of bone and describes the formation of new bone material with-
out preceding bone resorption, bone remodeling describes the process of concomitant
resorption and replacement of bone at the same location [17]. The primary function of
bone remodeling is the maintenance of skeletal integrity by replacing old and damaged
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B Table 6.1 Causes of secondary osteoporosis

Lifestyle Alcoholism
Smoking
Immobilization

Medications Glucocorticoids
Heparin

Antiepileptics

Endocrine, Diabetes mellitus
metabolic and Hyperthyroidism
systemic diseases Hypogonadism

Hypercalciuria

Malabsorption syndrome
Rheumatoid arthritis

Chronic obstructive pulmonary
disease (COPD)

Inflammatory bowel disease
Chronic liver disease

Surgery Organ transplantation
Bariatric surgery

bone matrix and the maintenance of serum calcium levels by providing calcium from the
skeleton [33]. Bone remodeling takes place in spatially discrete foci, in bone multicellular
units (BMUs) [36] and, in young adulthood, is a balanced process of focal resorption of
bone by osteoclasts followed by replacement with the same volume of newly formed bone
matrix by osteoblasts. However, as age advances, both the volume of bone resorbed by
osteoclasts and the volume of bone newly formed by osteoblasts within each BMU
decrease [17]. Since the volume of the newly formed bone decreases more than the vol-
ume of the resorbed bone, the net balance within each BMU becomes negative [17]. In
postmenopausal women, bone loss and structural decay resulting from this negative BMU
balance are potentiated by an additional abnormality. After menopause, the remodeling
rate reflected by the remodeling activation frequency - the probability that a new remod-
eling cycle will be initiated at any point on the bone surface — increases [17]. Thus, the
small imbalance within each BMU is magnified and leads to rapid bone loss and structural
decay within a short time. Additionally, decreased periosteal apposition after completion
of longitudinal growth and epiphyseal closure contributes to decreased biomechanical
strength of long bones [33].

The fine-tuned communication between osteoclasts, osteoblasts, and surrounding
cells of the bone marrow niche in bone remodeling has been established to be primarily
regulated by three molecules of the tumor necrosis factor (TNF) family, the receptor acti-
vator of NF-kB (RANK) on osteoclasts, its ligand RANKL, and OPG, the decoy receptor
of RANKL [37]. Circulating hormones and locally produced growth factors primarily
modulating the remodeling activation frequency include estrogens, androgens, vitamin D,
parathyroid hormone (PTH), parathyroid hormone-related peptide (PTHrP), IGF-I,
immunoreactive growth hormone II (IGH-II), transforming growth factor p (TGF-f),
interleukins (ILs), prostaglandins, and members of the tumor necrosis factor (TNF)
superfamily [33].
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6.2.4 Postmenopausal Bone Loss

Due to declining estrogen levels after menopause, women are at higher risk of developing
osteoporosis. Menopause has been established to be associated with increasing amounts
of bone lost within each BMU and with an increasing rate of bone remodeling [35].
Whereas markers of bone resorption increase by 90%, markers of bone formation increase
only by 45% after menopause [38]. Cellular and molecular mechanisms underlying estro-
gen deficiency-dependent bone loss are increasingly well understood. Estrogen signals
through two receptors, the estrogen receptor a (ERa) and the estrogen receptor  (ERp).
Both receptors are expressed on osteoclasts, osteoblasts, osteocytes, bone marrow stromal
cells, and immune cell, but ERa appears to predominantly mediate estrogen’s actions on
bone [39]. Skeletal effects of estrogen may be subdivided into direct activities mediated by
estrogen receptors on osteoblasts and osteoclasts and indirect activities mediated by estro-
gen receptors on other cell types including stromal cells and immune cells [40]. Estrogen
deficiency, through direct and indirect activities, leads to increased osteoclast recruit-
ment, formation, and activation and increased osteoclast life span. These events are medi-
ated by an upregulation of RANKL and/or a downregulation OPG leading to RANKL/
OPG ratios favoring bone resorption. Indirect effects of estrogen on bone very often are
mediated by cytokines and inflammatory mediators released by cells of the immune sys-
tem, suggesting that the postmenopausal phase is associated with a progressive proinflam-
matory status [41-43]. Especially T-cells are thought to play an important role in
estrogen-driven bone loss [44]. Bone-resorbing cytokines and inflammatory mediators
released by cells of the immune system and influenced by estrogen deficiency include
IL-1, IL-6, TNF-a, macrophage colony-stimulating factor (M-CSF), and prostaglandins
[45]. Estrogen also affects the longevity of osteoblasts. However, in contrast to osteoclasts,
the life span of osteoblasts is decreased under the influence of estrogen [45]. Interestingly,
also bone loss in aging men has been shown to be associated more closely to low estrogen
levels rather than low androgen levels [45].

6.2.5 «Senile» Bone Loss

Besides gonadal sex steroid deficiency, reactive secondary hyperparathyroidism is thought
to be the major driving force of age-related bone loss in men and women. Reasons for
increased PTH secretion with age are vitamin D deficiency, which is common in elderly
subjects, and a chronic negative calcium balance as a consequence of decreased intestinal
calcium absorption and renal tubular calcium reabsorption triggered by long-standing
estrogen deficiency [45]. Additionally, a progressive proinflammatory status referred to as
«inflammaging» [46] may contribute to increased bone resorption by increased levels of
inflammatory cytokines and mediators [47]. Decreased bone formation seen with increas-
ing age is associated with lower numbers of osteoblasts and higher numbers of adipocytes.
Osteoblasts and adipocytes share a common precursor cell, the mesenchymal stem cell.
Adipogenesis therefore increases at the expense of osteoblastogenesis [48]. Systemically,
decreased bone formation is attributed to decreased production of growth factors and/or
decreased growth hormone (GH) and insulin-like growth factor I (IGF-I) levels [45]. Only
recently, cumulating evidence suggests an important role of oxidative stress in age-related
bone loss [49, 50].
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6.3 Pathophysiology of Non-osteoporotic Bone Diseases

6.3.1 Paget’s Disease of Bone

Paget’s disease is an age-related metabolic bone disease «characterized by focal abnor-
malities of increased and disorganized bone turnover affecting one or more skeletal sites»
[51, 52]. Although the disease can involve almost any bone, the most frequently affected
sites are the pelvis, femur, spine, skull, and tibia [53]. Generally Paget’s disease is considered
to be the second most frequent metabolic bone disease (after osteoporosis); nevertheless,
there is a significant geographic variation in the prevalence of the disease. The prevalence
is highest in Western Europe (in particular in Britain), North America, and Australia; the
disease is rare in Scandinavia, Asia, and Africa [53]. In autopsy series a prevalence of 3%
has been reported [54]. Poor et al. assessed the prevalence of Paget’s diseases in eight
European towns and found a prevalence of 0.3% in subjects aged >55 years [55]. The
authors also reported on a significant decline of the incidence; similar declines had been
reported in studies from Britain and the United States (for review, see [56]).

Paget’s disease of bone has a relatively strong genetic component: in 15-40% of the
cases, there is a positive family history. In first-degree relatives of patients with Paget’s
disease, the prevalence of the disease is seven- to tenfold higher than in the background
population [52, 54].

Paget’s disease is a paradigm of an osteoclast-mediated disorder [56]. In the affected
bones, the number and activity of osteoclasts are dramatically increased; moreover, Pagetic
osteoclasts are enlarged, have an abnormally high number of nuclei, and often contain
nuclear inclusion bodies. The exact mechanisms of osteoclast pathologies in Paget’s dis-
ease until now have not been fully clarified. In vitro studies had suggested that Pagetic
osteoclast precursors demonstrate an enhanced sensitivity to RANKL; some — but not all
authors — assumed that an increased interleukin-6 expression is responsible for the osteo-
clast abnormalities. In patients with Paget’s disease, increased serum levels of RANKL,
macrophage colony-stimulating factor, or dickkopf-1 have been reported (for review, see
[52]). Mutations of the Sequestosome 1 gene (SQSTM1) also appear to account for exces-
sive bone resorption in Paget’s disease: under normal conditions, p62, the gene product of
SQSTML, is involved in the suppression of RANK signaling. Mutations in certain regions
of p62 result in an activation of RANK signaling and consequently in an excessive genera-
tion and activation of osteoclasts.

Since decades a viral etiology of Paget’s disease has been discussed; among others,
measles virus and canine distemper virus were assumed to play a pathophysiologic role.
Traditionally the presence of nuclear inclusion bodies has been used as an argument for
the viral etiology; nevertheless, highly sensitive contemporary molecular techniques do
not support the virus hypothesis of Paget’s disease [52, 57].

As a consequence of osteoclast overactivity, the earliest phase of the disease is osteo-
Iytic. In the following phase, there is a (presumably compensatory) massive increase of
bone formation; the excessively high speed of bone remodeling leads to the formation of
woven bone with inferior biomechanical properties. Histologically Pagetic bone is charac-
terized by a chaotic mosaic of woven and lamellar bone [53, 54]. A comprehensive histo-
morphometric study in patients with Paget’s disease revealed significant increases of
trabecular bone volume, the number of trabeculi, the osteoid volume, and the number of
osteoclasts and osteoblasts [58].
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Although patients with Paget’s disease may be asymptomatic, the most common
symptom is bone pain. Complications of the disease include bone deformities, fractures,
secondary osteoarthritis, cardiovascular complications, and neoplastic degeneration
[54, 59].

6.3.2 Primary Hyperparathyroidism

Primary hyperparathyroidism is «a generalized disorder of calcium, phosphate and bone
metabolism due to an increased secretion of PTH» [60]. The incidence of primary hyper-
parathyroidism is approximately 1 in 500 to 1 in 1000; three quarters of the patients are
women. In 80-85% of the cases, the cause of the diseases is a solitary adenoma of the
parathyroid gland; in 10-15% there is a hyperplasia of all (four) parathyroid glands. In
rare cases primary hyperparathyroidism is due to multiple adenomas or parathyroid
cancer [61].

Major actions of PTH are the stimulation of bone resorption, the retention of calcium
by the kidney, and an increase of renal phosphate excretion. PTH also stimulates the
1-alpha-hydroxylase and thereby indirectly promotes intestinal calcium absorption [62].
Since in primary hyperparathyroidism the feedback regulatory mechanisms of extracel-
lular calcium on PTH secretion are lost, excessive PTH concentrations result in hypercal-
cemia and hypophosphatemia. Bone turnover in primary hyperparathyroidism is
characterized by an increased osteoclast activity and an increased bone formation; since
(in most cases) the activity of the osteoclasts is higher than those of the osteoblasts, bone
mineral density typically is decreased, particularly at cortical sites [63, 64]. Studies using
high-resolution peripheral quantitative computed tomography in primary hyperparathy-
roidism demonstrated that microstructural abnormalities are present at the cortical and
trabecular compartment and thus contribute to our understanding of the increased frac-
ture risk [65, 66].

The clinical presentation of patients with primary hyperparathyroidism has signifi-
cantly changed over time. Historically patients were highly symptomatic and presented
with a specific skeletal disorder («osteitis fibrosa cystica»), nephrolithiasis, and gastrointes-
tinal and neuromuscular manifestations (including myopathy) [61]. Today many patients
are asymptomatic and are identified by routine calcium or bone density testing [67].

6.3.3 Rickets and Osteomalacia: Disorders of Bone Mineralization

Bone is composed of an organic matrix and a mineral phase; hydroxyapatite
[Ca,,(PO,),(OH),] is the major constituent of the mineral phase. In rickets and osteoma-
lacia, mineralization of the organic matrix («osteoid») is impaired; histologically both
diseases are characterized by wide osteoid seams (B Fig. 6.2). The term «rickets» refers to
defective mineralization of the growing skeleton, whereas «osteomalacia» is the adult
equivalent of rickets. The most important causes of rickets and osteomalacia are vitamin
D or phosphate deficiency (8 Table 6.2).

Vitamin D; is a steroid hormone that can be synthesized endogenously in the skin as a
result of ultraviolet light exposure; alternatively, vitamin D is also absorbed in the intestine
from the diet. To be fully biologically active, two hydroxylation steps are necessary:
25-hydroxylation of vitamin D occurs in the liver and 1-a-hydroxylation in the kidney.
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O Fig.6.2 Microscopic
appearance of a bone biopsy
from a patient with osteomalacia
(Goldner’s stain). Mineralized
bone matrix is stained green;
abnormally wide osteoid seams
are stained red (Courtesy of Prof.
Dr. Irene Sulzbacher, Department
of Clinical Pathology; Medical
University of Vienna)

B Table 6.2 Causes of rickets and osteomalacia
Causes Examples

Impaired vitamin D action

Vitamin D deficiency Reduced ultraviolet light exposure
Nutritional deficiency
Malabsorption

Impaired 25-hydroxylation Liver disease

Impaired 1alpha-hydroxylation Renal failure
1alpha-hydroxylase mutation

Target organ resistance Vitamin D receptor mutation

Phosphate deficiency

Decreased availability Nutritional deficit

Reduced renal tubular phosphate X-linked hypophosphatemia rickets

reabsorption Tumor-induced osteomalacia

Acidosis Renal tubular acidosis

Other mineralization defects Inhibitors of mineralization (etidronate, fluoride)
Hypophosphatasia

Modified from Bringhurst et al. [68] and Le Boff [70]

Major actions of 1,25(OH),vitamin D, include the promotion of calcium and phosphate
absorption from the gut, the tubular reabsorption of calcium and phosphate, and the
stimulation of bone resorption (via the upregulation of RANKL) [68].

Vitamin D deficiency due to nutritional deficits and/or decreased sunlight exposure is
the most frequent cause of rickets and osteomalacia; nevertheless also disturbances of the
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activation or action of the hormone may result in impaired bone mineralization
(B Table 6.2). In vitamin D deficiency, impaired intestinal absorption of calcium results in
hypocalcemia, and in consequence - in addition to impaired bone mineralization - sec-
ondary hyperparathyroidism develops. In children with rickets due to vitamin D defi-
ciency, an expansion of the epiphyseal growth plate, skeletal deformities (e.g., bow legs),
swellings of the costochondral junction («rickety rosary»), and fractures can be observed
[69]. Symptoms of osteomalacia include skeletal deformities, cortical stress fractures
(«Looser zones»), and proximal myopathy [70, 71].

Fibroblast growth factor-23 (FGF-23) is expressed in osteocytes, osteoblasts, and bone
lining cells and (by the inhibition of tubular sodium-phosphate transporters) stimulates
renal phosphate excretion. Moreover, FGF-23 inhibits the activity of the 1-a-hydroxylase
and thereby the final activation of vitamin D. Due to its activity as a «phosphatonin,» FGF-
23 is involved in the pathogenesis of several disorders of bone mineralization such as
X-linked hypophosphatemic rickets and tumor-induced osteomalacia [72, 73].

X-linked hypophosphatemic rickets (XLH) is caused by a mutation of the PHEX
(phosphate-regulating gene with homologies to endopeptidases on the X-chromosome)
gene. It appears that the defect of the PHEX gene inappropriately increases FGF-23 expres-
sion; in consequence urinary phosphate excretion is enhanced and results in hypophos-
phatemia. Clinical manifestations of XLH include growth retardation, limb deformities,
the rachitic rosary, and dental defects [72, 73].

Tumor-induced osteomalacia (TIO) is a paraneoplastic syndrome associated with
mesenchymal tumors. Biochemically TIO is characterized by phosphaturia and hypo-
phosphatemia but normal calcium and PTH levels. TIO is assumed to be caused by an
excessive production of FGF-23 (or other phosphatonins) by mesenchymal tumors.

6.3.4 Chronic Kidney Disease-Mineral Bone Disorder

The term chronic kidney disease-mineral bone disorder (CKD-MBD) refers to a complex
syndrome frequently observed in chronic renal failure [74]. The pathogenesis of CKD-
MBD is multifactorial and includes hyperphosphatemia, 1,25(OH),vitamin D deficiency,
hypocalcemia, hyperparathyroidism, and FGF-23. Histologically the spectrum of renal
osteodystrophy (the skeletal component of CKD-MBD) is very broad; patients can pres-
ent with high bone turnover (secondary hyperparathyroidism), low bone turnover (ady-
namic bone disease), osteomalacia, or mixed uremic osteodystrophy. Clinical
consequences of renal osteodystrophy are localized or diffuse bone pain, skeletal deformi-
ties, and fractures [75].

— Take-Home Message

= Besides bone mass, bone fragility is determined by various other bone-related
properties including bone microarchitecture, bone macroarchitecture, bone
material properties, and bone metabolism.

== QOsteoporosis is the most frequent disease associated with bone fragility.

== Various other diseases, e.g., Paget’s disease, rickets, osteomalacia, primary
hyperparathyroidism, or chronic kidney disease-mineral bone disorder (CKD-
MBD), are associated with bone fragility.
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What You Will Learn in This Chapter
This chapter will focus on principles of fracture healing. The reader is introduced to epide-
miology, physiology, and pathophysiology of fracture healing, experimental models, as well
as principles of conservative and operative fracture treatments.

At the end of this chapter, the reader should have a thorough understanding of theo-
retical basics and clinical aspects of fracture biology.

7.1 Introduction

Fracture healing is a complex physiological process, which consists of multiple steps
including angiogenesis and callus formation in order to allow osseous consolidation. The
inherent time course of these steps is meticulously preprogrammed in transcription and
translation of different proteins. Unlike other tissues, bone has the ability to regenerate
rather than to repair itself. This underlines the incredible dynamic and vitality of bone.
Since the inauguration of the AO (Arbeitsgemeinschaft fiir Osteosynthesefragen) in
1958 in Chur, Switzerland, bone healing has been extensively investigated. Whereas in the
beginning different osteosynthesis methods such as plating versus intramedullary nailing
were the main focus of research, nowadays bone biology has become of increasing inter-
est. As a consequence, osteosynthesis has focused more on bone biology as seen in devel-
opments of, e.g., minimally invasive plate osteosynthesis (MIPO). MIPO creates fracture
stability without interfering with bone biology at the fracture site. Not seeing significant
differences in fracture healing using different osteosynthesis materials such as titanium or
steel, genetics — in particular proteins involved in fracture healing — have become of pri-
mary interest.

In order to investigate histological, biochemical, and biomechanical aspects of fracture
healing, research has covered many experimental settings in terms of different animal
models as well as the collection and analysis of clinical data over the years.

The word fracture derives from the Latin word frangere, meaning «to break,» and is
defined as a disruption of cortical continuity of bone. The term cortical continuity remains
critical, because incomplete fractures exist as so-called greenstick and torus fractures in
children and as trabecular fractures (bone bruise or posttraumatic bone marrow edema)
and fissures (disruption of only one cortex) in adults.

As Maurice Miiller already postulated, a classification needs to be simple, applicable,
and reliable, and ideally a therapeutic algorithm can be deduced from it. A clear descrip-
tive classification system is important as it not only facilitates communication among cli-
nicians but also leads to the possibility of comparing outcomes.

Fracture classification according to:

Mechanism
Traumatic Fractures due to an adequate trauma
Pathological Fracture due to an inadequate trauma

Fragility/osteoporotic fractures Fractures due to osteolysis, e.g.,
metastasis
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Fracture classification according to:
Insufficiency Overuse/repetitive strain (Arndt-Schulz law)
Periprosthetic

Soft tissue involvement

Open Classification according to Gustilo and Anderson, Tscherne, AO
Clean Contaminated
Closed No skin disruption - AO

Displacement

Non-displaced Displaced
Translated
Angulated
Rotated
Shortened
Fragmented
Comminuted/multi-fragmented

Fracture pattern

Linear

Transverse

Oblique

Spiral

Compression (wedge)

Impaction

Avulsion

7.2 Etiology

Fractures occur when forces applied to the bone exceed its distinct strength. Fracture
origin is influenced by extrinsic and intrinsic factors. Extrinsic factors include the
mechanical load rate as well as the extent, direction, and grandeur of forces to which the
bone is exposed. Intrinsic factors include the mechanical properties of the involved bone,
such as the energy-absorbing capacity, Young’s modulus, and strength, the latter being
often clinically expressed as bone mineral density as a surrogate parameter.

Fractures arise from direct or indirect trauma. Direct trauma implies a direct force
applied to the bone, whereas indirect trauma is a result of tension and compressive or
rotational lever forces distant to the fracture site.
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7.3 Epidemiology

According to reports of different health-care systems, we can only estimate incidences of
fractures. Since not all fractures are recorded, we have to assume that numbers in general
underestimate the prevalence of fractures. Approximately 5.6 million fractures occur
annually in the United States (2% incidence). A peer-reviewed publication from the United
States suggests that the lifetime risk of fracture is 50% for men and 33% for women [1].

Extrapolating the data of Donaldson et al. and Sahlin and Court-Brown et al. projected
a worldwide fracture incidence of 9-22.8/1000/year. Gender distribution of the fracture
incidence in the Scottish case series was almost equal (1.13% in men and 1.16% in women).
Fractures in males, however, showed a bimodal distribution with a high incidence in
young men and a second rise starting at the age of 60, whereas in women a constant rise
after menopause can be observed. The increase of postmenopausal women can be inter-
preted as boost in fragility fractures [2].

Due to the fact that fractures account for the vast majority of trauma in developing
nations, there is a constant seek for novel therapies to improve patient outcome and reduce
overall costs.

7.4 Principles of Fracture Treatment/Osteosynthesis

= Conservative Treatment

Sir John Charnley once stated that «contrary to popular ideas, the operative treatment of
fracture is much simpler than the non-operative.» Independent of the method applied for
definite fracture treatment, fractures which are displaced need to be reduced prior to fixa-
tion. In conservative treatment this reduction needs to be performed in a closed fashion.
After initial reduction the position has to be retained. This can be achieved either by casts/
splints or traction. These fundamental principles, which are not limited to conservative
treatment, can be retrieved in Lorenz Bohler’s axiom of fracture care: reduction, retention,
and exercise.

= Cast/Splint

Conservative treatment with casts or splints is still a very effective treatment especially in
minimal or non-displaced fractures at the meta- or diaphyseal level. Casts can be made
from thermoplastic materials such as fiberglass or out of plaster of Paris, the latter having
the advantage of being more malleable and therefore being used in cases where a closed
reduction is sought to be maintained. Fiberglass on the other hand is splash water-
resistant, is lighter, and thus has a higher wear comfort for the patient compared to con-
ventional plaster of Paris.

= Traction

According to Wolff’s law of the transformation of bones (1892), traction has been widely
used in the past in order to treat fractures. There are two main principles of applying trac-
tion, one of which is applying traction to the soft tissues (skin traction) and the other
being traction applied to the bone (skeletal traction). Due to the constant progress in
operative techniques, traction is rarely used for definite fracture treatment. In severely
injured patients, however, it can be applied in order to bridge the time until definite oper-
ative treatment can be applied.
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= Surgical Therapy

Irrespective of the chosen surgical fixation method, there are two main principles of load

transmission in fractured bones:
Force transmission through the fracture/force induction: the force is transmitted
from one fracture fragment to the next. This direct transmission implies that the
osteosynthesis yields a certain degree of stability and that fracture fragments are in
immediate vicinity and close contact.
Force deflection around the fracture: the osteosynthesis acts as a bypass in order to
allow secondary bone healing at the fracture site. Forces are transmitted over the
osteosynthetic material from one fracture end to the other, avoiding any force
induction at the fracture site.

The Four AO Principles
Anatomic reduction of the fracture fragments: for the diaphysis this implies to ensure
that length, angulation, and rotation are corrected; for intra-articular fractures
anatomic reduction of all fragments as well as absolute stability is demanded.
Stable fixation — absolute or relative stability depending on the fracture site: Absolute
stability in cases of intra-articular fractures and relative stability at the meta- and
diaphyseal level are required.
Preservation of blood supply to the injured area of the extremity and respect for the
surrounding soft tissues.
Early range of motion (ROM) and rehabilitation.

= Open Reduction and Internal Fixation (ORIF)
In contrast to the beginnings of fracture fixation, where anatomic reduction and absolute
stability were favored, nowadays the main objective of fracture care is to minimize soft
tissue damage and to avoid periosteal stripping at the fracture site. After realignment of
the fracture ends, the fracture must be stabilized in order to maintain the reduction. There
are multiple auxiliary devices for internal fixation.

m  Kirschner Wires (K-Wires)
K-wires are commonly used for temporary or definitive treatment of fractures. They allow
maintaining reduction, resisting alignment changes in the frontal, sagittal, and transversal
plane. However, they do not oppose rotation and their resistance to torque and bending
forces is poor (depending on its diameter). Due to their smaller diameter, they are often
employed around smaller joints (meta- and epiphyseal region) and in particular to mini-
mize potential growth disturbances in children and adolescents where growth plates are
still open.

Another classic application of K-wires combined with steel bands (cerclages) is their
use in tension band osteosynthesis, for instance, of the patella or the olecranon.

= Plates and Screws

Plates and screws are frequently applied in cases where absolute stability is required. This
is the case in but not limited to the management of articular fractures. After anatomic
reduction of the fracture, fragments as well as fracture ends are kept in place with screws
and plates. Due to their superior stability compared to K-wires, additional casting is not
mandatory, and early postoperative movement is allowed.
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Depending on the anatomic region and size of the bone, the design of the plates can
vary extensively. Over the years a lot of progress has been made in the development of
plates to address different problems in today’s facture care. The increasing age of our pop-
ulation leads to higher rates of osteoporosis, impeding construct stability. Therefore lock-
ing plates or fixed angled devices have been introduced to the market.

According to the AO there are five main plate functions:

Buttress (antiglide) plates

Compression plates

Neutralization plates

Tension band plate

Bridge plates

= Intramedullary Nails
At the latest from the broader propagation of intramedullary nails through Kiintscher,
their clinical use has been widely accepted. Intramedullary devices operate as internal
splints, allowing a directed dynamic compression under weight-bearing conditions.
Initially, loads are shared with the bone allowing the fracture to heal. The following differ-
ent nails are available:

Flexible or rigid

Locked or unlocked

Reamed or unreamed

= External Fixation

In 1907, the Belgian physician Albin Lambotte introduced the technique of external fixa-
tion for fracture management. External fixation provides fast initial fracture stabilization.
Depending on the respective use of Schanz screws and tubes, both main biomechanical
principles of fracture care, being force deflection or force transmission at the fracture site,
can be realized using an external fixator. The classic indication remains the polytrauma-
tized patient, who has to be temporarily stabilized before definite fracture treatment can
be undertaken in the so-called window of opportunity (5-12 days after the initial trauma).
Due to the fact that the fracture site itself is left untouched, external fixators are also com-
monly applied in multi-fragmented fractures with severely impaired surrounding soft
tissues (open comminuted fractures). The technique provides stability for the extremity
maintaining bone length, alignment, and rotation without requiring casting. Therefore, it
allows for continuous inspection as well as subsequent wound care of soft tissue structures.

7.5 Experimental Models in Fracture Repair

Over the past an increasing knowledge in understanding the process of fracture healing
has accumulated, which fundamentally supports clinicians and researchers in their
respective work to further elucidate subprocesses of physiological and pathophysiological
bone repair as well as developing strategies to treat fractures.

To adequately address these facts, experimental models are essential. However, several
key components have to be considered to apply the most suitable model to answer a spe-
cific research question.
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The experimental model should best possibly reflect the following clinical scenarios:
Normal bone healing
Direct fracture healing
Indirect fracture healing
Abnormal bone healing
Fractures afflicted with high incidence of disturbed healing
Delayed fracture union
Established nonunion
- Hypertrophic
- Oligotrophic
- Atrophic
- Infected
Segmental bony defects
Osseointegration

General aspects have to be taken into account prior to performing an experimental study
on bone repair. Dependent on the clinical scenarios mentioned above, it has to be deliber-
ated whether a small- or a large-scale animal model should be used. Additionally the
researcher has to decide which species will be the most appropriate to answer the funda-
mental study question. Besides, the size and species of the animal model - with their
respective advantages and limitations — age, gender, type of fracture, and fixation tech-
nique and time schedule of follow-up have to be considered in advance in order to mini-
mize bias.

