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Abstract of the Dissertation
Alterations in the Mineral and Collagen Matrix of Bisphosphonate-Treated
Bone and Osteoblasts
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Doctor of Philosophy
in
Biomedical Engineering
Stony Brook University
2009

Osteoporosis is a disease that affects nearly 75 million people worldwide.
It occurs due to skewed activity of osteoblasts, which form new bone, and
osteoclasts, which breakdown old bone. The disease is characterized by
decreased bone mineral density (BMD), degradation of the trabecular
architecture and increased fracture risk.

Prevention of bone loss by inhibition of osteoclast-mediated bone
resorption appears to be the major mechanism for fracture risk reduction and
increased BMD, seen with bisphosphonates (BPs) in osteoporosis. However,
recent studies have shown that BPs may negatively affect bone quality. The goal
of this dissertation was to determine the effect of bisphosphonate-treatment on
the quality of existing and newly formed tissue. Understanding how bone quality
might be altered will help to understand the long term affects of bisphosphonate-
treatment.

Chemical composition of bone and mineralizing osteoblasts was
determined using Fourier transform infrared imaging and matrix morphology was
examined using nano-transmission x-ray tomography. We found that, while
microdamage was not accumulated in areas of increased mineralization,
formation of microcracks led to changes in the mineral stoichiometry and
collagen cross-links. Microdamage accumulation and changes in bone
composition due to microcrack formation may lead to changes in post-yield

mechanical properties and increased fragility.



Further, we found that the rate of collagen deposition and mineralization
were temporarily slowed by risedronate-treatment. The morphology of the
mineral formed by the risedronate-treated cells was not altered. This paired lag in
activity appears to be due to decreased function of osteoblasts cells, caused by
BP-treatment.

While these results are difficult to directly extrapolate to the clinical setting,
the concept that chemical composition and structure can be directly linked to
mechanical properties of bone remains important. Therefore, further studies,
specifically determining if BPs have long-term effects on osteoporotic patients
needs to be undertaken.
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Chapter I: Introduction

I.I Bone Composition

Bone is an organ with a hierarchical structure (Figure 1) that is composed
of organic and mineral components, mainly consisting of a matrix of cross-linked
type | collagen mineralized with nanocrystalline, carbonated apatite [1-4].
Because bone is an anisotropic material, it is important to study its quality and
structure on many levels, including the microscopic and nanoscale. Collagen
fibers, which provide bone with its ductile properties, are approximately 1 um in
diameter [5-8], while mineral crystals, which give bone its rigidity, range from 5-
60 nm in diameter [9-12]. While the collagen and mineral each contribute certain
mechanical properties to the tissue, the interaction of the two phases of bone

also add to its mechanical properties.
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Figure 1: Schematic showing the hierarchal structure of bone and the size scale for each

component of the tissue [1].

Type | collagen fibrils with diameters of ~100 nm are rectilinearly
organized to form collagen fibers [13, 14]. Within bone, collagen fibrils are
organized in parallel fibers to maximize strength and stiffness [14-18]. The
mineral crystals in bone have a plate-like structure and are closely packed and
parallel to one another [19-21].

Interaction of the mineral crystals and collagenous matrix contributes

significant mechanical properties to bone. Mineral crystals occupy 35 nm hole



zones within the collagen matrix that are formed when the collagen fibrils come
together [9, 22-25]. Within the mineralized matrix, it has been shown that
collagen fibrils and mineral are oriented parallel to one another [9, 11, 12, 22, 24,
26] to optimize mechanical strength [27]. Additionally, it appears that collagen
helps to distributed stresses across the whole mineralized matrix, protecting
mineral crystals from large stresses they could not withstand on their own [28-
30].

Stoichometrically, bone mineral is poorly crystalline hydroxyapatite
(Ca1o[PO4Js[OH]2). However, the exact structure of the mineral apatite in bone is
hard to determine because the cationic calcium sites and the anionic phosphate
sites can become highly substituted within the collagenous matrix. The two most
abundant anionic substitutions are carbonate (COs*) and acid phosphate
(HPO4*) which primarily substitute into the PO,* sites of the apatite lattice [31-
34]. Carbonate substitutions can make the bone lattice less stable and can lead
to a decrease in crystallinity and increased solubility [35-37]. Additionally it is
known that higher acid phosphate content is associated with immature, young
tissue [38-40].