As shown by Pearce et al. and others, there are various diversified animal models in
trauma/orthopedic research [3, 4]. Rodents are the most commonly utilized animals in
fracture research (rats 36-38%, mice 15-26%), followed by rabbits (13-19%), dogs (9%),
and primates (3%) [5]. Sheep account for 2-11% of the species used in studies of fracture
healing [6].

Substantial differences among one and in between species can be found not only in the
microarchitecture and composition of bone but also in the biochemistry, biomechanics,
and their respective healing responses [4, 7, 8].

Due to the fact that experimental models are primarily used to further elucidate phys-
iological and pathophysiological processes in human fracture healing, careful attention
has to be drawn to the differences in anatomy, biology, and fracture healing associated
with biochemical pathways between species and models, in order to optimally extrapolate
the experimental results and to translate them into the clinical environment.

= Mice

Bone maturity, defined as physeal closure in mice, is reached at an age of 5 months, mea-
sured at the animal’s tibia. Their overall life expectancy ranges from 18 to 36 months,
making cross comparisons to humans difficult. Usually bony union can be seen after
3-4 weeks in a simple fracture model in mice, which compares relatively long with respect
to their life expectancy.

An important characteristic of small rodent models (mice and rats) is the lack of
Haversian systems. Thus the bone is remodeled at the fracture site by resorption cavities.
Consequently these lacunae are filled by osteoblasts as the bone heals. Therefore this
model can clearly not be applied in research focusing on properties of the Haversian
system.
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Nevertheless, reasonable pricing, availability, and handling designate mice to be an
attractive and frequently used experimental animal model. Furthermore, the growing
insight in the genetic background with the subsequent opportunity of genetic knockout
mutants can be used to study distinct molecular mechanisms of bone healing.

= Rats
Rats are frequently used to study fracture healing. Rat models usually involve long bones
or the calvaria. As in mice they are cheap in purchase and housing and are quite easy to
handle.

Physeal plate closure is considered at the age of 11 months with a life expectancy of
30-48 months. Under normal circumstances fracture healing in rats takes 4-5 weeks. This
is mainly achieved by the external periosteal callus, with only minor medullary callus
involvement.

Generally, endochondral bone formation predominates in mice as well as in rats. Rats,
especially older ones that underwent ovariectomy, have reduced bone mineral density and
show delayed healing of femoral fractures. Therefore they are frequently used as a model
for osteoporotic fractures.

= Rabbits

In rabbits (New Zealand White) cessation of bone growth (physeal closure) is anticipated
within 5.3-6.8 months in the tibia and femur, respectively. Following fracture expected
healing is achieved at 6-7 weeks. As measured by life expectancy of 84-96 months, the
repair process engages disproportionally longer time periods in comparison to humans.
Remodeling in rabbits occurs quickly showing a different microstructure than seen in
humans, although a Haversian system in this higher phylogenetic species is already pres-
ent.

Due to its size the rabbit is used for various study designs, comprising experiments of
fixation methods, such as intramedullary nailing/splinting, external fixations, or plates
and screws, but also established in biophysical experiments [9]. Animal housing and costs
still allow for moderate-sized groups when different protocols are used.

= Dogs

The dogs span of life ranges between 108 and 168 months with physeal closure at approx-
imately 7.5 months (Greyhounds). After a simple fracture, time to fracture union can be
expected within 10-13 months. Even though canine bones have similarities to human
bones regarding their architecture, composition, and remodeling processes, they exhibit a
combination of plexiform and lamellar bone, which cannot be seen in humans. Remodeling
therefore is highly variable, and biomechanical properties differ from those of human
bones.

It is to note that dogs are more susceptible to nonsteroidal anti-inflammatory drugs
due to their higher gastrointestinal resorption rate. The increased oral bioavailability and
the longer half-life of these drugs make ulcer formation associated with significant gastro-
intestinal bleeding more likely to occur. This has to be considered carefully in planning the
postoperative analgesic regimen.

However, the main concern using dogs in experimental settings remains an ethical one
as the dog being «men’s best friend.» Additionally they are expensive and demanding to
keep.
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= Sheep

Extensive research is accomplished in sheep to study various fixation devices in different
setups. The life expectancy of sheep is around 180 months with a physeal growth plate
closure at the age of approximately 17 months. The bone (cancellous, cortical, and plexi-
form) will usually heal after 10-14 weeks following fracture. The advantage of experi-
ments in sheep is the similar body weight to humans along with a suitable dimension of
long bones for implants. Unlike other species, sheep only rarely protect their fractured
hind limbs, thus making this model suitable for fixation techniques where early weight-
bearing is favored. Limitations are housing, handling, and availability issues as well as the
age-dependent bone remodeling.

Alternatively to in vivo experimental models, mathematical models can add feasible
means to further elucidate normal and pathological fracture repair along with the respec-
tive treatment (CIT 25 Pivonka). Moreover, we have a sincere ethical responsibility to
reduce experimental in vivo experiments, by which mathematical modeling may have the
potential to support research in this effort.

= Experimental Fracture Models

Osteotomy — Although highly reproducible this approach has to be used with caution
when traumatic fractures and their respective therapies are the main research focus.
Significant differences were found in a rabbit tibial repair model using either a closed
fracture model or an osteotomy [10].

To create osteotomies an open approach is inherent thus lacking fracture hematoma
which is a major component in physiological fracture healing. Another crucial point to be
considered in creating osteotomies is the developing heat caused by the oscillating saw
which undoubtedly influences local cells and subsequent repair processes.

Delayed healing or fracture nonunion can be explored by creating a certain fracture
gap (segmental bone defect/critical size defect) which is later bridged and stabilized by
plates and screws or an external fixation device. Stripping of the adjacent periosteum fur-
ther compromises healing which reproducibly results in nonunion.

Open/Closed Fractures — Fractures can be achieved by applying different techniques
such as a manual guillotine or impact device. The closed fracture model using a guillotine
introduced by Bonnarens and Einhorn is most commonly used [11]. This model can quite
reproducibly imitate secondary fracture healing. Fracture stabilization can be achieved by
introducing an intramedullary rod either prior or after using the guillotine.

Open techniques allow precise localization of the fracture site but implicating the dis-
advantage of washing out the initial fracture hematoma. The soft tissue envelope may
sufficiently stabilize the fracture site even without fixation, whereas the open approach
necessitates fixation methods. Additionally, surgery accompanied with risks and variables
(e.g., damage to the surrounding soft tissue, risk of infection) could potentially influence
fracture healing outcome.

m  Fixation Techniques
Internal endogenous fracture stabilization can be practiced in the radial/ulnar model, the
radius being fractured and the ulna functioning as the strut to maintain length, rotation,
and alignment.

Intramedullary stabilization through nailing is a relatively easy approach and is appli-
cable in animals of all sizes. It allows investigating indirect fracture repair and treatment
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modalities to augment the healing process. The rod can be introduced prior or after the
fracture has been created. Unrestricted postoperative rehabilitation or movement is pos-
sible while the nail preserves alignment of the bony fragments. However, the diameter of
the nail has to be chosen carefully, because it was shown that smaller diameters in relation
to the medullary cavity will result in nonunion [12]. Biomechanical testing can be per-
formed easily by removing the nail distant to the fracture site without influencing the local
healing response.

Plating and screw fixation are valuable methods in studying direct fracture repair.
Surgery can be quite demanding when a small-scaled animal model, i.e., mice, is used. As
mentioned, direct visualization facilitates the fracturing process but bears also disadvan-
tages which have to be taken into account. Radiological assessment of the fracture is
commonly used to judge osseous healing, but plates can interfere with radiological evalu-
ation. Biomechanical testing is yet another method to evaluate callus/bone quality at the
fracture site. This can only be realized when plates are removed prior to euthanasia caus-
ing additional iatrogenic trauma potentially interfering with subsequent testing.

External fixation, which can either be unilateral or circular, has several advantages
including the relative ease of application distant from the fracture site as well as fracture
execution in a closed manner without additionally harming the soft tissue coverage by the
surgical intervention. Moreover, radiological evaluation is less complicated, removal is
easy, and interference with postmortem assessments is avoided.

Finally, splints or casts are an additional method to immobilize the fractured hind limb.
However, these fixations are often badly tolerated, chewed on, or soiled by the animals.

7.6 Physiology of Fracture Healing

In the context of bone regeneration, the following principles are essential:
Osteoconduction: It is passive process that involves adhesion and ingrowth of cells
due to local material properties such as porosity and surface roughness.
Osteoinduction: It is an active process that involves recruitment and differentiation of
cells. Growth factors which are able to induce ectopic bone formation, e.g., BMP-2,
BMP-7, TGF-p1, IGF-1 (derived from bone), PDGE EGFE VEGE, and TGF-$1 (from
platelets).

Osteogenesis: Cells are called osteogenic, if they possess the potential to differentiate
into active bone-forming osteoblasts.

Looking closely at the fundamentals of fracture consolidation, we have to differenti-

ate between primary (intramembranous) and secondary (endosteal/intramembranous)
healing.

7.6.1 Primary/Direct (Intramembranous) Healing

Primary fracture healing implies absolute stability, consisting in anatomic reduction and
compression restricting any kind of motion at the fracture site. Therefore this type of heal-
ing can only be seen in cases of ORIF yielding absolute stability. In these cases direct
remodeling of lamellar bone, of the Haversian canals, and of blood vessels occurs. Primary
or direct fracture healing happens either through contact or gap healing.
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Contact Healing

Direct bone healing as mentioned above can only occur when an anatomic reduction is
achieved and rigid fixation is provided, resulting in a substantial decrease in interfrag-
mentary strain. Due to the anatomic reduction, fracture ends are in direct contact reestab-
lishing cortical continuity.

If the fracture gap is less than 10 pm and the interfragmentary strain is less than 2%,
fracture healing occurs through contact healing [13].

Under these conditions, so-called cutting cones are formed at the ends of the osteons
next to the fracture [14]. These cutting cones gradually cross the fracture line. Osteoclasts
sit at the convex side (tip) of the cutting cones, acting as a bur in order to create longitudi-
nal cavities at a rate of around 50-100 pm/day. These cavities (tunnels) allow penetration
of blood vessels, endothelial cells, and osteoprogenitor cells, which further differentiate
into bone-forming osteoblasts at the rear end of the cones. Due to the coupling of bone
resorption and bone formation, bony union and simultaneously restoration of the
Haversian system are achieved in an axial direction.

The osteons bridging the fracture gap later mature directly into lamellar bone avoiding
the formation of woven bone as intermediate step, as it is the case in secondary fracture
healing. This results in direct fracture healing, which per definition circumvents periosteal
callus formation.

Gap Healing
In contrast to contact healing, where bony union and Haversian remodeling occur simul-
taneously, in gap healing these steps take place successively.

As in contact healing, gap healing occurs if stable conditions and anatomic reduction
are achieved, although the fracture gap can be somewhat bigger but must be less than
800 pm to 1 mm.

Initially the fracture site is filled by lamellar bone, oriented perpendicular to the long
axis, requiring a secondary osteonal reconstruction unlike the process of contact healing.
The primary bone structure is then gradually replaced by longitudinal revascularized
osteons carrying osteoprogenitor cells, which differentiate into osteoblasts and produce
lamellar bone temporarily stabilizing the fracture. Initially this lamellar bone is mechani-
cally weak as it is laid down perpendicular to the long axis of the bone. After 3-8 weeks
secondary remodeling takes place. This process resembles the one seen in contact healing
and leads to the consolidation of bone [13].

7.6.2 Secondary/Indirect (Endosteal/Intramembranous) Healing

Secondary or indirect fracture healing is the most common form of fracture healing, con-
sisting of both endochondral and intramembranous bone healing. Micromotion and
weight-bearing enhance callus formation; therefore, anatomic reduction or rigid fixation,
a principle used in compression plating, is not necessitated. However, delayed osseous
healing or nonunion may occur if micromotion exceeds a certain level. Indirect fracture
healing can be seen in conservative fracture treatment such as bracing and casting as well
as in certain operative treatments. These include all types of treatments yielding a so-
called relative stability according to the AO principles of fracture care like intramedullary
nailing and external or internal fixation of complicated comminuted fractures along with
bridging plating as applied in minimally invasive plate osteosynthesis (MIPO).
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Secondary or indirect fracture healing involves a combination of intramembranous
and endochondral ossification. According to Einhorn there are five distinct stages of heal-
ing. These include an initial phase in which a hematoma is formed and inflammation
occurs, followed by a subsequent stage of angiogenesis and initial cartilage formation.
Thereafter, three successive processes of cartilage calcification, cartilage removal, and
bone formation and ultimately a more chronic stage of bone remodeling occur. The intra-
membranous bone is formed by committed osteoprogenitor cells that reside in the cam-
bium layer of the periosteum [15]. As mentioned in the introduction, fracture healing
follows a strict time course in order to allow osseous consolidation.

Inflammation

Initial hematoma formation after trauma is of paramount importance. Upon activation of
the clotting cascade, the hematoma partially acts as glue in order to limit motion at the
fracture ends. Additionally it provides a template for callus formation which occurs in two
phases comprising a soft (fibrous/cartilaginous) and later a hard (osseous) callus. Blood
cells are recruited and an acute inflammatory response is initiated in order to propagate
healing. Secretion of TNF-q, interleukin-1 (IL-1), interleukin-6 (IL-6), IL-11, and IL-18
leads to further recruitment of inflammatory cells as well as to the promotion of angiogen-
esis [16, 17]. In vitro TNF-a induces osteogenic differentiation of mesenchymal stem cells
(MSCs), mediated by activation of its two receptors TNFR1 and TNFR2 being expressed
on both osteoblasts and osteoclasts. Since TNFR1 is constantly expressed in bone and
TNFR2 expression is only observed following injury, a more specific role of TNFR2 in
bone regeneration is to be presumed.

Within the interleukin family, IL-1 and IL-6 are considered to be the most important
for fracture healing.

IL-1 expression, produced by macrophages in the acute phase of inflammation, over-
laps with that of TNF-a in a biphasic mode and induces production of IL-6 in osteoblasts.
Furthermore, it promotes the production of the primary cartilaginous callus and angio-
genesis at the injured site, doing so by activating either of its two receptors, IL-1RI or IL-
IRII [18].

IL-6, being an acute phase protein, stimulates angiogenesis, vascular endothelial
growth factor (VEGF) production, and differentiation of osteoblasts as well as osteoclasts.

Repair

Fracture healing or bone regeneration is dependent on recruitment, proliferation, and
differentiation of mesenchymal stem cells (MSCs), which are mobilized locally (surround-
ing soft tissues and bone marrow) and systemically. To knowledge it appears that recruit-
ment and homing of these MSCs is mediated by bone morphogenetic proteins (BMP-2,
BMP-7) and stromal cell-derived factor-1 (SDF-1) as well as its corresponding receptor
CXCR-4, being a G-protein-coupled chemokine receptor.

After the primary hematoma has formed, a fibrin-rich granulation tissue develops.
Within this tissue, endochondral bone formation in between fracture ends and external to
periosteal sites can be observed, whereas subperiosteally intramembranous bone forma-
tion occurs. The regions of endochondral ossification are less mechanically stable, and the
cartilaginous tissue forms a soft callus acting as scaffold, giving the fracture a somewhat
stable structure [19].

In animal models (rat, rabbit, mouse), the peak of this soft callus formation occurs
7-9 days post trauma [15].
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Cho et al. have shown that TGF-f,, TGF-p,, and GDF-5 are involved in chondrogen-
esis and endochondral ossification underlining the importance of the TGF-f} superfamily
in fracture healing [20]. According to Marsell and Einhorn, cell proliferation in intra-
membranous ossification at periosteal sites is induced by BMP-5 and BMP-6.

Furthermore, as stated above, BMP-2 has been proven to be crucial for initiation of the
healing cascade. This concept was verified by Tsuji et al. using BMP-2 knockout mice,
which were not able to form callus to heal their fractures successfully.

For bone regeneration to progress, the soft cartilaginous callus initially built needs to
be resorbed and substituted by hard (bony) callus.

To some extent, this step in the fracture healing cascade recapitulates embryological
bone development. Cellular volume and matrix deposition are increased through a com-
bination of cellular proliferation and differentiation.

The differentiation of pluripotent MSCs into the osteoblastic lineage is thought to be
regulated by the Wnt family. This signaling pathway has been shown to be a very impor-
tant complementary pathway of RANK and its ligand receptor activator of nuclear factor
kappa B ligand (RANKL) in cell differentiation as well as bone formation. Furthermore,
the Wnt pathway signaling through B-catenin seems to positively regulate osteoblastic
bone formation at later stages of development [21].

The extracellular matrix becomes calcified as fracture callus chondrocytes proliferate
and turn hypertrophic. This cascade is primarily coordinated by RANKL, macrophage
colony-stimulating factor (M-CSF), osteoprotegerin (OPG), and TNF-q, initiating resorp-
tion of this newly mineralized cartilage [16, 22]. It is thought that throughout this process,
M-CSE RANKL, and OPG help to recruit bone cells and osteoclasts to form woven bone.

Even though the most important role of TNF-a may be to initiate chondrocyte apopto-
sis, it also promotes the recruitment of MSCs with osteogenic potential (osteogenesis) [16].

Mitochondria accumulate calcium-containing granules created in the hypoxic frac-
ture environment and therefore play an important role in the calcification mechanism.

After emigration of fracture callus chondrocytes into the cytoplasm, calcium granules
are carried into the extracellular matrix, precipitating with phosphate forming initial min-
eral deposits which finally build up apatite crystals.

In animal models the peak of the hard callus formation is usually reached by day 14.
This can not only be seen by histomorphometry of the mineralized tissue but also by
expression of extracellular matrix markers such as type I procollagen, osteocalcin, osteo-
nectin, and alkaline phosphatase [15]. As the hard callus formation advances, the calcified
cartilage is gradually replaced by woven bone, making the callus stronger and more
mechanically rigid.

Remodeling

The hard callus as rigid structure provides some biomechanical stability. The former bio-
mechanical properties of normal bone however are still to be reached.

In order to reestablish the biomechanical properties of bone prior to fracture in the
sense of a true regeneration, a second resorptive phase is initiated, and the hard callus is
remodeled into a lamellar bone structure with a central medullary cavity [16].

IL-1 and TNF-a biomechanically coordinate this phase, showing high expression lev-
els during this stage. In contrast, most members of the TGF-f family already show dimin-
ished expression at this later phase.

Some BMPs such as BMP-2 show continuous moderately high expression levels and
therefore apparently also stay involved in this phase.
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During remodeling a constant balance is kept between callus resorption on the one
hand and lamellar bone formation on the other hand. Remodeling starts as early as
3-4 weeks after fracture, but may take years to be completed in order to regain the above-
mentioned former biomechanical properties of bone.

Overall this process is age dependent and thus occurs faster in younger patients and
animals. Mechanical loading also influences remodeling through creation of electrical
polarity. Axial loading of long bones on the one hand creates electropositivity at the convex
side activating osteoclasts and on the other hand electronegativity on the concave side
alternatively activating osteoblasts. In doing so the external callus is gradually replaced by
lamellar bone formed by osteoblasts, whereas the internal callus is resorbed by osteoclasts
reestablishing the medullar cavity inherent to the normal structure of diaphyseal bone [23].

Cell types involved in bone regeneration

«Bone Flat inactive cells that reside at the outer surface of bone as well as in Haversian
lining canals. They are spindle shaped and possess only few amounts of roughened
cells» endoplasmatic reticulum (RER) and Golgi complexes, reflecting their inactive

metabolic state

Osteo- Active cells that produce collagens, proteoglycans, as well as glycoproteins

blasts (osteocalcin, bone sialoprotein, alkaline phosphatase, etc.) residing on the surface
of bone trabeculae. Osteoblasts are connected to one another via thin cytoplas-
matic processes. In contrast to bone lining cells, they show all histological signs of
active protein-producing cells such as high amounts of RER. Consistently they are
basophil. The newly formed organic extracellular matrix (ECM) is named osteoid. In
the further course, osteoid is mineralized. Osteoblasts produce around 1 pm of
osteoid per day, 70% of which is mineralized within the first few days. As soon as
osteoblasts are fully embedded in their own ECM, they become osteocytes

Osteocytes  Osteocytes are connected through thin filopodial processes which run in
canaliculi. Gap junctions enable ions and molecules to travel across up to 15 cells.
Due to their interconnectivity, osteocytes are thought to play an important role in
mechanotransduction

Osteoclasts  In contrast to all of the abovementioned cells, which derive from mesenchymal
stem cells, osteoclasts derive from myeloid precursors of the hematopoietic
lineage. They are a fusion product of mononuclear cells (syncytium) and therefore
contain multiple nuclei. Active osteoclasts settle in so-called Howship lacunae. The
resorbing surface of the osteoclast is enlarged by a ruffled border. Osteoclasts
produce a significant amount of tartrate-resistant acidic phosphatase (TRAP) for
demineralization of bone as well as cathepsin K (a cysteine protease) for degrada-
tion of collagen type | and other noncollagenous proteins



Fracture Healing

Key factors in bone
Key molecule

Extracellular factors

IL-1, IL-6, TNFa
ILx — interleu-
kin-x

TNF — tumor
necrosis factor o

SDF1

Stromal
cell-derived
growth factor

TGFp
Transforming
growth factor 8

BMP-2, BMP-4,
BMP-7

Bone
morphogenetic
protein-x

repair

Function

Elicit inflammation
and migration

IL-1 - secretion of
IL-6, GMCSF, MSCF
IL-6 — very sensitive to
IL-1

Chemotactic factor

Chemoattractant for
macrophages,
mitogenic factor,
osteogenic factor,
differentiation factor
of periosteal
progenitor cells,
promotes angiogen-
esis

Osteogenic factors

Effects

In vitro inhibit
osteoblastic
differentiation, but
in vivo TNFa is crucial
for bone repair; role
of IL-6 is controver-
sial (anti- or
pro-osteogenic
probably, depending
on soluble IL-6
receptor)

Homing of stem cells
and recruitment of
inflammatory cells

Can induce
osteoblast differen-
tiation at the early
stage of immature
cells but can also
inhibit osteogenesis
in committed cells

2 - might initiate
bone formation
healing, induce other
BMPs

4 — stimulates TGF-b,
binds to collagen |
and IV

7 —induces Osf2/
Cbfa1 (transcription
factor for early
osteoblast differen-
tiation)
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Expression pattern

IL-1 - produced by
macrophages in a temporal
manner throughout
fracture healing being
highest in the early
inflammatory phase

IL-6 — produced by
osteoblasts in a temporal
manner

Released in response to
hypoxic harmed local
tissue; endogenous CXCR4
expressing stem cells are
recruited

- Produced by platelets,
inflammatory cells,
osteoblasts, osteoclasts,
mesenchymal cells,
endothelial cells, and
periosteal mesenchymal
cell chondrocytes

-Weakly expressed in
proliferating mesenchymal
cells and endothelial cells
in the inflammatory phase,
strongly expressed in
proliferating osteoblasts
during intramembranous
ossification, and strongly
expressed in proliferating
chondrocytes during
chondrogenesis and
endochondral ossification

Produced by mesenchymal
and osteoprogenitor cells,
fibroblasts, and proliferat-
ing chondrocytes; strong
expression during
inflammation (undifferenti-
ated mesenchymal cells)
and intramembranous
ossification (proliferating
osteoblasts)

(continued)
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Key factors in bone repair (continued)

Key molecule

Noggin

FGFb
Fibroblastic
growth factor

IGF-I, IGF-II
Insulin-like
growth factor

VEGF
Vascular
endothelial
growth factor

PIGF
Placental
growth factor

PDGF

Platelet-
derived growth
factor

Function

BMP-2, BMP-4, and
BMP-7 specific
inhibitor

Promotes angiogen-
esisandis a
mitogenic factor;
osteogenic factor
(controversially
discussed)

Mitogenic factors,
osteogenic factors

Angiogenic and
vasculogenic factor

Angiogenesis,
vasculogenesis
(member of the VEGF
family)

Mitogenic and
chemotactic factor

Effects

Suppresses
osteoblastic
differentiation

Can stimulate Sox9;
might be a negative
regulator of
postnatal bone
growth and
remodeling

Increase collagen
syntheses, inhibit
collagen degrada-
tion; proliferation of
osteoblasts;
increased osteoclast
formation (l) and
modulation of
function (1)

Most potent
pro-angiogenic and
vasculogenic factor;
crucial at the onset of
bone formation;
osteoblast and
osteocyte differentia-
tion, osteoclast
recruitment

Induces proliferation
and osteogenic
differentiation of
MSCs

Essential for
vascularization

Highly mitogenic
factor for MSCs,
connective tissue
cells; initiates callus;
chemotactic for
MSCs, osteoblasts,
and perivascular cells

Expression pattern

Coordinated and similar
expression as BMP4,
suggesting important role
of noggin/BMP4 balance in
regulation of callus
formation

Expressed throughout
fracture healing (macro-
phages - inflammation;
osteoblasts — intramem-
branous ossification;
chondrocytes — chondro-
genesis; osteoblast/
chondrocytes — endochon-
dral ossification)

| - during intramembra-
nous ossification in
osteoblasts; mRNA peak at
day 8 after fracture

Il - proliferating chondro-
cytes; largely negative in
osteoblast during
remodeling

During endochondral and
intramembranous
ossification

Expressed throughout
repair

Weakly expressed during
inflammation; constantly in
the callus by platelets,
macrophages, monocytes,
and endothelial cells
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Key factors in bone repair (continued)

Key molecule

Wnts
Wingless-type
MMTV
integration site
family

DKK1
Dickkopf

Ihh
Indian
hedgehog

PTHrP
Parathyroid
hormone

OPG
Osteoprote-
gerin

RANKL

M-CSF

Gastrointestinal
serotonin

Function

Mitogenic and
osteogenic factors

Inhibitor of Wnt
signaling

Osteochondrogenic
factor

Autocrine and
paracrine osteochon-
drogenic factor,
anabolic

Decoy receptor of
RANKL, inhibition of
RANKL

Induces osteoclasto-
genesis

Induces osteoclasto-
genesis

Neurotransmitter
inhibiting osteogenesis

Effects

Depending on Wnt
type, crucial for
osteoprogenitor
proliferation; can also
inhibit final osteoblast
maturation

Strongly inhibits
osteogenesis of MSC
and osteoprogenitor
cells; can stimulate
terminal maturation

Pivotal role for
growth plate and
endochondral
formation; can inhibit
osteoblast differen-
tiation; might induce
PTHrP expression

Pivotal role for
growth plate and
endochondral
formation; can
induce or inhibit
osteogenesis

Strongly inhibits
bone resorption and
has a pivotal role in
bone remodeling

Strongly stimulates
bone resorption and
has a pivotal role in
bone remodeling

Crucial for osteoclas-
togenesis.

Inhibits bone
formation and
repressed by Lrp5
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Expression pattern

Upregulated in early
fracture healing, declines to
slightly suprabasal levels
14-21 days post fracture

Expressed in (pre-)
hypertrophic chondrocytes
(1-2 weeks post fracturing)
and in osteoblasts close to
endochondral ossification
front (3rd week)

PTHrP mRNA expression in
preosteoblasts, differenti-
ated osteoblasts, and
osteocytes during
intramembranous
ossification

In the bony calluses, both
PTHrP mRNA and its
receptor were detected in
the osteoblasts and the
osteocytes in the trabecular
bones near the fracture sites

Constitutively expressed in
unfractured bones and
elevated levels throughout
the repair process (peak at
24 h and 7 days)

Expression is minimal in
unfractured bones but
strongly elevated
throughout the period of
fracture healing (peak at 3
and 14 days post fracture)

Follows temporal expres-
sion patterns of RANKL

Expressed by enterochro-
matin cells

(continued)
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Key factors in bone repair (continued)

Key molecule

Function

Intracellular messengers

MAPKs
Mitogen-
activated
protein kinases

B-Catenin

Runx2/Cbfa1l
Runt-related
transcription
factor 2/
core-binding
factor subunit
alpha-1

Osx (Sp7)
Osterix

NF-kB

Transduce osteogenic
signaling by
phosphorylation

Osteogenic trans-
ducer factor

Early osteogenic
transcription factor
(master osteoblast
transcription factor)

Late osteogenic
transcription factor

Inflammation
transducer factor,
inhibits osteogenesis

Effects

Crucial for regulation
of intracellular
signaling induced by
osteogenic factors
(still controversial)

Pivotal role in
transducing
osteogenic signal
from Wnt and is
negatively regulated
by GSK3b

Master regulator of
early osteogenesis;
osteoblastogenesis
and terminal
chondrocyte
maturation

Master regulator of
late osteogenesis,
inhibiting chondro-
genesis

Inhibits the
differentiation of
MSCs, and commit-
ted osteoblastic cell
inhibition will not
only suppress
osteoclast-mediated
bone resorption but
will also promote
osteoblast function
and bone formation

Adapted from Deschaseaux [24] and Sfeir [25]

7.7 Pathophysiology of Fracture Healing

Expression pattern

Throughout the fracture
healing process

In early stages, beta-
catenin is required for
pluripotent mesenchymal
cells (differentiation to
osteoblasts or chondro-
cytes); positively regulates
committed osteoblasts

Involved in both the
intramembranous and
endochondral ossifications

Runx2-induced transcrip-
tion factor expressed in
osteogenic cell progenitors
stimulating osteoblastic
differentiation rather than
chondroblastic

Early bone fracture healing
by endochondral ossifica-
tion depends on a
hematoma-induced
inflammatory environment,
and several NF-kB-target
genes (e.g., IL-6, TNFa,
COX2) are involved in bone
fracture repair; chondro-
genic differentiation is
facilitated by early transient
activation of NF-kB/p65

It is estimated that delayed or impaired healing will occur in 5-10% of the 5.6 million
fractures that occur annually in the United States, and up to 10% of all fractures will
require additional surgical procedures for impaired healing [26].
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Disturbances in physiological bone healing potentially result in delayed healing or
nonunion of fractures. Although nonunions represent an infrequent entity (approximately
2.5% of all fractures in Austria develop a nonunion), they constitute a highly relevant
medical as well as socioeconomic issue. Unfortunately, a unified classification regarding
delayed healing and nonunions is still lacking, thus making cross comparisons difficult.

In most cases, normal fracture healing occurs within 3 months. Therefore, according
to most textbooks, delayed healing is estimated to take place between 3 and 6 months.
Consequently, if a fracture fails to show any signs of osseous consolidation after 6 months,
it can be defined as nonunion. The Federal Food and Drug Administration (FDA), how-
ever, defines nonunion as a fracture which does not heal on its own within 9 months,
showing no radiological signs toward osseous healing over the past 3 months.

Factors contributing to delayed healing or nonunion development can be categorized
into local (patient independent) and systemic (partially patient dependent) factors. Local
factors include the anatomic region and type of fracture as well as vascularization and soft
tissue damage associated with the initial trauma. Hence, the tibia is more prone in devel-
oping healing disturbances due to its scarce soft tissue coverage and high probability of
open and comminuted fractures.

Systemic factors, which can be partly influenced by the patient, include comorbidities
such as diabetes, atherosclerosis, congestive heart disease, metabolic syndrome, lifestyle
habits such as smoking and alcohol consumption, as well as current medication and
patient’s age.

7.7.1 Classifications of Nonunions (NU)

Based on different criteria, there are several classification systems. Among these the most
commonly used is the classification according to Weber and Cech [27], which roughly
differentiates between vital and avital nonunions. Vital nonunions are further subdivided
into hypertrophic, normo—/oligotrophic nonunions. These nonunions, also referred to as
reactive nonunions, generally have the potential to heal with appropriate measures such as
immobilization. In contrast, avital or nonreactive nonunions, farther subdivided into dys-
trophic, atrophic, necrotic/avascular, and segmental defect nonunions, show distinct dis-
turbed healing without having the ability to heal on their own.

Besides the Weber and Cech classification, radiological assessment of nonunions sepa-
rates them into hypertrophic, oligotrophic, and atrophic. Excessive callus formation or
hypertrophic nonunion, also named elephant foot, is mainly seen due to inadequate initial
fracture stability. Although not yet united, the bone is vital and shows sufficient perfusion
thus bearing the inherent ability to heal, after adequate stabilization is performed.

In contrast, oligotrophic nonunions show only little to no callus formation on plain
radiographic films. Nevertheless, as mentioned above, they are categorized as being bio-
logically active and thus still have the potential to heal.

A local factor which plays a major role in the fate of fracture healing is local blood
supply. Perfusion can be compromised either through the initial trauma or iatrogenic due
to an extensive surgical approach. On X-ray this can be seen as atrophic nonunion.

Another important factor potentially interfering with the fracture healing process is
infection. If present, infection leads to the development of septic nonunion. In most cases
staphylococci (S. aureus and S. epidermidis) act as the main pathogen. These bacteria
either enter the wound at the initial trauma (open fracture) or during the further cause of
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intervention, for instance, the operation. Primary open fractures are significantly more
prone to develop septic nonunions. In order to prevent the bone from developing an acute,
subacute, or chronic osteitis/osteomyelitis, septic nonunions have to be recognized and
treated in a timely manner. Serological testing should include erythrocyte sedimentation
rate (ESR), total leucocyte count and relative number of segmented neutrophils, C-reactive
protein (CRP), interleukin 6 (IL-6), and procalcitonin. All these parameters together show
a high sensitivity and specificity in detecting infections, even though single parameters
can be negative. Especially in chronic or low-grade infections, false-negative results (low
sensitivity) are possible, making diagnosis more difficult. In conclusion, blood testing
shows a high negative predictive value. Therefore negative results can help to rule out
infection, whereas positive results are not evidentiary for infectious disease.

7.7.2 Molecular Alterations

Inflammation is an essential process not only for normal fracture repair but for tissue
healing in general. However, following the initial inflammatory reaction, anti-inflammatory
stimuli are necessary to proceed with the physiological healing cascade. An excessive and/
or prolonged inflammatory response ultimately leads to complications such as delayed
bone healing or nonunion. It could be shown that the adaptive and innate immune system
oppositionally contributes to bone repair. While the adaptive immune system has a nega-
tive effect on healing, the innate immunity partially has positive effects on repair. The
latter could be shown by blocking early macrophage infiltration through chemokine (C-C
motif) receptor 2 inactivation, resulting in delayed fracture repair due to impaired func-
tion of osteoclasts.

Recently, bone-resident macrophages (osteomacs) have been identified, which were
shown to influence fracture healing and bone remodeling. In vivo depletion of these cells
resulted in delayed fracture healing, whereas stimulating migration of these cells to the
fracture site by macrophage colony-stimulating factor 1 (CSF-1) leads to collagen type I
deposition and mineralization. These findings suggest a fundamental role of this macro-
phage subpopulation in anabolic activities during fracture healing.

Comorbidities such as diabetes, smoking, or aging show increased inflammation asso-
ciated with a decreased endogenous potential of bone healing. Aged mice were trans-
planted with juvenile bone marrow in order to evaluate the ability to stimulate fracture
healing. In fact, this approach exhibited an enhanced healing combined with faster resolu-
tion of inflammation. Similarly, inhibiting macrophage migration during fracture repair
in old animals demonstrated superior healing outcome in comparison to an age-matched
control group.

The age dependency seen in the inflammatory response during fracture repair is
potentially caused by a reduced ability to switch from a pro- to an anti-inflammatory sta-
tus.

Accelerated healing of calvarial defects could be observed in a transgenic mouse model
lacking the Toll-like receptor 4, supporting the thesis that the innate immune system may
negatively modulate fracture healing.

Prostaglandins are other key inflammatory mediators influencing osteoclasts as well
as osteoblasts to promote bone regeneration. Cyclooxygenase 2 (COX-2) - an ubiqui-
tous enzyme catalyzing prostaglandin synthesis - is markedly upregulated after bone
injury and impairs fracture healing if selectively inhibited. Osteogenesis is directly trig-
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gered by COX-2 via induction of cbfa-1 (core-binding factor subunit alpha 1) and osterix
(2 downstream genes of COX-2) which stimulate the differentiation of MSCs into func-
tional osteoblasts leading to intramembranous and endochondral ossification. An addi-
tional important source of stem and progenitor cells is the periosteum, where COX-2
exhibited a crucial role for the activation and differentiation of these cells after bone injury.

Due to the abovementioned influences on bone healing of selective and nonselective
COX-2 inhibitors, the use of nonsteroidal anti-inflammatory drugs (NSAIDs) as pain
medication should be avoided in patients suffering from fractures.

Yet another key player in bone regeneration is angiogenesis. Damage to the local blood
supply has been shown to dramatically enhance the chance to develop a nonunion.
Regulation of angiogenesis during bone regeneration is orchestrated by a variety of growth
factors, cytokines, adhesion molecules, and enzymes degrading the extracellular matrix.
Exemplarily, the initial angiogenic response following a fracture is impaired when vascu-
lar endothelial growth factor or placental growth factor is lacking, resulting in reduced
ossification and delayed fracture healing.

Hypoxia or ischemia at the fracture site effectively upregulates hypoxia-inducible fac-
tor 1o, which is a key transcription factor regulating multiple downstream genes associated
with angiogenesis. Genetically manipulated osteoblasts overexpressing hypoxia-inducible
factor la enhances not only angiogenesis but also bone repair.

In the time course of bone healing, angiogenesis promotes the resorption of cartilage,
which is essential to induce osteogenesis. Matrix metalloproteinases (e.g., MMP-9)
degrade the cartilaginous matrix, continuously releasing the pro-angiogenic VEGF result-
ing in neovascularization and ossification.

Compromised angiogenesis can be found in the elderly with disturbed healing which
underlines the essential role of angiogenesis in bone regeneration.

Regular fracture healing involves numerous molecules and signaling pathways; thus,
proper regulation of these factors is indispensable. The transforming growth factor beta
superfamily contains signaling proteins such as bone morphogenetic proteins which have
strong osteoinductive properties. Endothelial cells also express bone morphogenetic pro-
teins underlining the supportive role of angiogenesis in bone formation.

The bone morphogenetic protein pathway interacts with a variety of other pathways
which are crucial in bone homeostasis. One of these pathways is the Wnt signaling path-
way, which is not only involved in tissue repair including bone but also in embryogenesis
and organogenesis. If Wnt signaling is altered, fracture healing is affected. Inactivation of
the Wnt co-receptor low-density lipoprotein receptor-related protein 5 (LRP5) negatively
influences fracture repair. Binding of Wnt to LRP5 leads to nuclear translocation of
[-catenin which is the initial step of a canonical signaling pathway influencing many cell
types involved in bone regeneration including periosteal stem cells. f-Catenin exhibits
differential function depending on the stage of fracture healing. In the early stages, it is
essential to trigger differentiation of MSCs to chondrocytes and osteoblasts [21]. During
the maturation of osteoblasts to osteocytes, f-catenin decreases thus highlighting that
higher p-catenin levels potentially enhance bone formation.

Among alterations in these signaling pathways, the hormonal dysregulation of para-
thyroid hormone seems to substantially impair fracture healing on multiple steps of the
repair process. Both the cartilaginous and the bony callus formation are less pronounced
in consequence of downregulated osteoblastic gene and protein expression due to endog-
enous parathyroid hormone (PTH) deficiency [28]. Intermittent parathyroid hormone is
applied in osteoporotic patients intending to increase bone formation being the only
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FDA-approved osteo-anabolic drug. It has been shown that intermittent PTH augments
maturation of osteoblasts while reducing sclerostin, an antagonist of Wnt signaling being
almost exclusively expressed by osteoblasts and osteocytes. Hence, it is likely that PTH
and Wnt promote bone formation through complementary pathways. At the fracture site,
intermittent PTH upregulates Wnt, thus increasing bone formation and stimulation of
bone remodeling.

7.7.3 Treatment Modalities

The existence of delayed osseous healing or nonunion has to be carefully evaluated prior
to any further intervention. Several techniques are available. Recently, systemic and local
biomarkers were clinically introduced to assess and/or predict nonunions. However, to
date, no reliable predictive biomarker was identified which would allow to make an
informed clinical decision on the subsequent treatment. Therefore, the clinical assessment
(e.g., pain during weight-bearing, swelling) in conjunction with radiological examination
(conventional X-ray, computed tomography, nuclear medicine) still represents the stan-
dard procedure to judge nonunions.

The aim of any therapeutic intervention should be the bony consolidation along with
pain-free weight-bearing and satisfactory functionality. Recognizing the complex process of
fracture repair, the diamond concept was introduced by Giannoudis et al. [29] drawing
attention to key factors necessary for regular healing. Originally derived from the
tissue-engineering approach with a triangular concept comprising growth factors (osteoin-
duction), scaffolds (osteoconduction), and mesenchymal stem cells (osteogenesis), the sig-
nificance of the mechanical environment (mechanical stability) was amended to the concept.

Furthermore, any therapeutic approach has to be oriented based on the respective
pathology. In most cases, hypertrophic nonunions are the result of insufficient initial sta-
bility. Introducing additional stability with a more rigid fixation would suffice as treatment
in most of these cases. In atrophic nonunions, however, the fracture ends are avital there-
fore necessitating further treatments enhancing perfusion and osteogenesis.

= Mechanical Stability

Depending on fracture localization and type of nonunion, the appropriate osteosynthetic
material has to be chosen. In any case, the soft tissue envelope has to be treated carefully
to avoid further compromise of the microenvironment. Periosteal stripping must be
avoided as it was shown in experimental models that deprivation of the blood supply
reproducibly leads to nonunions. Resection of the interposed fibrous scar tissue as well as
avital bone in the nonunion gap is essential for induction of bleeding, enabling stem cell
recruitment. Additionally correct fracture reduction along with compression should be
achieved. In selected cases of delayed fracture healing, dynamization of an intramedullary
nail might be sufficient in order to allow compression and consequently fracture healing.
Another option is reamed compression nailing with exchange of the initial intramedullary
device in order to propagate proper healing. Reaming is supposed to induce endosteal
bleeding with subsequent recruitment of stem cells as well as reversing endosteal to peri-
osteal perfusion.



121
Fracture Healing

In atrophic nonunions plating (sometimes even as double plating) in combination
with osteoinductive factors as well as osteoconductive materials (e.g., autologous bone
graft) can be used as treatment. Locking plates might be beneficial in these occasions.

= Autologous Bone Graft

Despite major advances in tissue engineering, autologous bone grafting (ABG) remains
the gold standard in the treatment of nonunions. The first documented case of an autolo-
gous bone grafting procedure dates back to 1668. The main advantage of autologous bone
grafting (ABG) compared to other treatment modalities is the combination of osteoinduc-
tive (e.g., BMPs), osteoconductive (e.g., collagen and hydroxyapatite), and osteogenic
(stem cells) properties in a single procedure. Bone grafts can be divided into cortical,
cancellous, and corticocancellous grafts. Cortical grafts are primarily used as strut grafts
in order to support the structural network. Cancellous grafts on the other hand are the
main source of stem cells, combining osteogenic and osteoconductive properties, whereas
corticocancellous grafts obviously combine both of the aforementioned. Frequently used
sources of grafts include the ilium (anterior and posterior aspect), tibia (anteromedial), or
fibula. While grafts originating from the ilium and the tibia can be either cancellous, corti-
cal, or both, the fibula can be harvested as vascularized or nonvascularized full transplant.
Despite indisputable advantages of ABG, there are two crucial negative aspects which
have to be considered. Firstly, ABG requires an additional surgical procedure inherently
causing complications such as donor site morbidity mainly comprising pain, infection,
and hematoma formation. Secondly, the amount of autologous bone grafts, which can be
harvested, is limited.

= Bone Grafts of Different Origin

The body’s bone is the most preferred source for grafts, lacking risk of graft rejection.
However, under some circumstances (e.g., multiple surgical revisions), ABG might not be
applicable or indicated, thus necessitating alternatives. In these cases, allografts, xeno-
grafts (heterogeneous grafts), or bone substitutes can be considered. Allografts are usually
taken from deceased humans who donated their bone. This bone is then prepared and
stored by a certified tissue/bone bank. Allografts can be differently processed and pur-
chased as one of the following:

1. Fresh or fresh-frozen bone

2. Freeze-dried bone allograft (FDBA)

3. Demineralized freeze-dried bone allograft (DFDBA)

Heterogeneous grafts or xenografts originate from other species than human and were
used in the past, but recommendation was denied, because of infection and rejection
issues as well as unsatisfactory outcome in general.

Bone substitutes nowadays mainly consisting of calcium phosphates, e.g., hydroxyapa-
tite or tricalcium phosphate, primarily act as scaffolds for migrating osteoprogenitor cells
before being replaced by endogenous bone. Depending on their origin, being natural or
synthetic, they can be fully or partially resorbed. Another representative of this group is
calcifying marine algae, such as Corallina officinalis, which resembles cancellous/spon-
gious bone and is gradually resorbed in the later course.
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m  Reamer Irrigation Aspiration (RIA System)

The RIA system allows retrieval of 25-90 cm? intramedullary bone graft during reaming
of the medullar cavity. The obtained material contains not only endogenous stem cells but
also osteoinductive growth factors facilitating nonunion treatment.

= Bone Marrow Aspiration

Stem cells can be quite easily obtained by percutaneous bone marrow aspiration. However,
a wide variability in the cell quantity can be found which can be improved by a specific
purification technique. The percutaneous approach minimizes donor site morbidity as
seen in autologous bone graft harvesting, making this modality especially valuable in
small bony defects where extensive concomitant soft tissue damage is present.

= Growth Factors

Over the past a couple of different osteoinductive molecules have been tested experimen-
tally and clinically. Among these, BMP exhibited the most osteoinductive potential induc-
ing the differentiation of residential mesenchymal stem cells into bone-forming osteoblasts.
So far the clinical application includes the recombinant human isoforms BMP-2 (Infuse®/
Medtronic) and BMP-7 (OP-1°/Stryker), the latter being approved for traumatic recalci-
trant tibial nonunions. Friedlaender et al. compared the clinical and radiological efficacy
of BMP-7 with autologous bone grafting and found similar results avoiding donor site
morbidity in the BMP-7 group. Furthermore, the combination of both BMP-7 and autolo-
gous bone grafting showed synergistic effects.

= Noninvasive Biophysical Stimulation
Extracorporeal Shockwave Therapy (ESWT)

Recently, ESWT has emerged as a valuable approach in the treatment of nonunions
capable to avoid complex surgical procedures. The noninvasive character and the
cost-saving aspect are key advantages over other treatment options. In 1998 the AUVA
Trauma Center Meidling, Vienna, Austria, was one of the first hospitals worldwide using
ESWT as a standard procedure for nonunion treatment. Since then over 2500 patients
were treated successfully using different electrohydraulic shockwave devices. Overall, we
could achieve bony union in approximately 80%, the tibia responding best with a healing
outcome of up to 90% clinically and radiologically assessed 6 months after treatment.
Besides some temporary local redness, minor local swellings, or petechial bleeding in
some of the patients, so far no serious treatment-associated complications were observed.
Based on our data and recent literature, ESW'T can be recommended as the therapy of first
choice for nonunions. Advantages include the high efficacy, lack of complications due to
avoidance of surgical interventions potentially associated with further complications,
higher patient convenience, and considerable lower costs.

Shockwaves are acoustic waves propagating in medium at supersonic speed and showing
a characteristic pressure to time profile. Once transmitted to the tissue, the shockwave is
translated into biochemical signals by a mechanism known as mechanotransduction. Recent
experimental work exhibited a variety of cellular and molecular systems involved in the work-
ing mechanism of shockwaves. It was shown that shockwaves enhance cell proliferation via
ATP-triggered extracellular signal-regulated kinase (ERK) activation resulting in improved
wound healing, potentially preserving the multipotency of stem cells. Additionally growth
factors and cytokines are upregulated in response to ESW'T, leading among others to angio-
genesis, modulation of the inflammatory process, and recruitment of endogenous stem cells.
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= Low-Intensity Pulsed Ultrasound (LIPUS)

LIPUS has been reported in clinical case series to support osseous healing particularly in
mechanical stable fractures with a fracture gap less than 1 cm. It is proposed that various
stages of the healing cascade are influenced by ultrasound which includes the differentia-
tion of mesenchymal stem cells into chrondrocytes and osteoblasts. Based on the nonin-
vasive character of the therapy, undesired side effects may be minimal making this method
suitable for ambulatory care. However, daily application (once per day for 20 min) for a
period of 60 to 120 days requires a certain amount of patience and compliance of the
patient. Currently, no prospective randomized controlled trials are available, making the
clinical evidence of LIPUS uncertain.

= Pulsed Electromagnetic Stimulation (PEMS)

PEMS has been reported to affect different aspects of bone repair. These include increased
blood supply, stimulated calcification of the fibrocartilage in the fracture gap, and inhibi-
tory properties during the resorptive phase. Clinically applied, PEMS has been suggested
to reach success rates of up to 80% in the treatment of nonunions. However, similar to
LIPUS treatment, it is time consuming requiring high compliance of the patient.

— Take-Home Message

Delayed fracture healing as well as nonunions is rare but still very challenging for both
the patient and the surgeon. A precise evaluation of the underlying pathology and direct
and indirect factors associated with impaired bony healing is of paramount importance.
Based on this, the appropriate therapeutic approach should be meticulously planned
actively including (involving) the patient into the discussion. The therapeutic regimen

in most cases will be multimodal, involving different means such as exchange of the
hardware, autologous bone grafting, and biophysical stimulation of the fracture site.
Additionally, further research is required to improve methods and to develop new or
optimized strategies for nonunion treatment.
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What You Will Learn in This Chapter

Cleft lip and palate is the genetic malformation with the highest incidence of 1:700 of the
face. It is the non-fusion of the body’s natural structures that form before birth and affects
either the lip, the alveolus, or the palate. Periodontitis is the disease of the supporting tis-
sues of the teeth leading to destruction of the alveolus and secondary edentulism.
Osteonecrosis of the jaws related to medication like bisphosphonates (BP) and the RANKL-
RANK antagonist denosumab influences bone metabolism and may lead to jaw necrosis,
infection, and fracture. Since bone morphogenetic proteins (BMPs) increase the differentia-
tion and proliferation of the mesenchymal stem cell line of osteoblasts, recently they
became therapeutic targets to promote bone regeneration. BMPs are already applied for
elective surgery in bone regenerative surgical procedures. The efficacy of these surgical
procedures is of great scientific concern.

8.1 Development of the Facial Skeleton

The facial skeleton protects the brain and the sense organs of smell, sight, and taste and
makes the act of eating, facial expression, breathing, and speech possible. The mandible is
a mobile bone of the facial skeleton, and since it houses the lower teeth, its motion is
essential for mastication. It is formed by intramembranous ossification. The maxilla
houses the teeth, forms the roof of the oral cavity, forms the nasal cavity, houses the max-
illary sinus, and forms the floor of the orbit. Two maxillary bones are joined in the midline
to form the middle third of the face. The zygoma forms the lateral portion of the orbit and
the anterior zygomatic arch, from which the masseter muscle is suspended. The frontal
bone houses the sinuses and forms the roof of the ethmoid sinuses, nose, and orbit. The
paired nasal bones confine the nasal cavity [1].

The development of the face is coordinated by complex morphogenetic events and is
highly susceptible to environmental and genetic factors, explaining the high incidence of
facial malformations. During the first 6-8 weeks of pregnancy, the shape of the embryo’s
head is formed.

The frontonasal prominence grows from the top of the head down toward the future
upper lip. The maxillary prominence grows from the cheeks, which meet the first lobe to
form the upper lip. The mandibular prominence grows just below; two additional lobes
grow from each side, which form the chin and lower lip. If these tissues fail to meet, a gap
appears where the tissues should have fused. The resulting birth defect reflects the severity
of individual fusion failures (e.g., from a small lip or palate fissure up to a completely
malformed face).

The upper lip is formed earlier than the palate, from the first three lobes. Formation of
the palate is the last step in joining the five embryonic facial lobes and involves the back
portions of the maxillary and mandibular lobes. These back portions are called palatal
shelves, which grow toward each other until they fuse in the middle [2]. This process is
very vulnerable to multiple toxic substances, environmental pollutants, and nutritional
imbalance. The biologic mechanisms of mutual recognition of the two cabinets, and the
way they are glued together, are quite complex and obscure despite intensive scientific
research [3].

Cleft lip and cleft palate, which can also occur together as cleft lip and palate, are
variations of a type of cleft malformation caused by abnormal facial development during
gestation. A cleft is a fissure or opening—a gap. Approximately 1 in 700 children born
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O Fig.8.1 Newborn with cleft
lip and palate intubated for surgi-
cal closure of the lip

have a cleft lip or a cleft palate or both [4]. Treatment includes plastic and reconstructive
surgery with rehabilitation of the bony and soft tissue structures of the alveolus and the
face (B Fig. 8.1).

Regardless whether bones are typically long bones, e.g., the mandible, or are of rather
flat appearance such as skull bones, their external part is built as a compact structure
(cortical bone), whereas their interior is a three-dimensional network of fine trabeculae
(cancellous bone) [5]. Approximately 80% of the adult human skeleton consists of corti-
cal bone and 20% of trabecular bone. Trabecular bone is considered metabolically far
more active than cortical bone. Histologically, woven and lamellar bone can be distin-
guished; woven bone is typically formed during fetal and postnatal skeletal development.
In the adult organism, only lamellar bone is formed, except under some conditions of
enhanced bone formation such as fracture healing, where predominantly woven bone is
built [6].

The adult skeleton bone is constantly remodeled throughout life. Bone regeneration
results from bone absorption and formation and therefore depends on the generation of
osteoclasts and osteoblasts. An orderly supply of these cells is essential, as changes in their
activity or numbers affect bone homeostasis, causing impairment of fracture healing, peri-
odontitis, and alveolar atrophy of the jaw.

In the following sections, selected current scientific topics of bone biology relevant to
oral and maxillofacial surgery will be discussed.

8.2 Periodontitis: Defense Mechanisms Versus Bacterial
Invaders

Periodontitis is defined as an inflammatory disease of the supporting tissues of the teeth
caused by specific microorganisms, resulting in progressive destruction of the periodontal
ligament and alveolar bone with pocket formation, recession, or both. The clinical feature
of periodontitis is the presence of clinically detectable alveolar bone loss. Periodontitis is
regarded as the second most common dental disease worldwide (after dental decay). In
the United States, periodontitis has a prevalence of 30-50% of the population; neverthe-
less, only about 10% have severe forms. Chronic periodontitis affects about 750 million
people or about 10.8% of the population as of 2010 [7].
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O Fig. 8.2 Patient with clinical
signs of periodontitis: bone
destruction visible in the x-ray

Signs include redness or bleeding of gums and halitosis, or bad breath. Symptoms are
gingival recession, deep pockets between the teeth and the gums, and loose teeth (in the
later stages). Patients should realize that gingival inflammation and bone destruction are
largely painless (B Fig. 8.2) [4].

Periodontitis can be classified in early onset, adult onset, and necrotizing forms. In
addition, periodontitis may be associated with systemic conditions such as diabetes and
HIV infection. Sometimes it is accompanied with endodontic lesions or can be acquired
with predisposing teeth anatomic factors and dental restorations [8].

The identification of bacterial pathogens in periodontal diseases has given a severe
impact in the understanding of periodontitis [9]. The periodontal microbiota is a complex
community of microorganisms and some of them function as pathogens.

Dental plaque is a host-associated biofilm that has been recognized to alter the properties
of the microorganisms. Although the biofilm and its containing microorganisms in one patient
may produce only gingivitis and in the other periodontitis, the literature shows an influence of
these compounds on alveolar destruction. The inflammatory responses in the periodontal tis-
sues induced by microorganisms in dental plaque are modulated by the hosts’ immune system.
The answer is an activation of the immune system including cells and complement.
Transendothelial migration is of equal importance as other leukocyte functions. Specific
responses include clonal selection and expansion. CD8" and CD4" positive cells contribute as
well as B-cells and antibodies. Patients with genetic disorders clearly exhibit a lack of sufficient
immune response leading to progressive alveolar destruction due to periodontitis [8].