Cationic substitutions can also alter the mechanical integrity of bone. For
example, even though sodium fluoride treatment can increase bone mineral
density and stimulate osteoblasts [41, 42], it can decrease elasticity and bone
strength by altering crystal morphology [43-46]. Further, excessive lead in the
body (from lead exposure) can be incorporated into the calcified matrix of bone,
decreasing BMD [47-49].

I.Il Bone Formation in vitro and in vivo
Bone forms in a similar way in vivo as it does in vitro. Ascorbic acid within

the body helps stimulate osteoblasts to form a collagenous matrix within the
extracellular space, called osteoid. A well developed matrix of collagen is
essential for mineralization to begin [50-55]. Extracellular calcium and phosphate
ions eventually form tiny apatite crystals within the osteoid. These initial crystals
grow in size and act as nucleation sites for further mineralization [54, 56]. The

osteoid typically begins to mineralize within 5-10 days [57] during primary



mineralization [58, 59]. The osteoid becomes 65-70% mineralized during primary
mineralization [58, 60], and slowly increases to a physiological limit during
secondary mineralization. Matrix proteins, like alkaline phosphatase (ALP) and
osteocalcin (OCN) are also believed to play a role in matrix mineralization [56].

Within the skeleton bone remodeling is a continuous process, whereby
osteoclasts breakdown old and damaged bone and osteoblasts form new tissue.
During remodeling, bone that gets replaced (called secondary bone) gets
replaced in the same way that primary bone gets formed, but secondary
mineralization takes significantly longer during secondary bone formation [58, 61,
62].

Proliferation, differentiation and mineralization of MC3T3-E1 osteoblasts
have been very well characterized [51, 53, 63]. The process by which these cells
form a collagenous matrix and deposit mineral onto that matrix is similar to that
which occurs in woven bone tissue. The cells undergo an initial period of
proliferation where they replicate and divide. Addition of ascorbic acid acts to
increase procollagen hydroxylation [64], which causes the formation of a triple-
helix structure. Collagen fibrils are secreted by the cells and an insoluble, type |
collagen matrix begins forming within 24 hours [53]. Collagen fibrils, which are
made of several collagen molecules, overlap to form the matrix, which develops
60-70 nm axial periodicity, around 7 days [53].

After the synthesis of the collagen matrix has begun, the cells begin
activation of osteoblast marker genes [65]. ALP, which helps process phosphate,
is expressed starting around 2-3 days and OCN, which acts as a biomarker for
bone formation, is expressed between days 4-6. The presence of a collagenous
matrix, release of osteoblast marker genes, and the addition of phosphate help to
initiate mineralization. The zones in between the collagen fibrils are filled with
nodules of mineral apatite, specifically Ca1o[PO4]s[OH]. beginning at about 2
weeks. The formation of these mineral nodules within the extracellular matrix is
initiated and assisted by matrix vesicles. Small vesicles, with diameters of 60-400

nm, that are filled with needle-like crystals of mineral, act as nucleation sites for



nodule formation [53, 66-68]. The matrix vesicles are secreted by the osteoblasts
and interact with the collagen matrix [63].

The process by which collagen and mineral are formed and deposited in
bone is important to maintain its mechanical properties and any alterations to the
collagen or mineral can have adverse effects. MC3T3-E1 cultures that have been
grown in the absence of ascorbic acid do not produce nearly as much collagen
as those grown with ascorbic acid [51] and it has been shown that production of
the collagenous matrix allows the cells to form multiple cell layers [53], which
assists in mineralization. In vivo mutated or low quantities of type | collagen,
which occurs with osteogenisis imperfecia, causes weaker and more brittle
bones [69, 70]. Additionally, decreased collagen fibril diameter [13, 14] and
alterations in mineral crystal size [71-73] have been demonstrated in osteoporotic

tissue.