Periodontitis has been linked to increased inflammation in the body, as indicated by
raised levels of C-reactive protein and interleukin-6 [10]. Periodontitis thus is linked to an
increased risk of stroke [11], myocardial infarction [12], and atherosclerosis [13].
Individuals with impaired fasting glucose and diabetes mellitus have a higher degree of
periodontal inflammation and often have difficulties with balancing their blood glucose
level owing to the constant systemic inflammatory state, caused by the periodontal inflam-
mation [14]. Although no causative connection was proved yet, a recent study revealed an
epidemiological association between chronic periodontitis and erectile dysfunction [15].

The cornerstone of successful periodontal treatment starts with establishing excellent oral
hygiene, brushing with daily flossing. Persons with periodontitis must realize that it is a chronic
inflammatory disease and a lifelong regimen of excellent hygiene and professional mainte-
nance care with a dentist/hygienist or periodontist is required to maintain affected teeth. If the
teeth are already lost, surgical procedures to restore the masticatory system are necessary. Part
of the treatment is the augmentation and replacement of teeth with dental implants.
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8.3 Medication-Related Osteonecrosis of the Jaws: The Phossy
Jaw of the Twenty-First Century

In 2003 oral and maxillofacial surgeons were the first clinicians to recognize and report cases
of non-healing, exposed necrotic bone in the maxillofacial region in patients treated with
intravenous bisphosphonates [16-18]. Especially patients with malignant disease and meta-
static cancer, but also osteoporosis patients therefore, are highly susceptible for bisphospho-
nate-related osteonecrosis of the jaw (BRONJ) (8 Figs. 8.3, 8.4, and 8.5).

Ruggiero et al. [19] reported osteonecrosis of the jaws associated with bisphosphonate
treatment in patients with malignant diseases or osteoporosis. Hellstein et al. [20] com-
pared the «bis-phossy jaw» with the historical disease «phossy jaw» found in workers
exposed to white phosphorus vapor during the nineteenth century. Marx et al. [21] sus-
pected that the mechanism of osteonecrosis includes bisphosphonate-related apoptosis of
osteoclasts as well as its antiangiogenic effect. The rich vascularization of the jaws renders
them highly susceptible to the deposition of bisphosphonates. If bone remodeling of the
jaws is depressed, this may lead to a spontaneous breakdown or to poor healing after tooth
extraction.

O Fig.8.3 BRONIJstage 1

O Fig. 8.4 BRONJ stage 2
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O Fig.8.5 BRONJstage 3

Bisphosphonates have a brief half-life of 30 min to 2 h in blood. 20-80% of the sub-
stance is deposited in the bone [22]. Although the bioavailability of bisphosphonates is
much lower when administered orally, the risk of BRONT still exists in long-term therapy
[23]. The prevalence of BRONJ in this setting ranges between 0.01 and 0.06% [24]. The
incidence of osteonecrosis of the jaws under pamidronate or zoledronic acid was found to
increase from <1.5% after 12 months of treatment to 7.7% after interval therapy for
3-4 years [25]. Oral trauma and poor prosthetic care are risk factors for osteonecrosis
[26]. In 2007 a consensus paper was published [27] and strategies for the prevention and
treatment of BRONJ determined. Higher rates are observed in patients who have under-
gone dental extraction or have untreated periodontitis in conjunction with poor oral
hygiene [28]. In general, treatment strategy is the limitation of the affected bone with
antibiotics and mouth rinsings. Surgery is performed for sequestrectomy and primary
wound closure is the aim of treatment [29].

Starck and Epker (1995) described a patient who had been treated with five inter-
foraminal implants and was given etidronate to treat osteoporosis. A peri-implant lesion
developed after 5 months of treatment with oral bisphosphonates and eventually led to
loss of the dental implants [30]. Bisphosphonate-related osteonecrosis of the jaw (BRONYJ)
after the insertion of dental implants has been reported increasingly often from 2004
onward [31]. Given the fact that the number of dental implants is dramatically increasing
worldwide, guidelines of the American Association of Oral and Maxillofacial Surgeons
(AAOMS) were published: dental implants should not be inserted during intravenous
treatment with bisphosphonates (BP) in malignant diseases. Dental implants may be
safely inserted in patients undergoing treatment with oral bisphosphonates for less than
3 years [32]. Despite initially successful osseointegration, bisphosphonate therapy may
damage the dental implants several years later. Thus, peri-implantitis may precipitate the
occurrence of osteonecrosis under the impact of bisphosphonates. Adherence to optimal
oral hygiene is essential for the prevention of osteonecrosis [33].-

Despite some negative reports about the insertion of dental implants under bisphos-
phonate therapy, bisphosphonates have been found to exert favorable effects on the
implantation of hip joint prostheses [34]. On the other hand, an in vitro study has demon-
strated a beneficial effect of bisphosphonates on osteoblast proliferation and maturation
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[35]. Given a likely ONTJ incidence of 0.03-0.05% during oral administration of bisphos-
phonates [36], one may justifiably conclude that implantation is permissible during oral
administration.

Marx et al. recommend a preoperative drug holiday [37] before operations are per-
formed in BRON]J patients. However, recent investigations have shown that the inter-
ruption of bisphosphonate therapy has no impact on the risk profile [38]. When
surgery is performed at a time of high bisphosphonate levels, one may anticipate a
poor outcome.

According to Marx et al., serum CTx (C-terminal telopeptide) levels may be used to
measure the course of bisphosphonate therapy [37]. CTx is a specific marker of type-I
collagen. CTx is released by the organic matrix during bone resorption. The test is
directly proportional to the resorptive activity of osteoclasts and permits measurement
of BRONJ remodeling rates. The CTx levels reflect the risk of osteonecrosis because the
long half-life of bisphosphonates in BRON]J and their prolonged aftereffects must be
taken into account [38].:

Recently an association of osteonecrosis of the jaw not only with bisphosphonates but
also with other drugs has been reported; the term «drug-induced osteonecrosis» of the
jaws (DIONYJ) was coined [39]. A new therapeutic path to affect pathologic bone turnover
is to block the receptor activator of nuclear factor-«B ligand (RANKL) with the monoclo-
nal IgG2 antibody denosumab. Pharmacologically denosumab mimics the effect of osteo-
protegerin on RANKL and rapidly leads to a reduction in bone turnover and an increase
in bone density. Until now, denosumab has been well tolerated in all clinical trials, but
reports of denosumab-related osteonecrosis of the jaws in patients with cancer underline
recently given concerns about this drug. Interestingly, also an association of osteonecrosis
of the jaws with angiogenesis inhibitors (such as bevacizumab) has been discussed [40].

Bone morphogenetic proteins are exceptional compounds with a medical importance
for the facial skeleton.

8.4 Bone Morphogenetic Proteins: The Bone Scientist’s
Alchemic Compound

Recently, bone morphogenetic proteins (BMPs) became interesting therapeutic targets to
promote bone regeneration. They are members of the TGF-f super family of polypeptides,
which have a conserved carboxyterminal region containing seven cysteine repeats [41].
More than 40 BMP-homologous molecules have been described so far [42]. BMPs are
capable of inducing ectopic bone formation in vivo when implanted into muscular sites
[43]. Accumulating evidence indicates that the BMP family plays an important role in
organogenesis of the lung, heart, teeth, gut, skin, and kidney as well as the bone and carti-
lage [44]. In vitro studies showed that BMPs exert a wide range of biological responses
such as regulation of cell proliferation, differentiation, and apoptosis in a variety of cell
types. BMPs induce the differentiation of undifferentiated mesenchymal cells into osteo-
genic cells and enhance the differentiated function of osteoblasts [45]. As a BMP-induced
endochondral ossification process, undifferentiated mesenchymal cells first differentiate
into chondrocytes that lay down a cartilaginous structure, which then is resorbed by
osteoclasts and replaced with bone by osteoblasts [46]. Based on these sequential biologi-
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Osteogenic Hierarchy of BMPs
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B Fig. 8.6 Anin vitro study by Cheng et al. [52] evaluated the osteogenic activity of fourteen types of
BMPs on osteoblastic progenitor cells with an osteogenic hierarchical model in which BMP-2 and BMP-6
may play an important role in inducing osteoblast differentiation

cal events, it may be speculated that BMPs may act on osteoclastic bone resorption as well
as cartilage and bone formation, because bone resorption is an essential process in bone
development, maintenance, and regeneration [47].

Recently, several recombinant forms of BMPs, especially BMP-2 and BMP-7, have
been shown to induce bone formation in vivo and both have been tested in clinical trials
[48-51]. Data from these trials suggested that BMP-induced bone formation is at least
equivalent to autogenous bone grafting when used in alveolar bone grafting, spinal fusions,
and tibial nonunion. A number of studies have confirmed the effectiveness of BMPs in
promoting osteogenesis (B Fig. 8.6).

BMPs have shown varying degrees of success in the clinical setting, and further studies
on their mechanisms of action and optimal formulations are required to optimize their
osteopromotive effectiveness.

For example, the in vivo effect of BMP-5 and its role in bone formation have been
recently investigated. As the growth of long bones and certain stages of fracture healing
occur by endochondral bone formation, these studies suggest that BMP-5 plays an impor-
tant role in regulating the cellular activity involved in the bone remodeling process [53]. Its
effects on bone cells in vitro have not been reported thus far, but our data indicate the
significant role of BMP-5 in the bone remodeling process as well [54]. BMP-6-deficient
mice are largely unremarkable, with the exception of a defect of the sternum [55]. Hence,
the osteogenic potency of each BMP might depend on the cell line, the stage of differentia-
tion of cells, and the concentration of each BMP [56]. The exact combination and dosage
of BMPs used in a clinical setting might improve the differentiation of these mesenchymal
cells and thus promote fracture healing as well as osteogenic procedures. BMPs are already
in clinical use. The first indication in that BMPs were used was the nonunion of tibial
fractures [50]. Also of great advantage was the use of BMPs for the treatment of spinal
fusions secondary to osteoporotic fractures of the spine [57]. Since BMPs proved to be a
safe treatment method in orthopedic indications, in oral and maxillofacial surgery, dental
implants were coated with BMPs for faster osseointegration [58] and bone augmentation
procedures [59]. These augmentation procedures may be performed to place implants or
after ablative surgery to prevent microvascular free flap procedures [60].
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O Fig. 8.7 Patient before and after a sinus lift operation followed by the insertion of dental implants
and loading with two artificial molars on both sides in the upper jaw

Currently BMP-2 and BMP-7 may be used in vivo. Clinical investigations concern
the mode of application (either with collagen membranes or with a virus used as a
vector), the use with autogenous bone transfer to activate local stem cells, and the
dosage [61].

Just recently, BMPs were also applied in elective surgery of the face, and BMPs were
used to improve sinus lift operations for the later application of dental implants [62]
(@ Fig. 8.7).
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—— Take-Home Message

== Disturbances of the facial skeleton include genetic malformations like cleft lip
and palate.

== Bacterial invasion versus osteoimmunologic response is seen in periodontitis.
Bisphosphonates, denosumab, and related medication, meant to reverse bone
aging, may lead to osteonecrosis of the jaws.

== The application of regenerative compounds like the BMPs may lead to the
reversal of bone malformations, aging, and destruction. BMPs promise an
improvement in reconstructive surgery of the bone augmentation techniques
of the face.

== The facial skeleton protects the brain; houses the human senses of smell, sight,
and taste; and gives us the opportunity to hear. It gives form to the face and
determines our appearance. Disturbances have a great influence on our ability
of communication with our environment and getting in contact with our
beloved. Therefore mankind expends great scientific strength to maintain and
improve its beauty and grace.
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What You Will Learn in This Chapter

Articular cartilage is the clinically most relevant hyaline cartilage since frequently damaged by
trauma or abuse but without any intrinsic potential to regenerate. It covers the ends of the bones
and allows frictionless movement due to its stiff and elastic properties. The biomechanics and
consecutive function of articular cartilage are determined by its composition and morphological
organisation. Knowledge about the cartilage biology is essential to understand its function,
potential, durability and vulnerability. This chapter explains the histological organisation and
ultrastructural details of this tissue, which is dominated by extracellular matrix with a special
arrangement of collagen and a high amount of proteoglycans that are produced by the chon-
drocytes embedded in between. The chondrocytes, even if capable to metabolise and regener-
ate the matrix, are not able to migrate through their dense environment. In case of tissue damage,
this means that they may not approach the defect to fill gaps and regenerate degraded or lost
tissue. Chondrocytes are specialised cells that persist under the hypoxic conditions of the dense
matrix. Their special microenvironment and a sensory organ, the cilium, allow to detect changes
in the mechanical conditions on which they react by matrix synthesis or, in contrary, by degrada-
tion. These initial changes and cartilage remodelling remain though unrecognised since the tis-
sueis not innervated. Consequently, degradation is proceeding until reaction of the surrounding
tissues in the joint cavity and finally causes pain in an advanced stage of degradation. Clinical
regeneration by cell therapy and tissue engineering, which is possible in young patients, requires
the development of the complex hyaline cartilage tissue which is described in this chapter.

9.1 Introduction

Cartilage is part of the skeletal system and appears mainly in relation to and connected with
specific mechanical conditions. Nasal and auricular cartilages both help to shape the human
body, while articular cartilage and menisci act like shock absorbers at the contact points of long
bones. Depending on the tissue characteristics, three types of cartilage may be distinguished:
hyaline, fibrous and elastic cartilage (B Fig. 9.1). They all have in common that their largest vol-
ume is formed by extracellular matrix (ECM), consisting mainly of collagen type II and proteo-
glycans. While fibrous cartilage has the lowest proteoglycan content in relation to collagen and
elastic cartilage contains additional elastic fibres, hyaline cartilage is a dense homogenous con-
nective tissue with no obvious fibrillation in a light microscopic overview. Hyaline cartilage is the
most frequent of those three cartilage types in the human body and forms the ribs and nose and
covers the ends of the long bones. Ontogenetically, hyaline cartilage has different origins; while
nasal cartilage is of ectodermal origin, deriving from the neural crest, most hyaline cartilage
structures such as the ribs, intervertebral discs and articular cartilage are of mesodermal origin.
Articular cartilage forms at the ends of long bones from a remaining layer of the cartilaginous
anlagen. It is considered to be mature when the epiphyseal plate is closed (skeletal maturity).
Hyaline cartilage is characterised by an abundance of extracellular matrix, making up
more than 90% of the tissue volume and consisting mainly of collagen type IT and sulphated
proteoglycans. Cells make up 10% of the tissue volume and are embedded in the matrix,
either individually, in pairs or in groups. They all belong to the same cell type, chondro-
cytes. Although few in number, chondrocytes play a crucial role in the production, organ-
isation and maintenance of the extracellular matrix and, in turn, are protected from the
high forces of mechanical load and shear by the extracellular matrix they are embedded in.
Articular cartilage is an especially clinically relevant hyaline cartilage tissue as trauma and age-
related abuse require intervention and, in the best case, regeneration. Therefore, even if all hyaline
tissues are structurally very similar, the following description will focus on the articular cartilage.
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B Fig. 9.1 Histological image characteristics of three different cartilage types: a Articular cartilage con-
sisting of homogenous dense matrix and chondrocytes regularly distributed within. b In elastic cartilage,
elastic fibres are embedded in the homogenous matrix forming a network around the cells. ¢ Fibrous
cartilage is characterized by large collagen bundles stretching through the tissue. MSB staining of paraffin
sections displaying collagen in blue and elastic fibres as well as cells in red. Scale bar = 100 um

9.2 Articular Cartilage Function

Articular cartilage is a thin but tough tissue covering the articulating surface of all diar-
throdial joints. It creates a stiff but elastic interface between the articulating ends of the
long bones and allows frictionless movement. Likewise it (1) protects the bone from abra-
sion; (2) dampens impulses and transmits high compressive loads and shearing forces to
the subchondral bone; (3) creates joint congruity, reducing contact stress between appos-
ing bones; and (4) provides a smooth, lubricated surface that facilitates movement with
little friction between articulating surfaces.

These mechanobiological functions are possible due to the highly hydrated state of
hyaline cartilage; interstitial water accounts for 60-80% of the wet weight. In association
with proteoglycans, interstitial water is largely responsible for the load bearing and elastic
properties of cartilage. Interstitial water is also a carrier system for gases, small proteins
and metabolites which are exchanged by pumping the fluid through the dense matrix,
driven by intermittent pressure from joint movement and loading. The dynamically pul-
sated interstitial water, therefore, acts as a circulatory system in this vessel-free tissue.

9.3 Articular Cartilage Morphology

In the macroscopic view, untreated articular cartilage is a homogenous, dense tissue with
a whitish colour and without compartmentation or substructure. The reason for this
appearance is that the tissue is dominated by the ECM which forms a tight three-
dimensional network of collagen densely packed with proteoglycans. There are no blood
or lymphatic vessels or nerves and only 1% of the tissue volume is formed by cells.
Cellularity varies strongly between different joints, joint regions and species and increases
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with the body size of the animal. Cellularity further depends on age, pathological circum-
stances and individual differences. Variations during ageing comprise location-dependent
increased or decreased cellularity. While cell death mainly affects cells in the superficial
region, reducing cell numbers, cell proliferation leads to cluster formation in deeper joint
regions. Despite the low cell-to-matrix ratio, chondrocytes alone are responsible for ECM
synthesis and turnover. Due to their high sensitivity to mechanical stimuli, chondrocytes
may adapt their ECM metabolism to the mechanical demands on the tissue.

The structural organisation of the ECM becomes visible with staining methods of his-
tology and electron microscopy. With certain fixation methods, such as ruthenium hex-
ammine trichloride or osmium tetroxide treatment, some aspects of the structural
organisation of the tissue already become visible macroscopically. Chondrocytes and their
surrounding matrix can be distinguished from the rest of the ECM. Histological staining
procedures reveal a distinct organisation on two levels: (1) a subdivision of the cartilage
into four layers on the basis of cell and matrix characteristics such as the orientation of the
collagen fibres in relation to the joint surface (8 Figs. 9.2, 9.3, and 9.4) and (2) a compart-
mentalisation of the ECM in relation to the chondrocytes (8 Figs. 9.4 and 9.5).

DO Fig. 9.2 Articular cartilage characteristics visualised by different histological stainings: a AZAN dis-
plays the main cartilage in blue and the calcified cartilage and subchondral bone in red. b Haematoxylin
and eosin, one of the most common types of histological stainings, provides a general morphological
overview. ¢ Safranin-O staining displays proteoglycans in red and shows increasing staining intensity
towards the bone. d Collagen type Il immunolabelling demonstrates the nearly ubiquitous presence of
collagen type II, except for the uppermost region of articular cartilage which is formed by collagen type I.
S, M, D and Cindicate the four layers of articular cartilage: superficial (S), middle (M), deep (D), and calci-
fied (C) zone. Arrow tidemark, arrowhead cement line (formalin-fixed human femur condylus) (© Georg
Thieme Verlag KG)
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B Fig. 9.3 Scanning electron microscopic image of articular cartilage after cryofracturing shows the
leave-like arrangement of the collagen matrix formed from densely arranged collagen fibrils (© Georg
Thieme Verlag KG)

9.4 Subdivision of Articular Cartilage in Four Layers

The structural organisation of articular cartilage may be described by differentiating four

zones from the surface to the bone (B Figs. 9.2, 9.4 and 9.6). These zones are characterised by

collagen orientation, proteoglycan distribution and the organisation of chondrocytes at dif-

ferent depths throughout the matrix. However, except for the deepest layer, the calcified zone,

transitions between these areas are continuous, without any sharp borders or delineations.

== Zone I. The superficial or tangential layer lies adjacent to the joint cavity and occupies
5-10% of the matrix volume. It is the only layer which may contain collagen type I and
where collagen fibres are aligned parallel to the articular surface. Proteoglycans are rare
in this layer, explaining the fibrous appearance in histology. Nevertheless, the surface
is smooth and sealed by a specialised glycoprotein, lubricin. The cells are discoidal and
the collagen alignment is orientated parallel to the surface. There is no particular com-
partmentation of the matrix around the chondrocytes in this layer, at least in humans.

== Zone II. The intermediate, transitional or middle layer represents 40-45% of the
matrix volume. It is characterised by obliquely orientated collagen type II fibrils and a
continuous increase in proteoglycan content as tissue depth increases. Chondrocytes
are round or spheroidal, sometimes paired (double chondron) and surrounded by a
faintly expressed pericellular matrix.

== Zone III. The deep or radial layer makes up 40-45% of the matrix volume. Collagen
fibres (collagen type II) are arranged vertically (radially) and the interfibrillar space
is densely filled with proteoglycans. In general, the density of the matrix is the high-
est in this region of the tissue. The chondrocytes are round and mostly arranged in
columns of several cells that are surrounded by a shared, well-expressed pericellular
matrix. These multichondrons are aligned along the radial collagen network and are
therefore vertically arranged.

== Zone IV. The calcified cartilage layer forms 5-10% of the matrix volume. It is charac-
terised by high concentrations of calcium salts (hydroxyapatite) embedded between
the collagen fibres and proteoglycan. It is demarcated by the tide mark, separating
non-calcified from calcified cartilage, and a cement line towards the bone. The latter
is formed during endochondral ossification of the terminal growth plate at maturity.
The spherical chondrocytes are arranged in stacked or spherical groups.
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O Fig. 9.4 Morphology and arrangement of the chondrocytes and chondrons in the four regions of
articular cartilage: In the superficial layer, they are either a elongated and aligned parallel to the joint sur-
face or b spherical, but in both cases they are individually distributed in the matrix. c In the middle zone,
chondrocytes are spherical and arranged in pairs d while they form stacks of several cells (multichondron)
in the deep zone. e Multichondrons are also found in the calcified zone, but cells are arrange in three-
dimensional groups. Note the tidemark at the interface of calcified and non-calcified cartilage (arrow)
and the cement line separating the cartilage from the bone (arrowhead). B bone, BM bone marrow cavity
(haematoxylin and eosin-stained human femur condylus) (© Georg Thieme Verlag KG)
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O Fig.9.5 Haematoxylin and
eosin-stained cartilage of the
rabbit with a paired multichon-
dron, each surrounded by a
territorial matrix. Each individual
cell is separately (arrow) enclosed
by a pericellular matrix (PM)
forming a dense intensively
stained rim. TM territorial matrix,
IM interterritorial matrix (© Georg
Thieme Verlag KG)

This zonal pattern is consistent in most adult articular cartilages but can show variation in the
relative proportions of each layer, particularly in the middle and deep layers. The surface layer
shows variations in the presence of collagen type I and the shape of the chondrocytes (more
or less elongated). The calcified cartilage shows only minor variations, but the tide mark
shows changes in load conditions by way of remodelled or multiple replicates of the tide mark.

This four-zone concept is an artificial zonation corresponding to changing characteris-
tics between surface and depth in articular cartilage. In any case, three structural delinea-
tions exist and are of importance for the mechanobiological and physiological functionality
of the tissue. The tide mark strengthens the collagen network at the delicate interface of calci-
fied and non-calcified cartilage where stress accumulates while loading. Structurally, the
collagen fibrils of the upper and the lower region interdigitate with each other, leading to an
especially dense matrix that appears as intensively stained stripes in histology. Multiple tide
marks may arise when load conditions change. The cement line is less conspicuous than the
tide mark and the abrupt but tight interface between bone and calcified cartilage. It is undu-
lated, allowing for intense cohesion. Remodelling of the subchondral plate is done by osteo-
clasts. Invasion of the bone marrow cavity and blood vessel invasion into the cartilage may
be the consequence. While the cement line and calcified cartilage form the barrier towards
the bone, the upper surface of the cartilage is delineated by a collagen sheet sealed with a
greasy substance, the glycoprotein lubricin. Apart from the molecule itself, lubricin also con-
tains fatty acids and hyaluronan and is conjointly produced by the cartilage and synovial
membrane. This layer is responsible for the gliding properties and shields macromolecules
and cells. When this layer is damaged, it frequently marks the start of degradation.

These three boundaries play an important role in the isolation of the tissue from the
synovia or bone marrow, its macromolecules, enzymes and cells. This is one reason for the
persistence of the tissue in its specific native state but also its fragility and its inability to
regenerate cartilage defects.
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O Fig.9.6 Scanning (left row) and transmission (right row) electron microscopy of chondrocytes and
their matrix environment. a, b Elongated cells in the superficial cartilage surrounded by little pericellular
matrix (PM) and embedded in interterritorial matrix (IM). ¢, d Spherical cell (arrow) in the transition zone
with a thick homogenous rim of pericellular matrix (PM), and intracellular lipid droplets (L). e, f Multi-
chondron of three e and two f chondrocytes stacked one above the other and surrounded by a joint
pericellular matrix (PM) that reveals a cap (PC) in the TEM image f. Lipid droplets (L) and glycogen (G) and
vimentin (IF) are visible in the TEM f. Note also the Golgi apparatus (Go), the rough ER (rER), vesicles (V)
and microvilli (Mi) indicated in d and f (© Georg Thieme Verlag KG)
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9.5 Compartmentalisation of the ECM in Relation
to the Chondrocytes

The extracellular matrix of articular cartilage does not only change its characteristics from
the superficial to the deep zone but has further specialised areas around the cells. The
main part of the tissue matrix is the interterritorial matrix in which the collagen fibrils are
tightly packed together in the form of leaves. These leaves are not discernible in histology
or macroscopically in healthy cartilage, but may become discernible in damaged and
arthritic cartilage and have, in the past, been called split lines. In SEM they can be dis-
played by cryofracturing since the tissue breaks along these lines of weakness. The exposed
leaves appear as flat subcompartments consisting of randomly arranged collagen fibrils
(B Fig. 9.3). The interterritorial area of the cartilage is rich in proteoglycans, with increas-
ing amounts in the deeper region.

The interterritorial matrix is interrupted at regular distances by nests of cells with a
specialised matrix environment surrounding them. This compartmentation of the
matrix is also visible macroscopically after special stainings. Moving closer to the cells,
the collagen becomes continuously finer and the fibrils are arranged in a more loose and
random way. This matrix area is called the territorial matrix and surrounds all cells of a
cell group (chondron). In histology it stains either brighter or darker than the interter-
ritorial matrix, giving the impression of either a bright or a dark halo around the cells
(B Figs. 9.2 and 9.5).

Under the transmission electron microscope, a further matrix region becomes visi-
ble. It is a narrow rim of fine granular matrix without banded collagen fibrils directly
surrounding the cell (@ Fig. 9.6). This pericellular matrix is well demarcated from the
surrounding territorial matrix due to a sharp transition from the fine granular to the
fibrous matrix. The upper and lower sides, orientated to either the cartilage surface or the
deep layers of cartilage, may be especially developed with a denser, more intensively
stained upper region (cap) and a peaked, lower opposite pole (tail) with a more continu-
ous transition to the territorial matrix (8 Fig. 9.6). The presence and dimensions of the
pericellular and territorial matrix increase from the superficial to the deep and calcified
zone. This is probably due to the effects that compression and hypoxia and the consecu-
tive decreasing perfusion and nutrient supply have on the matrix. The detachment of the
cells and their subsequent shrinkage during fixation or the extraction of the pericellular
matrix during dehydration leads to an artificial gap between the cells and the territorial
matrix. This gap is visible in histology and has previously been called a lacuna. However,
under natural conditions, chondrocytes have complete contact with the surrounding
matrix.

While electron microscopy helps to display structural details down to the ultrastruc-
tural level, immunohistochemistry allows the composition of the matrix and the localisa-
tion of the components inside the tissue to be identified. The main components of
articular cartilage other than water (up to 80%) are collagen type II (2/3 of dry weight) and
proteoglycans (1/3 of dry weight). Both are increased in the deeper areas closer to the
bone. Minor components which are also part of the main matrix include the fibrous col-
lagen type XI and the linking collagen type IX, which help form the collagen fibrils, gly-
cosaminoglycans (e.g., chondroitin sulphate, keratan sulphate) and non-collagenous
proteins like cartilage oligomer matrix protein (COMP) and matrilins. Some matrix
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components are found in a specific localisation in the tissue, such as the collagen type I
that forms the fibrillary collagen in the superficial zone instead of collagen type II, at least
in specific joint areas. The anchoring collagen type VI is accumulated in the pericellular
matrix, which is also the case for hyaluronan. Chondroitin sulphate appears in the pericel-
lular as well as territorial matrix.

Despite some specific substances of hyaline cartilage (COMP) having been identi-
fied in the last decades, collagen type II and aggrecan remain the most specific and
reliable markers for differentiated hyaline cartilage and are used for immunological,
biochemical and molecular biological phenotype determination. Alcian blue or thionin
staining are the most common histochemical methods to display the glycosaminogly-
can (GAG) distribution in tissue sections. Immunohistochemistry allows the identifica-
tion of particular subclasses of GAGs (chondroitin or keratin sulphate). Most typically,
collagen type II is tested versus collagen type I in order to identify the chondrogenic
differentiation of a tissue. Ultrastructural studies using cationic electron dense stains
allow, especially in transmission electron microscopy, the proteoglycans in the matrix to
be preserved and detected (B Fig. 9.1¢).

9.6 The Chondrocyte and its Pericellular Microenvironment

Articular cartilage comprises a small, but critical, population of chondrocytes embed-
ded within the prominent extracellular matrix. The chondrocytes and their pericellular
and territorial matrix are conjointly defined as chondrons. It is the functional unit of
the cells and their immediate surroundings, providing protection against mechanical
loading but also serving as a communication and sensing region in which the cells
detect mechanobiological changes. As it is the contact site to the cell surface, it is also
the interchange area for nutrients and metabolites and the central area of turnover of
matrix components. The cells take up extracellularly degraded matrix components
from this space and secrete newly synthesised matrix which is then passively distrib-
uted into the territorial and interterritorial matrix. Chondrocytes spread microvilli
through the pericellular matrix and, in the calcified cartilage, shed matrix vesicles to
initiate the formation of hydroxyl apatite crystals. Another single protrusion each
chondrocyte has is the primary cilium. It is capable of sensing mechanical conditions
and initiating signalling cascades. These cilia rise from a pocket in the cytoplasm
(invagination of the plasma membrane) and leave the level of the cell surface at a
slightly inclined angle, stretching into the pericellular matrix (8 Fig. 9.7). Primary cilia
have a conspicuous appearance, and in chondrocytes, the shaft extending into the
extracellular space consists of a membrane-bound ciliary axoneme, which has a char-
acteristic 9 + 0 microtubular doublet pattern. Intracellularly, the axonemal microtubule
end at a diplosomal basal body that is attached distally to the cell membrane by alar
sheets and has basal feet.

Intracellularly, chondrocytes bear characteristics related to the physiological, partially
anaerobe conditions in this non-vascularised and dense tissue. They have lipid droplets
and glycogen accumulations inside the cytoplasm. And, probably in relation to the
mechanical load they are exposed to, they contain bundles of intermediary filaments
(vimentin), either arranged in whirls in the cytoplasm or alongside the nucleus.
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O Fig.9.7 The basal area of a
shaft of a primary cilium extending
from a depression in the surface of
a chondrocyte. The striated struc-
ture refers to microtubuli. Note the
accessory centriole (AC) deeper in
the cytoplasm (© Georg Thieme
Verlag KG)

9.7 Articular Cartilage Structure Under Load

Articular cartilage represents structurally and functionally differentiated zones of matri-
ces and cells that act synergistically to provide an integrated biological hydroelastic sus-
pension system able to absorb, redistribute and transmit functional compressive forces
across articulating joints. The efficacy of this system is primarily dependent on the varia-
tion in stiffness, compliance and compressibility of the collagen and proteoglycan compo-
nents within the tissue region and the metabolic response of the chondrocyte to
mechanical, physicochemical and osmotic changes in the articular cartilage matrix, either
during physiological function or after damage.

Critical experiments on the tensile properties, compressive stiffness and physicochem-
ical parameters of the matrix indicate the functional integrity of articular cartilage is
dependent on (1) the entrapment and confinement of proteoglycans, which act as hydro-
dynamic substance within the collagen fibre network, and (2) the low hydraulic permea-
bility and high swelling tendency of the hydrophilic proteoglycan component. The
structure of this collagen network suggests that the radial collagen alignment of the deeper
layers functions as a hydroelastic shock absorber and thus withstands compression, while
the tangential collagen fibre sheets of the superficial layer form a tension-resisting dia-
phragm over the surface of articular cartilage.

At rest, the proteoglycans are maximally hydrated but are limited to around 20% of
this potential by the inextensibility of the radial collagen network, which experiences a net
tensile load at rest. As load is applied, there is an instantaneous elastic deformation of the
matrix at constant volume owing to the incompressibility of the proteoglycan-bound
water immobilised by the collagen network. This momentary event is followed by cartilage
‘creep, during which time the volume of compressed cartilage decreases as water is forced
from the hydrated proteoglycan domains of compressed regions into uncompressed
regions of the matrix. A new resting equilibrium is established as the osmotic potential of
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the proteoglycan gel reaches a pressure comparable to that of the applied load. When load
is removed, osmotic pressure exceeds applied pressure and the proteoglycans imbibe
water, albeit at a slower rate than that at which it was expressed.

During loading, chondrons are compressed vertically and deformed laterally, but their
integrity is maintained by the resistance of the capsule and an adaptive water loss from the
pericellular matrix proteoglycans that would dampen the compressive load and provide
hydraulic protection for the chondrocyte. Intermittent ‘pumping’ of the chondron during
dynamic loading could also generate microcirculatory currents in the region of the chon-
dron, which might be important for diffusion or the transport of cell metabolites and
newly synthesised matrix components into the adjacent matrices.

9.8 Morphological Methods for Cartilage Research

Histology and electron microscopy are the classical methods that previously allowed the
characterisation of articular cartilage in detail, and both are still used for cartilage research
as morphological gold standard tools. Interference contrast and polarised light micros-
copy techniques are two of the additional light microscopic tools used to study collagen
organisation. Element analysis methods of electron microscopy allow analysis of the com-
position of tissues. Beyond that, more advanced methods have been implemented and
include RAMAN spectroscopy, magnetic resonance imaging (MRI) and computer tomog-
raphy (CT). These methods may not improve the structural resolution of the classical
methods in its current technical state; on the contrary, their output can often first be
explained by classical images. However, their advantages are their rapidity, the possibility
of untreated (native) sample analysis, in vivo applications and 3D observations. Once the
techniques and protocols are developed further, these methods will in future contribute to
research activities in cartilage regeneration and osteoarthritis research.

— Take-Home Messages

== Hyaline cartilage consists to 90% of extracellular matrix which composes mainly
of collagen type Il and proteoglycan.

== Due to the huge amount of proteoglycan that retains water by its negative
charges, the matrix is highly hydrated.

== Articular cartilage is organised in four zones characterised by their matrix
organisation and cell characteristics.

== Chondrocytes are the only cell type in articular cartilage and live under hypoxic
conditions and are able to sense and react to changing mechanic conditions.
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What You Will Learn in This Chapter
Growth in mammals is a unique and fascinating process which takes place in the growth
plates (GP) of long bones and vertebrae.

By growing, the organism achieves adult height, a process that starts in the fetus and is
completed at puberty. Growth dynamics are characterized by a strong deceleration (the
younger the child, the faster the growth velocity); the only period of growth acceleration in
postnatal life is driven by sex steroids during the pubertal growth spurt. The endpoint —
adult height - is genetically determined with around 180 genes linked to the variation in
final height found in genome-wide association studies [30].

In this chapter, we will describe the GP as an organ and summarize current understand-
ing of the mechanisms of longitudinal growth and its regulation at the local level.

10.1 Introduction

Growth is regulated on several levels and research in the field has concentrated for a
long time on hypothalamic and pituitary secretion, the impact of sex steroids (endo-
crine mechanisms), and influence of health and disease. A set of hypotheses, especially
concerning the growth hormone (GH) - insulin-like growth factor 1 (IGF-I) axis - has
had to be modified over time. Although clinical observations characterized typical phe-
notypes of growth disorders, data to explain the pathophysiology of growth on the tis-
sue/cellular level have been very difficult to obtain and are restricted to studies in
rodents. The first challenge for studying growth is therefore to establish research mod-
els that reflect the human condition as closely as possible and critically use what we
learn from them to interpret observations of physiological and pathological growth in
children.

10.2 GP Structure and Function

10.2.1 Endochondral Ossification

Long bones and the backbone are molded in cartilage formed from embryonic mesen-
chymal stem cells that proliferate, condense, and differentiate into chondrocytes.
Chondrocytes in the center of the prospective bone become hypertrophic and produce
collagen type X. While hypertrophic chondrocytes direct mineralization of the matrix,
osteoblasts formed in the perichondrium create a bone collar around the mid-shaft. After
completing their task, chondrocytes become apoptotic leaving behind a mineralized scaf-
fold ready for invasion by blood vessels, osteoclasts, and bone marrow from the bone
collar.

The mid-shaft ossification center (primary center of ossification) gradually expands
toward the distal areas. Secondary centers of ossification appear in the epiphysis during the
late fetal period. The GP, which is responsible for longitudinal growth, comprises the
region between the centers (B Fig. 10.1). Here chondrocytes continue to proliferate until
the centers meet at skeletal maturity and the GP is eradicated.

Although initiated in the fetus, the major events in endochondral bone formation
critical for the longitudinal growth and mechanical stability of a healthy skeleton take
place between birth and cessation of growth after puberty.
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@ Fig. 10.1  Structure and regulation of the GP. a, b: Chondrocytes in the GP are organized in zones, where
cell shape and structure indicate their differing functions. See also B Fig. 10.3. b: Hematoxylin and eosin
(H&E)-stained formalin-fixed GP from the proximal tibia of a 25-day-old piglet. a: Collagen type Il is present
throughout the GP, whereas hypertrophic chondrocytes synthesize collagen type X. RC reserve zone chon-
drocyte, PC proliferating chondrocyte, pHC prehypertrophic chondrocyte, HC hypertrophic chondrocyte,
Ocl osteoclast, Obl osteoblast. For details, see text

10.2.2 GP Structure and Function Is Regulated by Distinct Steps
of Differentiation and Proliferation (a Fig. 10.1¢)

Germinal chondrocytes comprising the reserve, or resting, zone within the GP divide
infrequently but release their daughter cells into the adjacent proliferating cell zone [19].
The chondrocytes in this zone form a columnar region in which rapid cell division pro-
motes longitudinal bone growth. Ultimately, the chondrocytes exhaust their ability to
divide and enter a state of hypertrophy.

Hypertrophy is a crucial driver of longitudinal growth (8 Fig. 10.2, reviewed in [19])
and an exceedingly efficient and economical process during which chondrocytes undergo
great enlargement [5]. Recent studies [8] have shown that chondrocytes pass through
three phases of volume increase during enlargement. In the first phase, they produce dry
mass and take up a proportional amount of fluid. In the second, fluid is taken up in large
amounts disproportional to dry mass production causing a massive swelling of the cells as
the fluid dilutes the dry mass density. During the third phase, these now low-density cells
continue to enlarge but with a proportional increase in dry mass and fluid again. While
variations in the time period of the final phase are important in determining the rate of
elongation of GPs, the enormous fluid increase in the second phase is an extraordinary
dynamic for enlarging cells and regulating growth rate, considering how critical strict
fluid regulation is known to be in the regulation of cell volume.
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Hypertrophic chondrocytes induce mineralization of their surrounding matrix creat-
ing a scaffold. Once the cartilage matrix calcifies, terminally differentiated hypertrophic
chondrocytes die and disappear. Transverse cartilage septa are resorbed by chondroclasts
and blood vessels carrying bone-marrow stromal cells invade the space left behind.
Osteoblasts differentiated from the stroma cells subsequently deposit trabecular, or spongy
bone on the vertical septa.

While on the cellular level, chondrocytes in the GP affect longitudinal growth by
dynamically adding new tissue to bones via a tightly regulated sequence of differentiation,
proliferation, and hypertrophy, the height of the plate remains fairly constant to ensure the
developing bone is mechanically stable [19].

10.2.3 Complex Local Regulation Loops Regulate Proliferation,
Differentiation, and Height of the GP (o Fig. 10.1d)

Studies in mouse models, in vitro cultures, and skeletal diseases in humans have revealed
an ensemble of transcription factors, soluble growth factors, receptors, and extracellular
matrix molecules that modulate chondrocyte differentiation and proliferation [4, 28, 36].
The following paragraphs highlight the most important factors and receptors currently
known to interact during chondrogenesis.

The transcription factor sex-determining region Y-box 9 (SOX9) in particular has
been shown to have critical functions in chondrogenesis (reviewed in [9]). It is expressed
in chondroprogenitors and is the principal promoter of chondrocyte proliferation in the
early stages of cartilage development. SOX9 activates the chondrocyte-specific genes
COL2A1, COL11A2, and, in concert with SOX5 and SOX6, the chondrocyte-specific
enhancers in these genes. Recent work has shown that SOX9 is necessary at many stages
in the chondrocyte differentiation pathway to specify and maintain the lineage choice of
the cells and activate stage-specific markers (collagen type X).
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Fibroblastic growth factors (FGFs) are a large and important family of signaling mol-
ecules that act through one or more of four receptors (reviewed in [41]). Fibroblast growth
factor receptor 3 (FGFR3), the preferred ligand of FGF18, arrests chondrocyte maturation
to maintain a pool of active proliferating chondrocytes. This negative effect of FGFR3 on
chondrocyte proliferation is mediated by signaling within the chondrocytes and indirectly
by the expression of the Indian hedgehog (IHH), parathyroid hormone-related protein
(PTHrP), and bone morphogenetic protein (BMP) signaling pathways. Activating muta-
tions of FGFR3 result in the most prevalent short-limbed dwarfism, achondroplasia, and
a number of other skeletal disorders [38].

The PTHrP receptor (PTHrPR), which is activated through the IHH-PTHrP regula-
tory network, is also important for controlling the rate of bone growth through a negative
feedback mechanism. In this loop, mature prehypertrophic chondrocytes secrete the sig-
naling molecule IHH which upregulates PTHrP in the perichondrium and chondrocytes
at the articular surface. The PTHrPR on the proliferating cells are thus activated to delay
hypertrophy, restricting the number of cells exiting the proliferating zone. In turn, PTHrP’s
activity is modulated by increased phosphorylation of SOX9 and suppression of runt-
related transcription factor 2 (RUNX2), a transcription factor that promotes chondrocyte
hypertrophy (for review, see [27, 29]).

BMPs, which belong to the transforming growth factor beta (TGFf) superfamily, are
another set of signaling growth factors critical for limb growth. Their underlying molecu-
lar mechanism is not fully understood, but they are believed to regulate chondrocyte dif-
ferentiation through a complex interaction with the IHH-PTHrP network. There is also
evidence that they can act independently of the IHH-PTHrP network (reviewed in [54]).

Little is known about the molecular mechanisms that control chondrocyte enlargement,
or the regulation of final cell size. SOX9 and RUNX2 regulate transcription of collagen type
X, matrix metalloproteinase 13 (MMP-13), vascular endothelial growth factor (VEGF), and
IHH genes (reviewed in [50]) and activate further transcription factors involved in hyper-
trophy and differentiation such as activating transcription factor 6a (ATF6a) [16].

The cellular events outlined in the above paragraphs require matrix degradation.
Enzymes from the matrix metalloproteinase family are regarded as the most important
degraders of extracellular matrix (ECM) proteins and are known to play a part in the regu-
lation of cell migration. Their importance in GP biology has been highlighted by distinct
ossification defects and morphological GP abnormalities described in knockout mouse
models (reviewed in [42]). Furthermore, the relevant MMPs have been found in postnatal
human GPs [17]. MMP-13, which is produced by hypertrophic chondrocytes, cleaves col-
lagen type II, thereby facilitating chondrocyte hypertrophy. It acts in concert with MMP-9,
produced by osteoclasts, to regulate resorption at the chondro-osseous junction. VEGE
also produced by osteoclasts, appears to be the factor responsible for ingrowth of the vas-
cular progenitor cells in the GP and is regulated by the MAPK pathway [32].

10.2.4 Endocrine Regulation of Growth Is Dominated by the
GH-IGF-I Pathway (o Fig. 10.1e)

Although several hypotheses on the regulation of bone growth by the GH-IGF-I axis have
had to be adapted over time [26, 31], growth disorders involving GH, GH receptor (GHR),
IGF-I, IGF-I receptor (IGF-1R), GH signaling, and the acid labile subunit (ALS) point to
the significance of these components in endocrine growth regulation [55]. Data on a
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direct role of GH in differentiation of reserve cell chondrocytes have shown partly contra-
dictory results during the last decades, although activity of the GH signaling cascade in
reserve cells has been demonstrated [14]. Recent data indicate that suppressor of cytokine
signaling 2 (SOCS2) modulates GH action locally at the GP via a negative signaling loop
[1]. There is evidence for an effect of local IGF-I on chondrocyte proliferation, not neces-
sarily produced by GP chondrocytes, but the major local effect of IGF-I seems to be on
chondrocyte hypertrophy [43, 46, 52]. IGF-II, which for a long time was only regarded to
regulate growth prenatally, was found to be produced locally within the GP in significantly
greater amounts than IGF-I [46]. Taken together, although there has been considerable
progress in unraveling the action of the GH-IGF-I axis on GP chondrocytes, differences in
the phenotypes of rodent models and human growth disorders are as difficult to integrate
as are in vitro data on the effect of dependent and independent actions of GH and IGF-I
on chondrocyte function.

10.2.5 The Mechanisms by Which Estrogen Regulates GP
Maturation and Fusion Is Still Not Fully Understood

In humans but not rodents, GP fuses after puberty and this process is driven by estradiol
(E2) in both sexes. Both estrogen receptors alpha (ERa) and beta (ERf3) as well as the
G-protein-coupled receptor 30 (GPR30) have been shown to be present in all zones of the
GP [6, 10], but the main target cell for estrogen action seems to be the reserve zone, where
E2 was recently reported to cause irreversible depletion of progenitor cells [39].

10.3 Techniques in GP Research

10.3.1 Histology

Tissue Sampling

The GPs for investigation are usually taken from the distal femur and the proximal tibia
(B Fig. 10.3). The epiphysis is cut in half using a scalpel or a larger knife. The epiphysis is
then broken off the shaft of the bone, whereby the GP remains on the epiphysis. The break-
point is in the ossification front more or less just below the hypertrophic zone
of the GP. The GP is then divided into pieces, which are collected into vessels for conserva-
tion or fixation and storage.

As cartilage is a complex tissue, no single preservation technique is able to optimally
fix all the structural components. Therefore, different conservation methods and histo-
logical fixatives may be used depending on the subsequent procedures planned (see review
[22]). Conventional methods are cryo-conservation, formaldehyde, and glutaraldehyde
fixation, and more specific ones are methacarn fixation and HOPE® (8 Fig. 10.4, hepes-
glutamic acid buffer-mediated organic solvent protection effect) fixation [45], as well as
high-pressure freezing, freeze substitution, and low-temperature embedding [20, 49].
However, highly sophisticated preparation methods limit the sample size and therefore
are not suitable for microscopic anatomy studies of the GP.

For cryo-conservation, pieces of GP are placed in cryo-tubes, shock-frozen in liquid nitro-
gen, and then stored at —80 °C. For cryo-sectioning, the frozen GP is adhered to the specimen
holder and completely embedded in Tissue Tek® Optimum Cutting Temperature (OCT™)
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B Fig. 10.3 Tissue preparation. Proximal tibia of a 25-day-old piglet with GP immediately after dissec-
tion, overview of H&E stained section, and detail of the GP stained with H&E and Safranin O

compound. The ideal cutting temperature is —15 °C. For conventional formalin fixation, GP
pieces are fixed in 4% buffered formaldehyde for at least 24 h before paraffin embedding.

Fixation using methacarn solution, consisting of one part glacial acetic acid, three parts
chloroform, and six parts absolute methanol, should not exceed 24 h. Samples fixed in forma-
lin and methacarn are finally embedded in 56 °C melting paraffin. Methacarn as a non-cross-
linking protein-precipitating fixative usually gives superior immunohistochemical results
and is particularly suitable for analysis of molecular events at the mRNA level in paraffin-
embedded tissue, especially in conjunction with laser capture microdissection (LCM).

The HOPE'® fixation is carried out according to a detailed manufacturer’s protocol. Briefly,
pieces of tissue are placed in 5 ml of HOPE®-I reagent and samples are stored on crushed ice
in a cool room at +4 °C for up to 72 h. After this fixation period, the HOPE®-I reagent is
removed and replaced by 5 ml cold acetone and 5 pl HOPE’-II reagent. This mixture is
incubated for 2 h on crushed ice at +4 °C, followed by three changes of fresh acetone with 2-h
incubation after each step. At the end of this fixation process, the samples are embedded in
paraffin that melts at 50 °C. Finished paraffin blocks with the HOPE’-fixed specimens have
to be stored at +4 °C, while formalin- and methacarn-fixed samples can be stored at room
temperature. HOPE®-fixed sections provide excellent preservation of proteins and antigenic
structures for differential analysis by immunohistochemical and/or enzyme histochemical
techniques. In addition, the most remarkable feature is the extremely low degradation of
nucleic acids (DNA and RNA) yielding good results using in situ hybridization techniques.
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O Fig. 10.4 Effect of different
fixation protocols on the preser-
vation of GP chondrocytes
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10.3.2 Immunohistochemistry

Slides should be coated with 3-aminopropyltriethoxysilane (APES) for immunohisto-
chemical staining of GP cartilage sections. Briefly, immerse slides in a freshly prepared 2%
APES-methanol solution (e.g., Sigma A3648) for 5 min, followed by 100% methanol
for 5 min. Wash twice in distilled water, dry overnight at 37 °C, fix slides in 3% glutaralde-

hyde in aqua bidest, dry overnight at 37 °C (or at room temperature), and store coated
slides at room temperature.
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Different pretreatments and antigen retrieval procedures are required before immu-
nostaining for detection of antigens. Antibodies against matrix proteins like collagen
types I, I1, IV, and X, laminin, and fibronectin can be used after enzymatic pretreatment.

Collagen type II and X sections are digested with 0.01% hyaluronidase in phosphate-

buffered saline (PBS), pH 6.7, at 37 ° C for 4 h and subsequently with pepsin (1 mg/

ml 0.1 N HCI) at 37 ° C for 30 min.

Collagen type I and aggrecan sections are digested with 0.1% pepsin in 0.5 M acetic

acidat 37° Cfor 2 h.

Collagen type IV, laminin, and fibronectin sections are digested with protease (0.1%

protease in 0.05 M Tris-HCI buffer, pH 7.2) at 37 ° C for 2 min [18].

MMP-2, MMP-1, and MMP-14 sections are digested with hyaluronidase (25 mg/50 ml)

in PBS, pH 6.7, at 37 °C for 1 h.

MMP-1, MMP-13, MMP-16, and tissue inhibitors of metalloproteinase-2 (TIMP-2)

require antigen retrieval with target unmasking fluid (TUF) at 90 °C for 10 min and

subsequent cooling for 15 min.

TIMP-1, transglutaminase II, and VEGF require antigen retrieval with 0.01 M citrate

buffer, pH 6.0, at 90-95 °C [17] for 20 min.

Immunostaining of other proteins, like transmembrane cell-adhesion proteins such as
integrins, require pretreatment with collagenase type IA (1 mg/ml PBS, at room tempera-
ture for 10 min). Cryo-stat sections have to be used for detection of integrin aV and a6
subunits [18]. Detection of IGF-1R and IGF-2R on GP tissue sections requires pretreat-
ment in 0.001 M EDTA at 96 °C [2] for 20 min and of ERa and ERS in citrate buffer,
pH 6.0, at 96 °C [10] for 20 min. No pretreatment is necessary for IGF-I and MGF [47];
however, IGF-II detection requires pretreatment in 0.001 M EDTA, pH 8.0, at 96 °C for
20 min [46].

10.3.3 Electron Microscopy

Specimens are fixed in 3% glutaraldehyde in 0.1 M S6rensen phosphate bufter, pH 7.4, for
transmission electron microscopy (B Fig. 10.5), using a standard protocol. After washing
in phosphate buffer, the specimens are postfixed in a 1% solution of osmium tetroxide and
then washed in phosphate buffer again. They are dehydrated in a series of graded ethanol
solutions (70, 80, 96, and 100%) and subsequently infiltrated with propylene oxide, fol-
lowed by increasing ratios of epoxy resin-propylene oxide (1:1, 3:1) and finally pure resin.
After an additional change, the resin is polymerized a 60 °C. Semithin sections are cut at
0.8 pm and stained with toluidine blue. Ultrathin sections are cut at 70 nm, mounted on
copper grids, and stained with uranyl acetate and lead citrate. This classic aldehyde-based
preservation method goes along with cell shrinkage, which is most prominent in hyper-
trophic chondrocytes and loss of matrix proteins [22]. This effect can be circumvented by
addition of cationic dyes, such as toluidine blue, alcian blue, or ruthenium hexamine tri-
chloride (RHT) [21].

Hyper-osmolar fixative solution used in standard protocols is another reason for
extensive chondrocyte shrinkage. Therefore, osmotically corrected solutions close to the
normal osmotic status in the ECM of the GP (~280 mOsm) are recommended for studies
on volume changes within the GP zones and their contribution to bone growth to prevent
cell shrinkage [5, 34].
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10.3.4 Laser Capture Microdissection (LCM)

Gene expression in chondrocytes in different zones of the GP can be analyzed by LCM
and subsequent reverse transcription polymerase chain reaction (RT-PCR) [24, 48]. Pieces
of GP are either directly snap frozen and sectioned or conserved in RNase-free tubes con-
taining RNAlater® and handled like the cryo-samples above. If no fresh tissue is available
or paraffin-embedded GPs are desired, results are better when samples are fixed in
methacarn or HOPE® rather than in formalin. Before use, the chamber of the cryo-tome
has to be cleaned with 70% alcohol and the removable parts and instruments with RNase
ZAP°, and a new section of the blade or a completely new blade should be used for every
new sample.

The sections for LCM can be stained with the Arcturus HistoGene Frozen Section
Staining Kit, or left unstained. Unstained frozen sections have to be dipped in ice-cold
RNase-free water for a few seconds to remove the OCT™ embedding medium. 6-pm-thick
cryo-sections are cut at —15 °C and 3—4 sections mounted on polyethylene naphthalate
(PEN) membrane metal-framed LCM slides. Cells of different zones can be pooled and
captured on CapSure™ Macro Caps, transferred into lysis buffer, and further processed for
RNA extraction (for a detailed description, see (37)).

RNA Isolation and RT-PCR

Gene expression analysis is a crucial tool for functional studies and for characterizing the
cells used. RNA is isolated by freezing total tissue explants in liquid nitrogen and homog-
enizing them with a pestle and mortar or an adequate homogenizer. The method for har-
vesting monolayer cells does not differ from that used for other cell types. However,
non-phosphate-based buffer solutions should be used for washing steps because chondro-
cytes can be sensitive. Both TRIzol- and columnar-based approaches for RNA isolation
can be used for monolayer cells and native tissue. Micro-Kkits are available for very small
samples (e.g., of LCM). TRIzol is preferred for 3D matrices such as alginate to avoid prob-
lems with the columnar filters.

<
<

O Fig. 10.5 Cells of the GP: Resting zone chondrocytes a are round to oval shaped with spiky cytoplas-
mic protrusions extending into the immediate intercellular matrix. Chondrocytes contain a round nucleus,
abundant rough endoplasmic reticulum (rER), and a few mitochondria. When cells start to proliferate, the
respective daughter cells are still connected by cellular protrusions. They move apart as they begin to
secrete ECM into the intercellular space between them b. Chondrocytes in the proliferating zone c flatten
and become spindle shaped as they orient in stacks and columns. Nuclei are positioned at the opposite
ends of the consecutive cells and the cytoplasm is filled with rER. Again, thin protrusions connect the cells
to their surrounding matrix. The most prominent change at the distal end of each column is an increase in
size and change in shape as cells become round again d. The change from prehypertrophic to hypertro-
phic cells is a gradual one, so that it is tempting to describe an early prehypertrophic d and a late prehy-
pertrophic cell e within the GP: From chondrocytes that completely fill the lacuna to chondrocytes that
retract and show more prominent cytoplasmic processes. Cells show extended and swollen rER within
the cytoplasm. Hypertrophy is characterized by a volume increase that leads to cell shrinkage in standard
processed tissue, producing long cytoplasmic protrusions which extend to the wall of the lacunae. Along
with cellular indentations, they give the cells a porous appearance f, g. Hypertrophic chondrocytes have
an eccentrically situated dense nucleus with an irregular outline and cisterns of rER. At the chondro-
osseous junction h, the matrix calcifies in the longitudinal septa that serve as templates for early osteoid
deposition (*). Scale bar = 2500 nm
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The most commonly used reference genes for RT-PCR are bActin, GAPDH, and 18S,
of which GAPDH has shown advantages in cartilaginous tissues, whereas 18S is some-
times preferred when comparing different tissues. PPIA, a non-classic reference gene, has
been shown to be an interesting candidate in cell lines and native chondrocytes [57].

Differentiation can be monitored by expression of stage-specific genes. Col10A1 is the
best-established marker and is specific for hypertrophic chondrocytes. Recent microarray
data from murine samples revealed new markers such as Sfrp5 for resting chondrocytes
(8 Fig. 10.6) [35].

10.3.5 Transgenic Animal Models in GP Research

Global Knockouts

Transgenic animal model systems are widely used to study diseases and specific gene
functions. Global gene knockouts are frequently used to mimic human diseases and learn
about their pathomechanisms. Model animals have been developed for growth-related
disorders such as achondroplasia and Stickler syndrome [25, 53]. Other systemic knock-
outs have improved our knowledge on key regulators of GP physiology such as the GH-
IGF-1 axis, IHH-PTHrP, Wnt signaling, and the role of sex steroids. However, taking sex
steroids as an example of species-specific differences between human disease and trans-
genic mice, dissimilar effects of loss of function of the estrogen receptor are evident [7].

Conditional/Inducible Gene Targeting
The term conditional gene targeting covers several techniques that are more specific in
altering gene expression than global gene targeting. Conditional gene targeting is used to
introduce genetic tags such as lox («floxing») into the gene of interest. These tags are rec-
ognized by recombinases like Cre. Cre itself is inserted into the genome under the control
of a chosen promoter leading to a targeted excision of the «floxed» gene of interest. A
different approach of «switching» gene expression is adopted in inducible gene targeting:
Ligand-binding domains or drug-dependent promoters are inserted and become acti-
vated upon administration of non-endogenous substances.

Conditional and inducible gene targeting can be combined to create powerful and
flexible model systems for studies focusing on specific tissues such as the GP. The Col2al-
Cre mouse is probably the best-established transgenic model system in chondrocyte
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research. The Col10al-Cre mouse, which is used less frequently, is theoretically even more
precise for targeting the GP because Col10A Iin this model is almost exclusively expressed
in chondrocytes undergoing hypertrophy [13]. Additionally, «differentiation-specific»
Colllalpha2-Cre mice have been developed that express recombinase at the onset of the
columnar proliferation stage [23].

Caveats

Interpreting transgenic mouse studies can be challenging, for example, when the results
from global and targeted knockout mice conflict or systemic physiological changes are
induced that alter gene expression. Most importantly, it should be noted that the term
«chondrocyte-specific» is misleading as effects on other cells of mesenchymal lineage such
as osteoblasts can be expected. For example, a Col2-Cre IGF-1 knockout often cited for
endogenous synthesis of IGF-1 in chondrocytes shows similar Cre expression levels in the
bone and in the cartilage [15]. Furthermore, to a certain extent, Cre expression itself alters
bone and GP architecture, resulting in a need for Cre +/+ control groups (personal com-
munication Prof. H. Kronenberg).

10.3.6 In Vitro Model Systems in GP Research

As human GP material is not readily available, model systems are usually used to study
local mechanisms within the GP including regulation of gene expression and cellular
interactions. Three different cell culture approaches are broadly used: primary chondro-
cytes, differentiated mesenchymal stem cells (MSCs), and cell lines.

Primary Cells

Primary Cell Isolation

Primary chondrocytes can be derived directly from GP cartilage. To ensure a sufficient
number of chondrocytes, the cartilage is procured from large prepubertal mammals
such as piglets, cattle, or horses. The entire epiphysis is broken off at the ossification
front and mechanically loosened from the diaphyseal bone. The GP tissue obtained is
incubated in media containing collagenase II, filtered, and centrifuged to collect the
cells [46].

Rib cartilage is frequently used when GP cartilage is unavailable or sparse and can be
obtained from embryonic or up to day 3 postnatal animals. The thorax is dissected and
non-cartilaginous tissues are removed under a microscope. After incubation with antibi-
otic solution and repeated cleansing, the remaining cartilaginous ribs are digested in col-
lagenase II solution [44].

Tip I—

Itis important in both approaches to ensure that the tissue is thoroughly cleansed to
minimize contamination with fibroblasts or bone cells. Furthermore, animals of the
same breed, age, sex and strain should be used.
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Cell Subfractioning

Techniques to isolate subpopulations have been developed to overcome the cellular inho-
mogeneity of the GP. Large amounts of chondrocytes can be retrieved using density gradi-
ent centrifugation after collection of primary chondrocytes [40]. Percoll® dilutions can be
made and layered to obtain a discontinuous gradient. The falcons have to be handled and
centrifuged with extreme caution. The following densities have been used successfully in
porcine cells [47].

<1032 g/ml  mostly prehypertrophic cells

<1049 g/ml  mostly proliferative cells

<1065 g/ml  mostly resting cells

>1065 g/ml  mostly blood cells

Mesenchymal Stem Cells (MSCs)

Using mesenchymal stem cells has the advantages that the cells are obtainable from human
material and have high proliferative capacities. Protocols are available for deriving MSCs
from fetal and postnatal sources such as the bone marrow, muscle, or periosteum [3].
Chondrogenic differentiation of MSCs is dependent on the presence of a functional extra-
cellular matrix in culture.

Cell Lines

Multiple chondrosarcoma and immortalized chondrocyte cell lines have been developed
to bypass the lack of primary cells. As always, cell-line-specific differences to normal cell
physiology have to be taken in account.

ATDC5, which is derived from a murine teratocarcinoma, is widely used in cartilage
research. The cells can express high levels of ColI0A1 in monolayer culture, making it an
attractive system for a spectrum of applications in GP research [56].

The most commonly used human chondrocyte lines, T/C-28 and C-28/12, feature high
proliferation rates, easy handling, and expression of chondrocyte-specific genes such as
SOX9. However, their low expression of ECM genes and the absence of Col10A1 expres-
sion limit their use for GP research [11].

Metatarsal Culture

Culturing total metatarsal bone including their GPs preserves the cells’ physiological envi-
ronment and avoids the potential systemic effects of treatments in in vivo models. As
murine metatarsals are readily available and easy to handle, this system is frequently used
in GP research. Most protocols describe the culture of embryonic metatarsals derived
from the rats’ middle metatarsal bones. Only embryonic or very early postnatal bones can
be used to avoid perfusion issues [37].

Tip I—

Caution is required when comparing metatarsal and long bone physiology, as well as
embryonic and postnatal physiology.
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Culture Conditions

Chondrocyte Media
Many different protocols are applied for optimal culture media for chondrocytes. Although
commercial formulas are available, self-made formulas are more cost-effective and flexi-
ble. Typical media are based on DMEM or DMEM-Hams F12F. For induction of differen-
tiation in serum-free media, a spectrum of agents are used to induce differentiation in
serum-free media including p-glycerophosphate (bGP), ascorbic acid, insulin transferrin
selenium (ITS), TGFp, dexamethasone, BMPs, and FGFs.
Serum-containing differentiation medium: DMEM with 10% fetal calf serum (FCS), 2
pg/ml amphotericin B, 100 pg/ml gentamycin, 50 pg/ml ascorbic acid phosphate,
5-100 nM insulin, 4 mM glutamine
Serum-free medium for treatments (modified from Loeser and Shanker [33]): Phenol-
red free DMEM with 2 mM Na pyruvate, 4 mM glutamine, 0.5 ug/ml transferrin,
2 ng/ml selenious acid, 420 pg/ml BSA, 2.1 pg/ml linoleic acid, 25 mg/ml ascorbic
acid, 3150 mg/ml glucose, 0-100 nM insulin

| Tps [

== The number of infections is often lower with gentamycin/amphotericin than with
Pen-Strep.

== The concentration of bGP in differentiation media should not exceed 2 mM to avoid

ectopic mineralization.

Avoid using media containing phenol red during treatments.

The amount of insulin should be lowered when analyzing GH-IGF-1 effects to avoid

saturation of the IGF-1R.

== |f trypsinization problems are encountered, try predigestion with media containing
collagenase Il or Accutase®.

== Ascorbic acid phosphate is often preferred due to its longer half-life time. However, if
phosphate load is to be avoided, ascorbic acid should be used and media changed at
least every 48 h.

3D Culture Systems

The growth plate contains a complexly orchestrated extracellular matrix. Thus, in vitro
culture of chondrocytes faces the challenge of keeping the cells in a physiological, differ-
entiated state despite the loss of the original environment. Chondrocytes alter their
expression profile in monolayer culture and undergo a dedifferentiation to a fibroblast-
like cell type. Several models for 3D chondrocytes cultures have been developed to pre-
serve a chondrocyte phenotype and allow further differentiation of the cells.

Alginate is a purified algae-derived linear polysaccharide which has been well-
established in chondrocyte culture. Both preservation of the growth plate chondrocyte
phenotype and redifferentiation in culture have been shown, qualifying this model as an
excellent culture system for GP research [2].
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Gelatin-coated wells are often used in MSC differentiation, but have also proven to
enhance differentiation of primary chondrocytes. Coating with 0.1% gelatin is easy and
cost-efficient compared with other systems.

Collagen scaffolds such as gels, membranes, and sponges are common in orthopedic
and tissue engineering research [12]. Other scaffolds consisting of hyaluronic acid, chito-
san, cellulose, agarose, and fibrin glue have been used in tissue engineering.

Micromass cultures allow cells to create an endogenous 3D environment. Initially, a
cell suspension is centrifuged to create a pellet. During cultivation in chondrogenic
medium, the pellet compacts by organization of the chondrocytes and ECM synthesis.
This system has successfully been used in primary cells, mesenchymal stem cells, and
cell lines [51].

s

= The shape of some tubes is not optimal for creating stable pellets; different types and
vendors should be tested.

= Alginate can impair cDNA synthesis and polymerase activity; repeated washing steps
before cell lysis are essential.

— Take-Home Messages

= Endochondral bone formation is the central mechanism behind longitudinal
growth and mechanical stability of a healthy skeleton.

== Growth plate chondrocyte hypertrophy is a crucial driver of longitudinal
growth.

= |mportant factors known to regulate the architecture of the growth plate
comprise IGF-1, IHH-PTHrP, TGFf, and SOX9.

== Estrogens regulate growth plate maturation and fusion by a yet not fully
understood mechanism.

== Due to its complex mechanical features, adapted modes of cutting and
preparation are crucial for histologic samples of the growth plate.

== Conditional and inducible gene targeting revealed new insight into regulatory
mechanisms of the growth plate.

== Common problems in in vitro models of the growth plate are dedifferentiation,
lack of appropriate matrix, and species-specific conditions and effects.
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What You Will Learn in This Chapter

In this book chapter, first you will learn how joints can be affected in different diseases with
the focus on inflammatory joint disease. Second, current concepts of the pathogenesis of
arthritis will be described and the key players of inflammation and joint destruction are
discussed in detail. Third, established as well as new treatment options and how they target
key players of joint disease are explained.

11.1 Joint Affection in Systemic Autoimmune Disorders

The wide spectrum of joint diseases in autoimmune disorders ranges from destructive/
erosive processes affecting the synovium, cartilage, and bone, e.g., in rheumatoid arthritis
(joint erosions), to ossifying changes with formation of new bone, e.g., in spondyloarthritis
(syndesmophytes) or in osteoarthritis (osteophytes). Of note, both types of joint patholo-
gies can be observed together in a certain disease, e.g., in psoriatic arthritis. These changes
can be detected with good sensitivity and specificity by imaging studies including X-ray,
ultrasound, magnetic resonance imaging, and computed tomography. On a molecular
level, catabolic and anabolic molecular pathways are underlying the different patterns of
joint diseases (destructive, proliferative). A dysfunction in joint remodeling results in an
imbalance of degradation and formation of bone and cartilage. Whereas catabolic path-
ways such as those induced upon RANKL (receptor activator of nuclear factor kB (NF-xB)
ligand)/ RANK, cathepsin K, and Dickkopf-1 (Dkk-1) engagement induce bone resorption
and thereby erosive disease, anabolic pathways such as those involving bone morphogenic
proteins (BMP) and wingless-type-like (Wnt) seem to favor new bone formation including
osteophytes, syndesmophytes, and ankylosis. In addition, there are other pathways such as
those mediated by hedgehog proteins that may have a dual function in arthritis, which are
associated with catabolic or anabolic joint remodeling dependent on other factors. Future
therapies might target these molecular pathways to specifically interfere with the imbal-
anced catabolic or anabolic joint remodeling in arthritis [1].

But not only cartilage and synovium - as central parts of the joint — can be affected in
autoimmune diseases but also the fibrous parts such as the joint capsule and ligaments, e.g.,
in Jaccoud’s arthropathy seen in connective tissue diseases, particularly systemic lupus ery-
thematosus. Jaccoud’s arthropathy mainly affecting the hands presents with «reversible» joint
deformities secondary to soft tissue abnormalities (laxity of ligaments and joint capsule). The
pathogenesis is poorly understood; synovitis is well documented and may somehow contrib-
ute to the process; however, it is not as aggressive and does not lead to erosive destruction [2].

Further, in psoriatic arthritis and other forms of spondyloarthritis, joints are often
affected by periarticular inflammation contributing to joint pathology including tenosy-
novitis (inflammation of tendon sheaths), enthesitis (inflammation of the entheses, the
sites where tendons or ligaments insert into the bone), and dactylitis (diffuse swelling of
an entire finger or toe with a mixed picture of tenosynovitis and peritendinous soft tissue
edema, enthesitis, and less frequently synovitis) [3].

11.2 Inflammatory Joint Diseases

Many different processes are involved in joint diseases. However, inflammation is involved
in most aspects, not only in systemic autoimmune joint disorders but also in activated
states of rather degenerative conditions such as osteoarthritis. Autoimmune inflammation
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is mostly systemic and can potentially cause pathologies in almost all organs but often
affects the skin, the gastrointestinal tract; the cardiovascular, pulmonary, and central ner-
vous system; and particularly the joints. In line with this, in rheumatoid arthritis (RA),
although clinically presecting of a disease primarily of the joints, abnormal immune
responses typically cause a variety of extra-articular manifestations. One of the mysteries
of rheumatoid inflammation is why the synovium is the primary target.

11.2.1 Synovial Inflammation

The hallmark of joint inflammation is synovitis, which occurs when mononuclear cells
(including T cells, B cells, plasma cells, dendritic cells, macrophages, and mast cells) infil-
trate the synovial compartment or are locally activated or both. These infiltrations reflect
more migration than local proliferation. Transendothelial leukocyte migration involves
endothelial activation in synovial microvessels, which increases the expression of adhe-
sion molecules such as integrins, selectins, and chemokines. Characteristic features of
synovitis include neovascularization (induced by local hypoxic conditions and cytokines)
promoting more inflammatory cell ingress into the synovium and insufficient lymphan-
giogenesis limiting the cellular egress. These microenvironmental changes, together with
reorganization of the synovial architecture and local fibroblast activation, result in inflam-
matory synovial tissue observed particularly in RA [4]. The synovial lining then becomes
hyperplastic, and the synovial membrane expands and forms villi. Enzymes secreted by
neutrophils, synoviocytes, and chondrocytes degrade the cartilage, whereas the osteoclast-
rich portion of the synovial membrane, or pannus, destroys the bone.

11.2.2 Key Players in Synovial Inflammation

The key players of synovial inflammation will be described based on the prototype and best-
studied autoimmune joint disease, rheumatoid arthritis. The picture of pain, stiffness,
swelling, and joint destruction seen in rheumatoid arthritis is a consequence of synovial
inflammation, which is characterized by interactions of fibroblast-like synoviocytes with
cells of the innate immune system, including macrophages, dendritic cells, mast cells, and
NK cells, as well as cells of the adaptive immune system, B and T cells. In rheumatoid
inflammation this process does not undergo the usual self-limitation characteristic of nor-
mal inflammatory reactions, rather chronicity ensues.

Innate Immune System in Rheumatoid Inflammation

Activation of innate immunity is probably the earliest process in rheumatoid inflamma-
tion. Innate immune cells such as macrophages, natural killer cells, and mast cells reside
in the synovial membrane, while neutrophils are mainly found in the synovial fluid.
Macrophages are matured and recruited to the synovium by factors including
granulocyte-macrophage colony-stimulating factor (M-CSE, GM-CSF) and act as major
effectors in synovitis by the release of pro-inflammatory cytokines, e.g., TNF or inter-
leukin (IL)-1. Macrophages themselves are activated by (T cell-derived) cytokines,
immune complexes, and a range of molecular pattern associated with pathogen and
danger-associated molecular patterns (so-called PAMPs and DAMPs). Unlike adaptive
immunity, innate immunity plays a role in a nonspecific recognition against microbial
pathogens, e.g., bacteria or viruses. This primitive pattern-recognition system works

11



176

J. Leipe and H. Schulze-Koops

through engagement of Toll-like receptors (TLRs), NOD-like receptors (NLRs), and
RIG-like receptors (RLRs) by «nonself» microbial antigens, ultimately causing rapid
inflammatory responses and clearance of the pathogen (PAMP). Whereas upon clear-
ance of the pathogen, the inflammatory response is terminated, in rheumatoid inflam-
mation, innate immune cells are persistently activated. In rheumatoid inflammation
endogenous TLR ligands, such as HSP22, tenascin-C, serum amyloid A, and fragments
of hyaluronic acid are upregulated leading to activation of monocytic cells through TLR
2 or 4 signaling [5]. Activation of the innate immune system also occurs in the nonin-
fectious inflammatory response via so-called DAMPs, which are intracellular molecules
whose release signals danger (e.g., HMGB, S100 proteins, ATP, and DNA). Expression
of these molecules is observed, when cells are under stress, such as in chronic inflam-
mation. In gouty arthritis, the activation of the innate immune system by DAMP con-
stitutes a main pathogenic feature [6]. Here, the release of intracellular stores of uric
acid, which belongs to DAMPs, and the consequent formation of monosodium urate
crystals stimulate tissue-resident macrophages to produce pro-inflammatory mediators
particularly IL-1 driving a robust inflammatory response.Despite the abundance of
neutrophils in synovial fluid of rheumatoid inflammation, only a few infiltrate the
synovium. Neutrophils contribute to synovitis by releasing prostaglandins, reactive
oxygen and nitrogen species, and proteases into the extracellular space [7]. In this
regard, GM-CSE, which is increased in RA synovial fluid, plasma, and synoviocytes,
may play a role in the pathogenesis of RA through the activation, differentiation, and
survival of neutrophils, macrophages, and eosinophils [8]. Neutralization of GM-CSF-
mediated effects induced rapid clinically significant responses in RA patients in early
studies, suggesting that inhibiting the mononuclear phagocyte pathway may provide a
promising therapeutic approach for RA [9]. Mast cells are enriched in the RA synovial
membrane, and their numbers correlate with lymphocytic infiltration and severity of
synovitis [10]. They produce high levels of vasoactive amines, prostaglandin E2, cyto-
kines (e.g., TNF), chemokines, and proteases (collagenase, tryptase). Finally, a subset of
NK cells highly expressing CD56 is enriched in the synovium and favors maturation of
dendritic cells and production of cytokines such as IFNy and TNE, thereby promoting
differentiation of pro-inflammatory T helper (Th) 1 cells [11]. However, NK cells in
inflammatory conditions can also inhibit T cell expansion by mechanisms including
lysis of effector T cells by perforin, produced mainly by NK cells with low expression of
CD56 [12].

(Auto-)Antigen Presentation

Antigen-presenting cells (APCs) from the innate immune system and dendritic cells are
loaded with disease-eliciting antigens most probably in the joint and then migrate to
central lymphoid organs. Once there, APCs present an array of potential autoantigens to
T cells, which can then stimulate B cells and migrate to the synovium. From what is
known so far, it seems unlikely that a single autoantigen exists in RA. Instead, a broad
spectrum of joint-specific antigens, such as type II collagen, or not joint-specific citrul-
linated antigens are involved. Citrullinated peptides including fibrinogen, vimentin,
enolase, and collagen elicit immune responses more efficiently than the unmodified pro-
teins. Of note, the initiating antigens may vary from patient to patient. Although innate
and adaptive immune processes are involved in the initiation of arthritis, the genetics
and the presence of autoantibodies clearly place adaptive immunity at the center of the
pathogenesis of RA.
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B Cells in Rheumatoid Inflammation

The precise role of B cells in rheumatoid inflammation is not fully understood yet; how-
ever, B cells contribute to joint pathogenesis by several mechanisms including autoanti-
body production, antigen presentation/T cell activation, and cytokine production.

The autoantibody repertoire in RA recognizing a large number of different antigens as
stated above continues to expand. The two most widely studied autoantibody systems,
whose importance is also emphasized by their inclusion in diagnosis and projection of the
clinical prognosis of patients with RA, are rheumatoid factor and anti-citrullinated pro-
tein antibodies (ACPAs). The identification of rheumatoid factor as an autoantibody
against the Fc portion of IgG was the first direct evidence that autoimmunity and B cells
may play a role in RA. Rheumatoid factor and ACPAs can be found in most RA patients
and are of importance for the diagnosis of RA, which is underlined by their inclusion in
the new ACR/EULAR classification criteria for RA. Further, they are of major relevance
for the prognosis since patients with rheumatoid factor and/or ACPA have more joint
destruction, more extra-articular manifestations, and worse function [13]. However, it is
speculated that these antibodies are not only disease markers but can also participate in
disease process, e.g., by contributing to immune complex formation and complement
activation. It has been shown that rheumatoid factor associated with immune complexes
can enhance local inflammatory processes. In fact, early experiments have shown that
injection of rheumatoid factor purified from a patient into a joint of the respective patient
induced a marked inflammatory response compared to IgG control [13]. However, infu-
sion of rheumatoid factor into healthy individuals caused neither sustained nor transient
synovitis. This suggests that they exert pathogenic functions only in the context of rheu-
matoid inflammation, which is further supported by the notion that a considerable per-
centage of healthy individuals that never develop RA are seropositive.

In addition to being the precursors of antibody-secreting plasma cells, B cells act as
highly efficient APCs to prime memory CD4 T cell differentiation and to activate T cells
by co-stimulatory molecules (thereby also supporting autoreactive T cells). In fact, com-
pared with nonspecific uptake associated with professional APCs, antigen-specific B cells
can take up, process, and present peptides from nominal antigen with 1000-fold or greater
efficiency. In addition, rheumatoid factor-positive B cells that are particularly believed to
play a pathogenic role can take up antigen-Ig immune complexes via their membrane Ig
receptors, which have rheumatoid factor specificity [13].Besides antigen presentation, B
cells potentially contribute to pathogenic T cell differentiation by secretion of cytokines
such IL-lalpha, TNE and IL-6, the latter (in the absence of TGF-p) inducing pro-
inflammatory Th17 cells and diminishing regulatory T cells (Tregs) [14]. Further, B cells
produce RANKL suggesting a direct involvement in osteoclastogenesis leading to bone
resorption [14].The role of B cells is supported by the therapeutic effect of B cell-targeted
biologic agents. The success of B cell depletion therapy in RA may depend on disruption
of all of these diverse functions.

T Cells in Rheumatoid Inflammation

The adaptive immune response is orchestrated by CD4 T cells. Full activation of T cells
requires two signals. A first signal, which is antigen-specific, that recognizes its specific
antigen presented in the context of two class I MHC molecules on the surface of APCs. A
second signal, the co-stimulatory signal, is antigen nonspecific and is provided by the
interaction between the co-stimulatory molecules CD80 and CD86 expressed on the
membrane of APCs and the CD28 receptor expressed on the T cells. As a result of full
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activation, IL-2, the main growth factor for T cells, is secreted, and the IL-2 receptor is
expressed. Additional signals, mainly cytokines, direct further Th differentiation into Thl,
Th2, or Th17 effector cell subsets. Activation of naive T cells through the TCR in the
absence of co-stimulation may lead to T cell anergy, T cell deletion, or the development of
regulatory T cells (Tregs) [15].

Although the present understanding of the immunopathogenesis of rheumatoid
inflammation is still incomplete, there is substantial evidence supporting the conclusion
that CD4 T cells play a central role in both the initiation and the regulation of the chronic
autoimmune response characteristic of the disease [16, 17]. The most compelling argu-
ments for a direct contribution of CD4 T cells to the pathogenesis are the infiltration of
the rheumatoid synovium with activated memory T cells, the presence of autoreactive T
cells, the association of aggressive forms of the disease with particular HLA-DR alleles
(whose only function is antigen presentation to T cells), and the recent clinical success
of an inhibitor of T cell activation. Importantly, systemic inflammation in RA is charac-
terized by a predominance of specialized inflammatory effector T cells, whereas T cell
subsets with a potential to downmodulate inflammation, so-called Tregs are impaired.
The limited efficacy of direct T cell targeting by cyclosporine or T cell depleting thera-
pies is probably due to a broad and unselective deletion of regulatory as well as effector
T cells indicating the need for targeting particular T cell subsets. Defining the contribu-
tion of T cells in the initiation and maintenance of inflammation has been augmented
by the identification of functionally distinct subsets of effector Th cells that can be clas-
sified based on their cytokine and transcription factor profiles. In the recent years, in
addition to the established Th cell subsets Th1 and Th2 cells, other subsets, such as Th17
and Th22 cells, have been described. Analysis of the role these T cell populations play in
chronic inflammation provided insights into the pathogenic mechanisms of rheumatoid
inflammation.

Th1 Cells in Rheumatoid Inflammation

Thl cells are distinguished from other CD4 T cell subsets by expression of the transcrip-
tion factor, T-bet, which mediates Th1 cell specific gene expression. They originate from
naive T cells that were primed by IL-12. Th1 cells are characterized by production of their
signature cytokine IFNy and other pro-inflammatory cytokines including IL-2,
lymphotoxin-a, and TNE. IFNy induces a cellular immune response, in the physiological
setting against intracellular bacteria, by induction of MHC class I and II expression,
enhancement of antigen-processing pathways, and activation of cytotoxic CD8 T cells as
well as NK cells [16]. Many studies in the 1990s suggested that rheumatoid inflammation
is mediated by a predominance of activated Th1 cells over Th2 cells, the latter of which can
downregulate inflammation. First studies demonstrated that the majority of T cell clones
from the human rheumatoid synovial membrane functionally represent Thl cells [18].
Consistent with this, large amounts of IFNy were detectable in synovial biopsies, whereas
IL-4 was rarely found [19, 20]. When migration of activated T cells into the inflamed
synovium was blocked in patients with RA with a monoclonal antibody to ICAM-1, Th1
cells were trapped in the peripheral circulation, and this was associated with amelioration
of disease activity [21]. Likewise, clinical efficacy after treatment with a monoclonal anti-
body to CD4 was associated with a dramatic decrease of Thl cells, also suggesting that
activated Th1 cells contribute to rheumatoid inflammation [22]. Finally, the analysis of
synovial fluid showed enrichment of IFNy-producing T cells, resulting in an elevated Th1/
Th2 ratio, which correlated with disease activity [23, 24]. Clinical observations showing
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that the pregnancy-induced shift from a Th1 to a Th2 immune response seems to contrib-
ute to the gestational amelioration of RA further support a pathogenic role of Th1 cells in
RA [16]. Another study demonstrated higher frequencies of citrulline-specific T cells
(which have been implicated in the progression of experimental arthritis) in RA display-
ing a Th1 phenotype [25]. Anti-citrullinated protein antibodies are disease specific, sug-
gesting an important etiologic role for immune recognition of self-proteins modified by
citrullination.

Th17 Cells in Rheumatoid Inflammation

However, studies, including those with experimental models of arthritis demonstrating
a paradoxical role for Th1 cell-derived IFNy (in which the absence of an IFNy response
in genetically susceptible mice enhances autoimmune arthritis), gradually established
that the Th1 phenotype failed to explain all the mechanisms involved in RA. Therefore,
characterization of autoimmune responses as strictly Thl or Th2 was thought to be
overly simplistic [26, 27]. The identification of Th17 cells as a distinct subset of effector
CD4 T cells has challenged the concept of a Th1/Th2 dichotomy, and it became unclear
whether RA is a Thl- and/or a Th1l7 cell-mediated disease. Human Th17 cells are
enforced by the transcription factor RORC (RORyT in mice) and produce IL-17 as their
signature cytokine but not IL-4 or IFNy [28-31]. Differentiation of these cells is pro-
moted by a combination of cytokines including IL-6 (which suppresses the development
of naive T cells into Tregs), IL-21, IL-23, and TGF-p. Th17 cells are further characterized
by expression of IL-17F, IL-22, IL-23 receptor, and the chemokine receptor CCR6, the
latter being of particular importance, because its ligand, CCL20, is expressed at high
levels in inflamed joints, providing a basis for directed migration of Th17 cells into the
inflamed synovium [32-34]. Consistent with this, IL-17 is highly expressed in RA
synovium [35, 36] and in the synovial fluid of patients with early RA [37]. Moreover,
high expression of IL-17 in RA synovial biopsies was associated with an increase in both
activity and severity of the disease [38]. Consistent with this, cellular analyses in early
but also in established RA revealed significantly increased Th17 cell frequencies and
effector functions correlating with disease activity [39, 40]. In vivo, Th17 cells have been
implicated as the pivotal driving force of autoimmune inflammation in several animal
models of autoimmune arthritis, including collagen-induced arthritis (CIA) [41], and
rat adjuvant-induced arthritis (AIA) [42]. The inhibition of Th17 cell development at the
onset of the disease via the neutralization of IL-6, a critical Th17 cell-inducing cytokine
in mice, suppresses the development of CIA [43], and neutralization of endogenous
IL-17 during the initial phase of AIA prevents the onset of AIA [42]. IL-17 exerts joint-
destructive activities. It contributes to synovitis by stimulating the production of the
pro-inflammatory cytokines IL-1 and TNF from human macrophages and IL-6 from
synovial fibroblasts; induces expression of RANKL, an important positive regulator of
osteoclastogenesis; and also promotes cartilage degradation by inducing metallopro-
teinases and proteoglycan chondrocytes [40]. Studies blocking IL-17 showed efficacy in
the treatment of RA and good efficacy in the treatment of psoriasis arthritis and anky-
losing spondylitis [44-46].

Th22 Cells in Rheumatoid Inflammation

Lately, the existence of a new T cell subset was postulated which produces IL-22 but
neither IL-17 nor IFNy [47, 48] (Th22 cells). These cells have weaker pro-inflamma-
tory effects compared to Th17 cells in coculture with fibroblast-like synoviocytes
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[49]. In early RA, Th22 cells are increased as wells as IL-22-producing Th17 and Th1l
cells [50]. These results, together with studies demonstrating the positive correlation
of increased Th22 cells with DAS28 and CRP, emphasize their potential pathogenic
role in RA [51, 52].

Tregs in Rheumatoid Inflammation

Tregs constitute a CD4 T cell population capable of suppressing primarily CD4 and
CD8 effector T cell functions but also other immune cells, e.g., B cells, NK cells, and
APCs. Although the exact mechanisms by which Tregs exert suppression are yet to be
fully elucidated, it is thought that cell contact (e.g., CTLA-4) mechanisms and produc-
tion of regulatory cytokines including IL-10 and TGF-p are involved in regulatory
functions. Tregs are characterized by expression of the transcription factor Foxp3 and
high levels of CD25, CTLA-4, GITR, and GARP all of which are implicated in their
regulatory capacity [15]. Of note, with the potential exeption of GARP none of the sur-
face molecules are completely specific for Tregs since they are also expressed on acti-
vated T cells, making the identification of Tregs based on specific markers and studies in
human diseases difficult.

Tregs are involved in the onset and development of autoimmune diseases since their
depletion in mice results in spontaneous development of several autoimmune diseases
like autoimmune arthritis [53]. It is thought that RA arises from breakdown of self-
tolerance leading to an aberrant immune response to autoantigens. The chronic nature of
RA suggests a failure in mechanisms that control and suppress immune responses. In RA,
the frequency of Tregs in the peripheral circulation is controversial with some studies
reporting normal numbers, some an increase and others a decrease. Further, counterin-
tuitively Tregs seem to be even enriched in RA synovium [54]. However, most reports
demonstrate an impairment of Treg function in RA [55, 56]. These findings are supported
by the observation that Tregs fail to control the activity of effector T cells during active
disease [57]. The attenuated suppressive capacity seems to be caused by the pro-inflamma-
tory milieu characteristic for rheumatoid inflammation, in particular cytokines like TNF,
IL-6, or IL-21. Recently, it has been suggested that chronically active effector T cells in RA
fail to produce sufficient amounts of IL-2, the primary activation factor for immunocom-
petent Tregs, and thereby escape Treg-mediated suppression. Treatment of patients with
TNE-blocking agents on the other hand restored Treg function, which was associated with
increased FOXP3 phosphorylation [57, 58]. Tregs are particularly unable to suppress
pathogenic Th17 cells, which are enriched in RA [40, 59]. Efficient treatment with a TNF
blocker was associated with a favorable, increased Treg/Th17 ratio [60, 61]. In line with
this, altering the balance of Th17/Treg cells improves disease in the CIA model [62].
Impaired Treg function is also associated with reduced expression of CTLA-4 and
impaired signaling in RA patients [59, 63]. In addition, distinct genetic and epigenetic
factors including miRNA expression and DNA methylation may contribute to the altered
Treg phenotype in RA [63-65].

Cytokines and Mesenchymal Tissue Response in Arthritis

A key feature of rheumatoid inflammation is the imbalanced expression of certain cyto-
kines. Pro-inflammatory cytokine production that arises from different synovial cell
populations is central to the pathogenesis. They orchestrate synovial inflammation, carti-
lage degradation induced by matrix metalloproteinases, and bone erosions mediated by
osteoclast activation. Cytokine expression differs from patient to patient, and patterns
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may also change over time. However, some cytokines play a fundamental role in early as
well as established disease. In addition to primarily T cell-derived cytokines such as IL-17
and IL-22 described above, the cytokines TNF, IL-1, and IL-6 are key mediators of inflam-
mation and cartilage and bone destruction in RA and therefore play a dominant role in
the pathobiology of rheumatoid inflammation.

TNF is a pleiotropic cytokine primarily produced by macrophages that mediates its
diverse activities via two distinct receptors, TNF receptor I and II, thereby activating
separate transduction pathways. In RA, where production of TNF is amplified and dys-
regulated, this cytokine can be detected at high levels in serum and synovial fluid. It con-
tributes to rheumatoid inflammation and joint destruction through various mechanisms
including monocyte activation; release of further pro-inflammatory cytokines, chemo-
kines, prostaglandins, and MMPs primarily by macrophages and synovial fibroblasts;
inhibition of Tregs; induction of endothelial cell adhesion molecules; promotion of angio-
genesis; and pain. Thereby, TNF similar to IL-1 induces bone and proteoglycan resorption
by synovial cells and inhibits formation of new cartilage and bone [66, 67]. In animal
models overexpression of TNF leads to an aggressive and destructive synovitis and TNF
blockade is anti-inflammatory [68]. Whereas the effect of TNF blockers in several arthritis
models on bone and cartilage destruction is less prominent than that of IL-1 blockers,
TNF inhibition in RA efficiently decreases joint matrix destruction, which can be seen by
less radiographic progression [69].

Synovial macrophages are the major source of IL-1f in the joint, and almost half of
them express IL-1p [70]. Immunohistologic studies located abundant IL-1f expression in
synovial lining macrophages (type A synoviocytes) adjacent to fibroblast-like synovio-
cytes (type B synoviocytes) and in sublining macrophages in proximity to blood vessels
[70]. IL-1f in the lining subsequently can activate synovial fibroblast proliferation and
secretion of IL-6, IL-8, and GM-CSE. Further, IL-1f induces numerous adhesion mole-
cules on fibroblast-like synoviocytes and endothelial cells, including VCAM-1 and ICAM-
1, and enhances bone resorption [71]. In the joint IL-1, production can be triggered by
immunoglobulin Fc fragments, immune complexes, collagen fragments, and type IX col-
lagen.

IL-6 is produced mainly by fibroblast-like synoviocytes, macrophages, and also by T
cells [70]. Particular IL-6 can promote activation and neutrophil recruitment to the joint
directly through the IL-6 receptor [70]. IL-6 activates other local leukocyte subsets and
fibroblasts and promotes the development of an imbalance between Th17 and Treg cells
and the production of autoantibodies, such as rheumatoid factor and ACPA [72].
Systemic effects include the promotion of acute-phase responses, anemia, and lipid
metabolism dysregulation. In patients with RA, IL-6 serum concentrations highly cor-
relate with levels of acute-phase reactants such as C-reactive protein, al-antitrypsin,
fibrinogen, and haptoglobin [73]. Further, high levels of IL-6 can be found in RA syno-
vial fluid.

11.3 Biologic Treatment Options in Rheumatoid Arthritis

Based on the increasing understanding of the molecular processes involved in the patho-
genesis of RA, biological agents have been developed, targeting various immune media-
tors. Treatments blocking TNF-, IL-1-, and IL-6-mediated effects, as well as depletion and
inhibition of B and T cells, has been proven effective in RA.
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11.3.1 TNF Blockade

TNF was the first cytokine that was validated as a therapeutic target for RA through a
series of preclinical studies of the immunobiology of synovial tissue/fluid, serum from
patients, preclinical animal models, and, finally, clinical studies in RA patients. TNF block-
ers are the largest group of biologicals with currently five agents being approved for RA
treatment. Of these, three are monoclonal antibodies (infliximab, adalimumab, and golim-
umab), one is a soluble TNF receptor Fc fusion protein (etanercept, the first agent intro-
duced in 1998), and one is a humanized PEGylated Fab fragment (certolizumab). These
agents, usually administered in combination with MTX, have shown efficacy in reducing
signs and symptoms of RA, inhibiting the progression of structural damage and improving
quality of life in the majority of patients [74]. Accumulating evidence suggests that early
aggressive therapy with TNF blockers is particularly effective and can in some patients
even induce long-term remission and prevent chronic synovitis. The observation that the
patients who are not adequately responding to TNF blockade are still likely to benefit from
the switch to other biologicals suggests that multiple parallel immune processes contribute
to the pathogenesis.

11.3.2 IL-1 Neutralization

IL-1 has been implicated in the pathogenesis of RA, and indeed its inhibition using an
IL-1 receptor antagonist (anakinra) leads to significant improvement in symptoms, labo-
ratory parameters, and radiographic progression. However the clinical efficacy compared
to other biologicals is rather modest, and improvement generally was observed in less
than half of the patients. The use of anakinra in RA patients, who had failed TNF blockers,
or also in the combination with TNF blockers provided no further benefit [75]. Some
researchers attributed the limited efficacy of anakinra in RA to its short half-life indicating
a need for higher continuous concentrations. However, other IL-1 inhibiting therapies
including canakinumab, a monoclonal antibody against IL-1p with improved pharmaco-
kinetics, showed clinical responses in RA similar to anakinra [76]. Anakinra was demon-
strated very effective in diseases with a well-defined role for IL-1, such as Still’'s disease and
cryopyrin-associated periodic syndromes. Together, although IL-1 certainly plays a role in
rheumatoid inflammation, neutralizing IL-1 seems to be less efficacious in RA than, e.g.,
blocking TNE

11.3.3 IL-6 Blockade

The first approved agent targeting the activity of IL-6 was tocilizumab, a humanized anti-
body against the IL-6 receptor (IL-6R). It blocks IL-6-mediated effects by inhibiting the
binding of IL-6 to both transmembrane and soluble IL-6 receptors. Meanwhile also other
IL-6 inhibitors are tested in clinical trials including a fully human anti-IL-6 receptor anti-
body (sarilumab), an anti-IL-6 receptor nanobody (ALX-0061), and anti-IL-6 antibodies
(sirukumab, ALD518, olokizumab, and MEDI5117). Tocilizumab has already demonstrated
effectiveness in reducing disease activity and radiographic progression similar to TNF
inhibitors in several large phase III trials. The onset of response is quite rapid and can occur
as early as 2-4 weeks after treatment initiation. In contrast to other biologicals, monotherapy
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with tocilizumab was almost as effective as the combination of tocilizumab with MTX. This
points to the pivotal role of IL-6 in the pathogenesis of RA and makes tocilizumab a good
candidate for monotherapy when conventional DMARD therapy is not possible [75].
Further, in a randomized, double-blind trial, monotherapy with tocilizumab was superior to
monotherapy with adalimumab in RA [77]. Of note, due to the direct and pronounced
effects of IL-6 blockade on production of acute-phase reactants in the liver, caution should
be used when interpreting results for inflammation markers, particularly CRP values.

11.3.4 Co-stimulation Modulation

Abatacept is a soluble fusion protein that consists of human CTLA-4 linked to a modified
Fc portion of human IgGl (CTLA4-Ig). Abatacept is a co-stimulation modulator that
inhibits T cell activation by preventing CD28 from binding to its counter receptor, CD80/
CD86, due to its higher affinity for CD80/CD86, thereby blocking interaction between
CD80/CD86 on APC and CD28 on T cells. This blockade of the co-stimulatory signal
prevents the full activation of T cells provided when CD80/CD86 normally interact with
CD28. In early studies administration of CTLA4-Ig or successful transfer of its coding
nucleic acid prevented or ameliorated CIA [78]. Abatacept has demonstrated improve-
ment of signs and symptoms of RA, physical function, and radiographic progression of
structural damage in a wide range of early and long-standing RA populations. It was
therefore approved for the treatment of patients with moderately to severely active RA
who have had an inadequate response to one or more conventional DMARDs or TNF
inhibitors [74]. Given its favorable safety profile, which even appears slightly better than
most other biologicals, in the new ACR guidelines on RA, abatacept was recommended in
case of serious infection over TNF inhibitors. The success of this treatment principle sup-
ports the important role for T cells in this disease pathobiology.

11.3.5 B Cell Depletion

B cell depletion using the anti-CD20 chimeric monoclonal antibody, rituximab, was dem-
onstrated to be efficacious in RA patients. It has been approved for the treatment of
moderate-to-severe RA, in combination with MTX, and in patients who have had an
inadequate response to at least one TNF inhibitor. Rituximab treatment results in
significant improvements after 8-16 weeks. However, in patients with only a partial
response after 6 months, additional treatment courses often achieve a good response.
Interestingly, patients who are positive for rheumatoid factor or ACPA show a better treat-
ment response with rituximab than seronegative patients. B cell depletion is caused by
several antibody-dependent mechanisms including Fc receptor gamma-mediated anti-
body-dependent cytotoxicity (regarded as the principle mechanism), complement-
mediated cell lysis, growth arrest, and B cell apoptosis. Although CD20 is not expressed on
long-lived antibody-producing plasma cells, the observed decrease of pathophysiological
important autoantibodies after rituximab suggests that these autoantibodies are produced
at least in part by short-lived plasma cells. An indirect mechanism of action seems to be a
substantial decrease of CD4 T cells following rituximab [79]. The relevance of these find-
ings is supported by the observation that a lack of CD4 T cell depletion was associated
with an inadequate clinical response to rituximab [79].

11
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Several meta-analyses have shown favorable and similar efficacy among the available

biologicals (except anakinra). However, as many immune mediators work in concert dur-
ing the disease process, it is still unclear what should be targeted first, cytokines, T cells, or
B cells. Further, exact immunological mechanisms of biologicals including their net effects
on different immune cells and cytokines/chemokines need to be investigated in order to
understand the immune network. Finally, there are also clinical challenges, most notably
safety issues that are associated with immunosuppression resulting in increased infections
and a slightly increased incidence of tumors, particular lymphomas.

— Take-Home Messages

== Joints can be affected in several ways in different diseases, e.g., erosive
processes as well as ossifying changes with formation of new bone based on
the balance of catabolic and anabolic molecular pathways.

= |nflammatory joint disease is characterized by infiltration of mononuclear
immune cells in the synovial and surrounding structures.

= |mmune cells, such as pro-inflammatory T cells, B cells, and macrophages as
well as mesenchymal cells, e.g.,, fibroblasts, are key players in joint inflamma-
tion and mediate their joint destructive processes particularly by inflammatory
cytokine/chemokines.

== Modern therapies for inflammatory joint disease target key players of arthritis,
e.g., abatacept — T cells, Rituximab - B cells, anti-TNF/IL-6/IL-17 agents — cyto-
kines with great success.
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What You Will Learn in This Chapter

In today’s ageing society, osteoarthritis has become a major challenge for health-care
systems and research alike. Although the molecular mechanisms of tissue degradation are
well explored and functional disease markers have been defined, important questions on
the pathophysiology of OA still remain unanswered. This chapter provides an overview of
the socioeconomic relevance and risk factors of OA, highlights the key features of OA
pathology including matrix degradation and pro-inflammatory signalling and discusses
current concepts and future perspectives of OA research. It is envisioned that this brief
primer to OA biology contributes to elucidate disease mechanisms and to foster critical
discussion and concerted scientific efforts in the field of OA.

12.1 Osteoarthritis

Osteoarthritis (OA) is a degenerative disease of the joint, clinically characterized by pain,
stiffness, joint effusion and loss of joint mobility. The erosion of cartilaginous tissues from
articular surfaces within the joint and the inability of the tissue to effectively repair and
regenerate these regions lead to irreversible loss of joint functionality. However, OA is far
beyond a simple «wear and tear» of articular cartilage. In fact, OA affects the whole joint
involving synovial inflammation, subchondral bone sclerosis and destruction of articular
cartilage [1]. In addition, OA has significant cellular and molecular components that
drive disease progression via pro-inflammatory and phenotype-modulating signalling
cascades.

12.1.1 Risk Factors

OA is a multifactorial disease. The most consistent risk factors for OA are age, female
gender, overweight/obesity and race/ethnicity. Although OA is clearly an ageing-related
disease, age alone does not cause OA but rather promotes the development of OA together
with other risk factors. The strong relationship between age, obesity, inflammation and
OA, as well as its underlying molecular mechanisms, are discussed in dedicated sections
below. Female sex is associated with higher risk and severity of OA. Although not verified
yet, this association might stem from the observation that women have thinner cartilage
with more reduced volumes as compared to men, which could result in a more acceler-
ated loss of cartilage under OA conditions [2]. Studies on role of sex hormones such as
oestrogen in OA have yielded conflicting results. Whether there is a causal relationship
between the loss of oestrogen during menopause and the onset of OA or whether reduc-
ing oestrogen levels result in higher pain sensitivity that unmasks OA symptoms is under
discussion.

Besides, all causes that result in abnormal loading of the joints such as malalignment
or previous joint injuries are associated with OA. It has been shown that over 30% of
patients with acute anterior cruciate ligament or meniscal injuries develop radiographic
knee OA within 5 years post-injury, and over 50% of patients show evidence 10-20 years
post-injury [3]. Evidence has accumulated that joint injuries induce biomechanical
changes as well as biochemical cascades (e.g. inflammation) that can eventually lead to the
development of OA.
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12.1.2 Socioeconomic Impact

OA belongs to the most widespread diseases, particularly in the aged population. In 2005,
it was estimated that over 26 million people in the USA had some form of OA [4]. The
Rotterdam study showed that 15% and 6% of the more than thousand participants (age
68.2 + 8.0 years) had radiographic signs of OA of the knee and hip, respectively [5].
Whereas symptomatic OA is always associated with radiologic signs, not all patients with
radiographic OA have concomitant symptoms. Thus, estimates for symptomatic OA
might be lower. The WHO estimated that 10-20% of the world’s population aged 60 years
or older have significant clinical problems attributed to OA [6].

Unfortunately, no effective disease-modifying OA drugs are currently available. OA
characteristically remains asymptomatic for a long time and is frequently diagnosed very
late in disease progression when irreversible structural damages have already occurred.
This eventually leads to disability or necessitates total arthroplasty resulting in tremen-
dous costs for health-care systems. For example, according to the Federal Statistical Office
of Germany (Destatis), in 2008 the estimated direct costs (i.e. excluding costs owing to
disability or early retirement) spent for OA treatments in Germany were about 8 billion
euros [7]. In Europe, joint replacement surgeries to treat OA are performed every 1.5 min-
utes, whereas in the USA a total of approximately 500,000 joint replacements are per-
formed each year [8]. OA has a negative impact on societies by contributing to work loss,
disability pensions, early retirement and the increasing need for social support [9]. In
Vienna, degenerative joint diseases are among the leading causes for sickness absence,
rehabilitation and hospitalization [10].

Age is most probably the key factor of the increase in OA prevalence that has been
recognized over the last decades. Due to demographic changes and the progressive impact
of related risk factors such as obesity, OA prevalence is expected to further increase rap-
idly. According to the United Nations, the world population is predicted to reach 9.6 bil-
lion by 2050 [11]. People aged over 60 years will then account for more than 20% of the
world’s population, of which, according to a conservative estimate, 15% will have symp-
tomatic OA, and one-third of these people will be severely disabled. Similarly, a recent
study predicted that there is a risk for a 50% increase in OA prevalence in 20 years from
now [12].

Consequently, OA represents a major socioeconomic issue that induces a heavy bur-
den on health-care systems worldwide, which will even gain importance due to increased
life expectancy.

12.1.3 Pathophysiology of OA

Key features of osteoarthritic joints include deformation of the articular surface, accompa-
nied by chondrocyte proliferation and loss of matrix proteoglycans, subchondral bone thick-
ening, osteophyte formation, synovial intima cell hyperplasia and synovial fibrosis [13-17].

Macroscopically, changes of OA cartilage can be described as softening, fibrillation
and erosion. Histologic features of cartilage breakdown include cartilage clefts, loss of
cartilage layers, cellular necrosis, chondrocyte cloning and a duplication of the tidemark.
It appears that the superficial zone of cartilage is affected first in early OA. At the bio-
chemical level, the OA process is directly linked to the loss of proteoglycan content and
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the altered composition of extracellular matrix (ECM) components. As such, proteogly-
cans of the non-aggregated form (unbound to hyaluronate) accumulate in OA cartilage.
Furthermore, proteolytic degradation of proteoglycans reduces the chain length of the
proteoglycans and inhibits the formation of normal macromolecular complexes, leading
to a more permeable matrix and a significant diminution of the hydraulic pressure in early
OA cartilage [13]. In addition, the three-dimensional (3D) collagen network is severely
perturbed in OA, which can be visualized by polarized light microscopy or T2 relaxation
time as a reproducible MRI parameter. In summary, the breakdown of ECM architecture
in OA cartilage causes a reduction in the compressive stiffness and loss of tissue function-
ality.

Phenotypic Modulation of Chondrocytes

Articular cartilage is a unique and unusual tissue with a single resident cell type, the chon-
drocyte. Classically, chondrocyte phenotypes are categorized largely by subtyping of col-
lagen gene expression: Chondroprogenitor cells are characterized by the expression of the
alternative splice variant of type II collagen, type ITA procollagen (COL2A). Mature chon-
drocytes express the typical cartilage collagen types II (COL2B), IX and XI as well as
aggrecan and link protein. Hypertrophic chondrocytes found in the lowest zone of the
cartilage of the foetal growth plate band in the calcified zone of adult cartilage are marked
by the expression of type X collagen [17].

Unlike the growth plate, which is a transient structure to be replaced by the bone,
articular cartilage is designed to be permanent, ideally remaining functional for the entire
lifetime of the individual. Whereas growth plate chondrocytes typically undergo rapid
proliferation followed by cellcycle exit, hypertrophy and apoptosis, chondrocytes of artic-
ular cartilage are phenotypically stable and responsible for ECM synthesis, maintenance
and degradation.

Under OA conditions, however, chondrocytes undergo a range of phenotypic modula-
tions that represent characteristic features of the disease. Evidence from basic research
indicates that a significant proportion of OA chondrocytes starts to re-express a chondro-
progenitor phenotype, which is comparable to that observed in foetal skeletal develop-
ment [18]. This switch from the articular to the growth plate chondrocyte phenotype is
accompanied by the re-initiation of proliferation and hypertrophic differentiation [19]. In
contrast to normal articular chondrocytes, which have essentially no proliferative activity,
OA chondrocytes start to exhibit a very low proliferative activity that most probably is
responsible for the chondrocyte clustering observed in OA cartilage. In OA cartilage
lesions, markers of hypertrophic chondrocytes (type X collagen, osteocalcin, CD36 and
alkaline phosphatase) were found to be up-regulated. Key features of chondrocyte hyper-
trophy - such as downregulation of SOX9, type II collagen and aggrecan expression,
induction of matrix metalloproteinase 13 (MMP-13) expression, chondrocyte apoptosis,
ECM mineralization and recruitment of blood vessels and osteoclasts — might have a
direct input to joint destruction in OA. In addition, hypertrophic chondrocytes might
drive cartilage loss by directing the behaviour of other cell types (endothelial cells, osteo-
blasts and osteoclasts) to replace cartilage with bone. It is noteworthy, however, that the
concept of chondrocyte hypertrophy in OA is based on the evaluation of molecular char-
acteristics (such as the expression of type X collagen) in OA cartilage. The essential feature
of hypertrophic chondrocytes, namely, large cell volume, is hardly observed in hypertro-
phic chondrocytes of OA articular cartilage, which might suggest fundamental differences
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in the cellular physiology of these two types of hypertrophic chondrocytes. The clinical
relevance of chondrocyte hypertrophy in OA has been corroborated by a study showing
that cartilage calcification correlated with clinical OA scores and type X collagen expres-
sion [20].

The presence of hypertrophic chondrocytes is further supported by the presence of
apoptosis markers in OA chondrocytes. It has been suggested that chondrocyte death cor-
relates with age and severity of OA. Supporting the role of increased cell death as an inte-
gral feature of OA pathology, chondrocytes in human OA cartilage have demonstrated
elevated TUNEL staining and express the apoptosis markers annexin II and V, caspase-3
and -9, BCL-2 and FAS [21]. Another theory suggests that because apoptotic cells are not
removed effectively from cartilage, the products of cell death such as pyrophosphate and
precipitated calcium may contribute to pathologic cartilage degradation [17]. However, it
still remains controversial weather conventional apoptosis pathways decisively contribute
to the pathology of OA.

Matrix Degradation

Loss of cartilage matrix is the main feature of OA. Although the exact mechanisms that
underlie the onset of OA are still unknown, it is likely that a complex interplay of biome-
chanical and biochemical factors drives the dysregulation of chondrocyte function. The
resulting imbalance between anabolic and catabolic processes in chondrocytes promotes
the overexpression of matrix-degrading enzymes resulting in a loss of matrix, in particu-
lar, at the cartilage surface. The predominant proteinases responsible for the characteristic
matrix degradation in OA are MMPs and aggrecanases. Among the MMPs, collagenases
(MMP-1, MMP-8 and MMP-13), stromelysins (MMP-3, MMP-10, MMP-11) and gelatin-
ases (MMP-2, MMP-9) are considered as those with the highest impact on OA cartilage
breakdown [22]. In particular, MMP-13 is the enzyme responsible for most of the collagen
degradation as it preferentially hydrolyses type II collagen and is about ten times more
active on this molecule than MMP-1 and MMP-8 [15]. Cartilage homeostasis in normal
cartilage is maintained by tissue inhibitors of matrix metalloproteinases (TIMPs) which
regulate the proteolytic activity of MMPs. During OA progression, an imbalance of MMP
regulation towards enhanced activity is mediated by pro-inflammatory cytokines such as
interleukin-1p (IL-1f) and tumour necrosis factor-a (TNF-a) and by a shift of the MMP/
TIMP balance towards MMPs.

The main activity of aggrecanases is targeted against aggrecan, which is the main pro-
teoglycan of articular cartilage. The (a disintegrin and metalloproteinase with thrombos-
pondin motifs) ADAMTS family is of particular interest in OA, with ADAMTS-4 and
ADAMTS-5 being most active against aggrecan [23]. Similarly to MMPs, ADAMTS-4
expression is stimulated by pro-inflammatory cytokines IL-1f and TNF-«, whereas
ADAMTS-5 is constitutively expressed in chondrocytes. MMPs and ADAMTSs act
together to disrupt the network of collagen fibrils and proteoglycans in articular cartilage,
which will eventually lead to destabilization of the joint.

Modulation of MMPs as cartilage-degrading enzymes has been a promising strategy to
gain disease modification. As a consequence, a number of small molecules has been devel-
oped that can act as selective inhibitors of proteolytic MMP activity. Unfortunately, most
MMP inhibitor trials have yielded disappointing results, both in orthopaedics and other
disciplines, indicating that biologic systems are sometimes much more complex than pre-
dicted.
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Cytokines

Many of the OA-related tissue alterations can be at least partly explained by the action of
pro-inflammatory cytokines, which promote changes of chondrocyte metabolism and
phenotype and lead to alterations of cartilage matrix structure. Among the cytokines
believed to play a role in the progression of OA, IL-18 and TNF-a are the predominant
mediators of inflammation. IL-1p and TNF-a induce MMPs and aggrecanases, reduce the
synthesis of TIMPs and maintain/promote the inflammatory process via stimulation of
IL-8, IL-6, nitric oxide and prostaglandin E2 production.

The impact of inflammation on the catabolic imbalance in OA cartilage suggests that
it might be of therapeutic value to interfere with its major mediators, IL-1 and TNF-a.
Evidence from studies on rheumatoid arthritis raised hopes that the use of IL-1 and TNF-«
antagonists might prevent degradation and alterations of articular cartilage matrix in OA
as well. However, despite some favourable evidence from in vitro and animal studies, inhi-
bition of IL-1 via IL-1 receptor antagonists turned out to be of limited effectiveness in
clinical OA without improving the disease progress in the long run. Similarly, clinical tri-
als on the use of TNF-a antibodies (which are effective drugs in RA) showed that these
drugs caused only a modest, not significant symptom improvement in OA.

12.2 Triggers of OA Biology

The following section aims to provide an overview of current «hot topics» in OA biology
research. In particular, the selection of discussed issues covers contributing factors to OA
onset and progression that might offer targets for therapeutic application in the future.

12.2.1 Ageing

Age is one of the most prominent risk factors for the development of OA. As such, the
majority of people over the age of 65-70 has some radiographic signs of OA, although
these signs do not necessarily correlate with symptomatic disorders. A cohort study of
90 year olds from the Netherlands found that only 16% of this aged population were free
of radiographic OA [24].

The mechanisms underlying the link between age and OA are not well understood. At
the cellular level, senescence can be divided into two main categories: replicative and
secretory. Human articular chondrocytes have a limited proliferative capacity but a high
capacity to synthesize soluble mediators. Therefore, secretory senescence should be
predominant in ageing chondrocytes. This condition has been defined as the senescence-
associated secretory phenotype (SASP). The SASP may negatively affect the cells’ local
environment by the production of cytokines and MMPs including IL-1f, IL-6, IL-8,
MMP-3 and MMP-13. Mitochondrial dysfunction with increased production of ROS con-
stitutes another hallmark of cell senescence in the articular cartilage, which also promotes
chondrocyte death in OA. Thus, the SASP is a pro-inflammatory phenotype and includes
many of the essential characteristics of the OA chondrocyte phenotype.

Autophagy is a cellular process used to degrade and recycle dysfunctional proteins and
other macromolecules as well as to provide cells with alternative energy sources when
nutrients are scarce [25]. Autophagy tends to decline with age in many cells and tissues
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including articular cartilage where autophagy markers were found to be decreased in OA
chondrocytes [26]. A loss in autophagy was also associated with increased cell death in
articular cartilage. In addition, the response of cells to growth factor stimulation is altered
in senescent cells, potentially resulting in reduced repair response. Prominent examples
for growth factors to which OA chondrocytes are less responsive are transforming growth
factor-p (TGF-f) and insulin-like growth factor-1 (IGF-1). The loss in responsiveness to
growth factor stimulation can result from oxidative stress and the resulting increased lev-
els of ROS.

Besides the age-related changes in cartilage and chondrocytes, ageing also affects the
other joint tissues such as the muscles (sarcopenia), bone (increased remodelling and
bone loss), fat (increased depots) and the nervous system (altered proprioception) [25].
Hopefully, further insights into the molecular interactions between ageing and OA will
deepen our understanding of why a subgroup of ageing individuals develops OA whereas
others do not.

12.2.2 Obesity

Concomitant loss of muscle mass and gain of fat mass contribute to the progression of OA,
primarily due to changes in joint loading.

Supported by meta-analysis, subjects that are overweight or obese have an approxi-
mately threefold higher risk of developing knee OA than those of normal weight [27]. Risk
of incident knee OA increases with body mass index (BMI), and increased BMI is posi-
tively correlated with OA development in older adults and positively correlated with OA
risk in younger populations. In agreement, reducing the BMI lowers the risk of developing
OA, demonstrating the importance of weight control as a primary means of OA preven-
tion. Moreover, long-term exercise and weight loss intervention was shown to signifi-
cantly reduce weight joint loads in older adults. However, it has to be taken into account
that the BMI is a measure of overall body weight and does not discriminate between adi-
pose tissue and lean mass. In fact, fat and lean mass are fundamentally different regarding
their metabolic activity. The observation that the risk of radiographic and symptomatic
hand OA is increased twofold in obese patients supports the role of metabolic factors
associated with obesity [28]. This increased risk cannot be explained with biomechanical
factors but rather with systemic factors released by adipose tissue. Adipose tissue is known
as a source of adipokines such as adiponectin, leptin and resistin, which contribute to the
metabolic syndrome and have pro- and/or anti-inflammatory properties in OA. In agree-
ment, adipokine blood concentrations are associated with OA severity and synovitis. Very
recently, it was shown that almost half of the association between elevated BMI and knee
OA could be explained by the inflammatory adipokine leptin [29]. Specifically, leptin may
play an important role in the pathogenesis of OA by modulating chondrocyte functions
and by contributing to osteophyte formation [30].

12.2.3 Genetics

OA has a strong genetic component. The genetic influence of this disease is estimated be-
tween 35% and 65%. The first studies performed in this context focused on the risk of twin
sisters to develop OA-associated symptoms and suggested a relationship between the dis-
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ease and family ties. Epidemiological studies estimate that there is a 40% probability of
inheritability in an OA knee and a 65% probability of inheritability in OA hands and hips
[31]. The genetics of OA are complex, as they do not follow the typical pattern of Mendelian
inheritance. More likely, onset and progression of OA are associated with multiple gene
interactions, supporting the concept of polygenic inheritance rather than a defect in a
single gene.

Recent advances in the field of molecular genetics have made a contribution towards
the identification of risk alleles for OA. Genome-wide association studies (GWAS) - that
are comprehensive genomic scans searching for genes associated in some way with the
pathology — have identified several loci harbouring genetic variation influencing the sus-
ceptibility to OA in humans. So far, three GWAS have been performed that combine the
key requirements of extensive coverage, large cohorts and replication in additional cohorts
(arcOGEN, Rotterdam study, Tokyo study). In more than 17,000 individuals (Europeans)
of the arcOGEN study, five genome-wide significant loci were identified for association
with OA [32]. The strongest association was with rs6976, a single nucleotide polymor-
phism (SNP) encoding a missense polymorphism within the nucleostemin-encoding
gene GNL3.

Other candidate genes that have been reported as harbouring such risk alleles include
GDF5, with the rs143383 SNP showing association in both Europeans and Asians. GDF5
encodes for a growth factor that is part of the TGF-p superfamily and is required for joint
formation and maintenance. Besides its role in OA, the associated polymorphism, SNP
rs143383, appears to be involved in skeletal health in general as it has been reported to be
associated with a variety of other musculoskeletal phenotypes.

Other candidates include genes with a well-known functional role in the osteoarthritic
process such as genes that code for structural proteins of the ECM of the cartilage, in
particular those that code for type II collagen. Alterations in the COL2A1 gene might
impair proper function of this most abundant protein of cartilage matrix, although a final
conclusion on their clinical relevance has not yet been drawn. In addition, it is reasonable
to assume that various genes, which code for different interleukins, may influence genetic
susceptibility to OA. Various alterations in genes coding for IL-1, IL-1 receptor antagonist,
IL-4 receptor and IL-6 have been described and related with OA [31].

Interestingly, OA risk alleles often show ethnic stratification, with associations within
ethnic groups but not typically across them. This can be attributed to differences between
ethnic groups in (1) the frequencies of the risk alleles, (2) the genetic background on
which the risk alleles are operating and (3) non-genetic (environmental) factors that mod-
ulate the impact of the risk alleles [33].

Finally, a study on people in Spain found that the risk of OA development and progres-
sion was linked with certain mitochondrial DNA haplotypes. Whereas the mitochondrial
DNA haplotype ] was related with a lower risk of OA and reduced MMP-13 serum levels,
the mitochondrial DNA haplotype H had increased risk for OA and higher levels of
MMP-3 [34].

12.2.4 Inflammation

Traditionally, OA has been considered a «wear and tear» disease of articular cartilage trig-
gered by any process leading to aberrant biomechanical forces on one particular joint (e.g.
overload, anatomical issues, fragility of cartilage matrix). Given the absence of immune
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cells in the synovial fluid and of systemic manifestations of inflammation, OA has not
been regarded as a classical immunological arthropathy. However, external signs and
symptoms of inflammation - pain, redness, heat, swelling and loss of function - are clearly
evident during OA progression. Joint swelling, which is attributed to the presence of syno-
vitis due to thickening of the synovium or effusion, is one clinical feature of OA. Infiltration
of activated B cells and T lymphocytes along with overexpression of pro-inflammatory
mediators has been reported during early and late OA [35]. Furthermore, systemic high-
sensitivity C-reactive protein levels reflect synovial inflammation in OA patients and are
associated with the level of pain [36]. In fact, the presence of OA synovitis can be visual-
ized using gadolinium-enhanced MRI, ultrasonography or arthroscopy and therefore may
even be a surrogate marker of OA severity.

The question why the synovium becomes inflamed in OA remains controversial. The
most accepted hypothesis is that, once degraded, cartilage fragments are washed out into
the joint and contact the synovium. Considered foreign bodies, synovial cells react by
producing inflammatory mediators, which in turn fuel catabolic activities of chondro-
cytes present in the superficial layer of cartilage. This leads to MMP synthesis and, eventu-
ally, degradation of the cartilage ECM. The mediators can also enhance synovial
angiogenesis and increase the synthesis of inflammatory cytokines and MMPs by synovial
cells themselves (vicious circle) [28].

Discussion might continue whether synovitis is an actor or a bystander in OA. However,
although the essential role of synovial inflammation in OA remains controversial, it is now
accepted that the inflamed synovium at least promotes cartilage degeneration and per-
petuates disease progression. In chondrocytes, inflammatory processes — which were
recently shown to be triggered by glycan-mediated cell surface binding of galectin-1 [37]
and galectin-3 [38]- directly affect cartilage integrity via the overexpression of MMPs.

The innate immune system comprises the cells and mechanisms that defend the host
from infection by other organisms in a non-specific manner. Toll-like receptors (TLRs)
are the basic signalling receptors of the innate immune system. Interestingly, the expres-
sion of TLR-2 and TLR-4 was shown to be up-regulated in lesional areas of OA cartilage.
Concomitantly, ligands of TLR-2 and TLR-4 such as low-molecular-weight hyaluronic
acid, fibronectin, tenascin-C and alarmins (S100 proteins, high-mobility group protein B1
(HMGBI1)) have been found in OA synovial fluid [28, 39]. Of note, these factors can
induce catabolic responses in chondrocytes and/or inflammatory responses in synovio-
cytes.

Inflammatory events occurring within joint tissues could be reflected outside the joint
in plasma and peripheral blood leukocytes (PBLs) of patients with OA. Levels of several
inflammatory mediators are higher in OA than healthy sera. In the Leiden 85-plus study,
16% of 90-year-old people were «free from OA». Blood samples taken from these persons
were treated with LPS to measure the cytokine production capacity of the innate immune
system. Interestingly, subjects in the lowest tertile of II-1p production had an 11-fold
increased chance to be free of OA [40]. In agreement, another study assessed gene expres-
sion profiles in PBLs from patients with OA and revealed two distinct subgroups: one with
increased level of IL1B and one with normal expression. Interestingly, patients with the
inflammatory «IL1B signature» had higher pain scores and decreased function and were
at higher risk of radiographic progression of OA [41].

Recently, the concept of inflammaging has been introduced to the biology of OA [42].
The term inflammaging describes the interplay between chronic inflammation and age,
which nowadays is accepted to play an important role in the initiation and/or progression
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of age-related diseases including OA. It has been recognized that senescent cells represent
a source of chronic inflammation, characterized by the continued presence of pro-
inflammatory factors at levels higher than baseline but manyfold lower than those found
in acute inflammation. Among the dozens of factors, IL-6, IL-8, IL-1, monocyte chemo-
tactic protein (MCP)-2, MCP-3, MMP-1, MMP-3 and many of the IGF-binding proteins
contribute to the SASP. Most SASP proteins are up-regulated primarily at the transcrip-
tional level by the transcription factors NF-kB and C/EBPp, which have increased activity
in senescent cells. The activities of C/EBPf and NF-«B are regulated by multiple pathways
depending on the cellular context, and the signalling pathways that drive the SASP are just
beginning to emerge. However, there is evidence that genotoxic stress induced, e.g. by
ionizing radiation, hyperproliferation due to oncogene activity or dysfunctional telo-
meres, promotes the development of SASP.

Moreover, the positive feedback loop maintained by IL-1a sustains the SASP, reinforc-
ing its expression and the senescence growth arrest, also via NF-xB and C/EBP activity.
MicroRNAs also contribute to the regulation of the SASP. So far, two microRNAs, miR-
146a and miR-146b, have been shown to negatively regulate the senescence-associated
secretion of IL-6 and IL-8 by targeting IRAK1, which is a positive regulator of NF-kB. In
addition, senescent cells undergo global changes in chromatin organization, and it is
probable that these changes have an effect on SASP gene regulation.

Although it remains to be proven that senescent cells and the SASP are drivers of
normal ageing and age-related diseases, further advances in this field might hopefully
facilitate the development of therapies aimed at mitigating the deleterious effects of the
SASP, however, without compromising its beneficial effects (e.g. tissue renewal upon tis-
sue damage).

12.2.5 Subchondral Bone

The subchondral bone is the zone lying immediately underneath the calcified zone of the
articular cartilage. The subchondral bone is separated from the calcified zone by the
«cement line» and consists of the subchondral bone plate and the subarticular spongiosa.
The subchondral plate is an integral and dynamic component of the joint as it provides
support for the overlying articular cartilage and absorbs most of the mechanical force
transmitted by joints. However, the subchondral bone cannot be reduced to its shock
absorbing qualities; it also plays an important role in articular cartilage metabolism [43].

Under OA conditions, the subchondral bone undergoes a series of pathological altera-
tions including sclerosis with thickening of cortical plate, extensive remodelling of the
trabeculae, formation of osteophytes and the development of subchondral bone cysts [44,
45]. Osteoarthritic subchondral bone osteoblasts are characterized by enhanced anabolic
activity under OA conditions, which was estimated to be increased 20-fold compared to
normal bone turnover [46]. It has been reported that subchondral bone explants from OA
patients aberrantly secrete a range of biochemical factors - including alkaline phospha-
tase, osteocalcin, osteopontin, IL-6, IL-8, prostaglandin, IGF-1, IGF-2 and TGEF-p - that
might contribute to abnormal bone remodelling [47].

The functional interplay between articular cartilage and subchondral bone led to the
concept of a biochemical and molecular crosstalk across these joint-forming tissues. As
such, a study on bovine explants demonstrated that the subchondral bone significantly
influenced chondrocyte survival in vitro [48].
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This concept would also suggest that specific cellular and molecular interactions
might lead to the progression of OA. The presence of microcracks in the OA bone matrix
might allow the direct interaction between chondrocytes and subchondral bone cells via
secreted mediators, also mediated by the synovial fluid. Similarly, increased vascularity
within the deep layers of articular cartilage facilitates molecular transport through the
calcified tissues [45]. Via these routes, chemokines, cytokines and proteases secreted from
chondrocytes could reach subchondral bone osteoblasts to modify their biochemical and
functional characteristics. For example, IL-6 in combination with IL-1p can switch osteo-
blasts from a normal to a sclerotic phenotype [49]. Moreover, subchondral bone loss in
OA can be promoted by chondrocyte-secreted regulatory factors that induce osteoclasto-
genesis [50].

The clinical relevance of the interaction between cartilage and subchondral bone has
been addressed in animal models and clinical studies suggesting that pathological remod-
elling of the subchondral bone in OA may actually precede and mediate cartilage degen-
eration [51, 52]. Thus, targeting the crosstalk between OA cartilage and bone tissues with
drugs, e.g. bisphosphonates, strontium ranelate or cathepsin K inhibitors, may represent
an attractive therapeutic approach [52].

Taken together, the subchondral bone may have a substantial role in the OA process,
as a mechanical damper, as well as a source of inflammatory mediators implicated in the
OA pain process and in the degradation of cartilage [28]. Even though the crosstalk
between articular cartilage and subchondral bone appears reasonable, the primacy of car-
tilage versus subchondral bone alteration for the onset of OA cartilage degeneration is still
under debate. It is anticipated that a better understanding of the basic science and patho-
physiology of the subchondral region will translate into improved strategies for the repair
of cartilage defects that arise from or extend into the subchondral bone [43].

12.2.6 Signalling

In healthy joints, balance between various anabolic and catabolic signalling pathways is
required to maintain functionality of articular cartilage and other joint tissues. An imbal-
ance of this delicate equilibrium, due to a number of reasons as discussed in above sec-
tions, leads to gradual deterioration of cartilage quality contributing to the progression
of OA.

In the following, a few of the signalling pathways that have been implicated in OA
pathogenesis will be presented.

NF-xB

The NF-«B pathway is a central regulator of catabolic actions in OA, mediating inflamma-
tory responses of chondrocytes and leading to ECM damage and cartilage erosion. The
NF-kB pathway, which is induced by galectin-1 and galectin-3 in OA chondrocytes [37,
38], is essential for chondrocytes to express inflammation-related genes coding for IL-1,
IL-6, TNF-a, cyclooxygenase-2, inducible nitric oxide synthase and MMP-1, MMP-3 and
MMP-13. Besides activation of inflammation, NF-kB transcription factors (1) trigger the
differentiation programme of chondrocytes towards a more differentiated, hypertrophic-
like phenotype, (2) participate in the chondrocyte catabolic responses to ECM degrada-
tion products and mechanical stress and (3) play important roles in both positive and
negative regulation of the SASP.
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NF-kB-mediated transcriptional control arises from the assembly of homodimers and
heterodimers of five different NF-xB proteins (RelA/p65, RelB, c-Rel, NFkB1/p105 and
NF«B2/p100). NF-kB dimers are sequestered in the cytoplasm, and their transcriptional
activities are blocked by one of three small inhibitory NF-«B proteins (IkBa, IkBf, IkBe)
or the larger precursor proteins p105 (NFxB1) and p100 (NFxB2). Upon stimulation, the
canonical NF-kB heterodimers (predominantly p65-p50) are activated by phosphoryla-
tion of IkBa by the IKK (inhibitor of NF-«B kinase) complex that targets it for ubiquitina-
tion and subsequent proteasomal destruction. The activated NF-«B heterodimers are then
translocated into the nucleus and can activate their specific target genes [53].

The NF-«kB signalling pathway provides multiple avenues for targeting OA. Although
still in their infancy, strategies to therapeutically target components of the NF-«kB pathway
have been introduced in recent years. This includes inhibition of IKK-mediated phos-
phorylation, IxBo ubiquitination, nuclear translocation or transcriptional induction of
NF-kB target genes using anti-inflammatory compounds (synthetic or natural products),
siRNAs or decoy oligodeoxynucleotides [53].

WNT

The wingless-type (WNT) signalling pathways consists of at least 19 structurally related gly-
coproteins which can transduce their signal through different intracellular cascades [45]. The
canonical WNTs (e.g. WNT-1, WNT-3a, WNT-8) are characterized by their ability to pro-
mote translocation of B-catenin to the nucleus, whereas the non-canonical WNTs (e.g.
WNT-4, WNT-5a, WNT-11) do not affect -catenin levels. 3-Catenin is not itself a transcrip-
tion factor but binds to a number of transcription factors, co-activators or co-repressors. The
WNT signalling cascades have essential roles in development, growth and homeostasis of
joints and the skeleton [54]. In cartilage, canonical WNT signalling is necessary for the main-
tenance of the functional articular cartilage phenotype, which is characterized by extended
cell survival and absence of differentiation towards hypertrophy. Of note, overexpression of
WNT signalling can be deleterious to chondrocytes, leading to OA-like alterations. During
the progression of OA, differential expression of various WNT antagonists (e.g. gremlin-1,
Frizzled-related protein (FRZB)-3) and agonists (e.g. WNT-16) was demonstrated in the
cartilage, bone and synovium. The aberrant secretion of agonists in joints may directly stim-
ulate chondrocytes to secrete increased MMPs and aggrecanases to enhance deterioration of
cartilage, whereas the subchondral bone may respond with osteophyte formation [55].

Given their roles in joint biology, members of the WNT signalling cascades have been
considered as potential biomarkers to assess skeletal tissue turnover and disease
progression. Recently, the WNT signalling antagonists FRZB and Dickkopf-related pro-
tein 1 were shown to provide prognostic information about OA development and progres-
sion in patients with radiographic hip OA [56]. The complexity of WNT signalling
represents a tremendous challenge for the therapeutic modulation of this pathway. Despite
recent advances in our understanding of the role of WNT pathway in joint pathophysiol-
ogy, open questions regarding the source, timely involvement and precise mechanism of
action of the diverse WNT factors will have to be answered before therapeutics that target
WNT signalling can be developed [45].

TGF-3/BMP

The TGF-p family of cytokines, including TGF-p and bone morphogenetic proteins
(BMPs), plays critical roles in embryonic development, adult tissue homeostasis and the
pathogenesis of a variety of diseases. BMP-2, BMP-4 and BMP-5 are required for chon-
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drocyte proliferation and matrix synthesis via canonical Smad molecules [15]. The
involvement of locally secreted BMPs in cartilage biology is not yet clear, but a few studies
have shown that BMPs play significant roles in protection and repair of cartilage by regu-
lating the synthesis of aggrecan and proteoglycans. However, BMPs are also required for
the chondrocyte hypertrophy in OA, indicating that BMP signalling not only plays impor-
tant roles in the early stages of chondrogenesis by stimulating the synthesis of matrix
molecules like type II collagen but also participates during terminal differentiation by
elevating MMP-13 expression, as observed in OA cartilage [45].

TGF-f signalling might also be a mediator of the crosstalk between articular cartilage
and subchondral bone, as inhibition of TGF-P1 activity in subchondral bone led to less
degeneration of articular cartilage in different rodent models. Similarly, increased TGF-§
levels in subchondral bone induced OA-like symptoms in mice, including lower expres-
sion of proteoglycan, increased thickness of calcified cartilage and increased angiogenesis
in subchondral plate [45].

MAPK

The family of mitogen-activated protein kinases (MAPKSs) comprises three broad catego-
ries of kinases: extracellular signal-regulated kinases (ERKs), stress-activated protein
kinases/c-Jun N-terminal kinases (JNKs) and p38 kinases [45]. MAPKs have a critical role
in both cartilage and bone biology, as they appear to be involved in the transduction of
mechanical signals in cartilage development. In the bone, ERK, p38 and JNK promote
osteoclast differentiation by regulating activator protein-1 (AP-1) as a critical mediator of
osteoclastogenesis. MAPKs family has been suggested to be involved in the pathophysiol-
ogy of OA. ERK and p38 activation are key upstream signalling events in processes lead-
ing to degeneration of articular cartilage. Activation of both ERK and p38 signalling is
essential for MMP expression and activity, while only ERK activation is essential for
aggrecanase-mediated cartilage degradation [57]. The possibility of MAPK-mediated
release of degradative enzymes from the subchondral bone affecting chondrocytes sug-
gests the existence of intercellular communication between the cartilage and bone affect-
ing each other. In fact, co-culture of normal or OA subchondral bone with articular
cartilage elucidated an intercellular crosstalk between both tissues mediated by MAPKs
[58]. Another study demonstrated that OA subchondral osteoblasts stimulate hypertro-
phic gene expression and matrix calcification in articular chondrocytes by inducing ERK
signalling activity and downregulating p38 signalling activity [59]. However, further stud-
ies are needed to translate our understanding of the intercellular communication between
articular cartilage and subchondral bone into therapeutic interventions.

12.3 Concluding Remarks

Given the socioeconomic impact and the multimodality of OA as well as the unique prop-
erties of joint tissues, OA biology represents a challenging field of medical research.
Understanding the basic science of joint tissues and the changes that occur in OA is
imperative to develop novel strategies to diagnose and treat this disorder.

One central question of upcoming research efforts in the field of OA biology might be:
What keeps an articular chondrocyte functioning as an articular chondrocyte, or vice
versa, what prompts articular chondrocytes to fail in maintaining the functionality of car-
tilage? [60].

12
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Even more fundamental is the question as to the upstream mechanisms of inflamma-
tion and matrix degradation, which might offer novel therapeutic targets. In this context,
scientific progress might also shed light on the uncertain role of cartilage in the disease
process: Are chondrocytes main actors in cartilage pathology or just passive responders to
disease processes initiated elsewhere? And what would be the consequences for therapeu-
tic strategies?

In summary, a deeper understanding of the molecular mechanisms maintaining chon-
drocyte homeostasis, also with respect to the crosstalk with other joint tissues, will be
mandatory to achieve scientific and biomedical progress in orthopaedic research.
Although articular cartilage is the tissue considered to be mainly affected by OA and
chondrocytes are the major players in cartilage degradation, other joint tissues as well as
systemic metabolic processes determine the development and progression of OA. This
view of OA, that has changed from a single tissue disease to a «complex, multisystemic
disease», will hopefully provide several new levels that can be targeted for the successful
treatment of OA patients.

— Take-Home Message

== OA s a degenerative disease of the whole joint, with enormous socioeconomic
impact and of unclear aetiology.

== Pathophysiologic hallmarks of OA include the degradation of cartilage extra-

cellular matrix, pro-inflammatory events in synovium and cartilage and the

phenotypic modulation of chondrocytes.

Ageing, obesity and genetic factors can drive OA onset and progression.

The imbalance between anabolic and catabolic processes in joint tissues is

promoted by the malfunction of signalling pathways such as the NF-kB, Wnt,

TGF-B/BMP or MAPK cascades.

== Concerted research efforts appear necessary to elucidate the precise molecular
mechanisms and upstream effectors, with the major goal of developing novel
and effective OA therapies.
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