L.lll Osteoporosis

Osteoporosis is a wide spread bone disease that affects approximately 75
million people in Japan, the USA, and Europe [74]. On a cellular level,
osteoporosis is characterized by uneven metabolic activity of osteoblasts and
osteoclasts, which results in a breakdown of bone microarchitecture as seen in
Figure 2 [75-80]. Osteoporotic patients also have increased fracture risk [81-85]
and decreased BMD [86-88]. Evaluation for osteoporosis includes assessment of
a patient’s bone properties in terms of their fracture risk, via BMD measurements.
However, osteoporosis quantifies more than just a patient’s likelihood to
experience a fracture; there are processes occurring within the bone tissue that

compromise the overall strength of their skeleton.
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Figure 2: Three-dimensional yCT images of tibia secondary spongiosa in (A) an age-related

control and (B) a 23 days-suspended rat [77].

To date, the most common clinical approach for diagnosing osteoporosis
is by the measurement of BMD. Osteopenia is defined as a bone mineral density
1 to 2.5 standard deviations lower than normal peak BMD, while osteoporosis
represents a BMD more than 2.5 standard deviations below normal levels [74].
Higher BMD is typically associated with lower fracture risk, however it has been
shown that the small decreases in BMD that occur with age are a minimal
contributor to the exponential increase in fracture risk after the age of 55 [89].
Additionally there is a large overlap in BMD values of osteoporotic patients and
those that do not experience fractures [90], which demonstrates that BMD alone
cannot predict bone fragility.

Although BMD can help determine a patient’s fracture risk, bone fragility is
a composite description of bone’s mechanical properties, where fragility is
directly related to bones susceptibility to fracture and it is inversely related to a
bone’s fracture resistance. Thus, mechanical properties such as the hardness
and toughness of the tissue, and the load under which it will fracture, can provide
direct quantitative measures of fragility. However, measurements such as these
are often not feasible in a clinical setting, so the underlying contributors to fragility
must be understood.

While bone quantity, as measured by BMD, is the best understood
contributor to fragility in osteoporosis, other contributors to bone fragility include
bone’s architecture, geometry, and material properties [8, 91-95]. Taken

together, these latter contributors have been defined as bone quality [96-98].



In order to obtain a precise measure of fragility, bone quality must be
characterized for all levels of bone structure. In the clinic, measurements of
whole bone properties are made. However, since bone is an anisotropic material,
correlation with the macro-, micro- and nanoscopic levels is also extremely
important. Like all composite materials, each constituent of bone has a different
contribution to the overall quality of the tissue. Since bone fragility is defined as
susceptibility to fracture, understanding how each element of bone tissue plays a
role in its overall quality is an important step in defining bone fragility prior to
osteoporotic fracture. Additionally, examining bone on the micro and nanoscopic

levels may give more insight into why osteoporosis occurs.

I.IV Bisphosphonates

BPs (Figure 3) are a current class of treatments designed to help fight the
damaging effects of osteoporosis. BPs are designed to decrease fracture risk.
and it is believed they do this by preserving bone microarchitecture [99]. They
have also been shown to increase BMD by extending the mineralization times for
the basic multicellular units (BMU) by inhibiting osteoclasts [100, 101]. BPs have
been shown to induced osteoclast apoptosis as well as suppress their
proliferation and activity [102-106].

There are two types of BPs; nitrogen and non-nitrogen containing. Non-
nitrogen containing BPs, like etidronate and clodronate, are metabolized by the
cell and get incorporated into adenosine triphosphate (ATP). These new forms of
ATP are toxic because the enzyme that normally cleves the oxygen-phosphate
bond in normal ATP cannot cleave the carbon-phosphate bond in the ATP
analog. These analogs then build up within the cell because they cannot be used
for energy, leading to apoptosis and necrosis of the osteoclast [107]. Nitrogen
containing BPs, like risedronate (RIS), alendronate (ALN), and ibandronate,
inhibit enzymes in the mevalonate pathway [105, 106, 108]. G proteins, like Rho,
Rac, Rab and Ras perform important functions within osteoclasts, and if these
proteins do not function correctly the cells will die [109]. In order for these

proteins to function correctly they need either a 20 or 15-carbon side chain.



Nitrogen-containing BPs inhibit production of these side chains, leading to
osteoclast apoptosis and necrosis.

BPs have been shown to have high binding affinity for bone mineral due to
the presence of their two phosphate groups [110-113]. Once administered in
vivo, BPs bind to bone. While only small amounts are naturally desorbed from
the bone surface over time [113], large amounts are released from the surface by
osteoclasts during bone resorption [105, 106]. Studies of animals treated with
BPs have demonstrated that they target and bind to hydroxyapatite and can
inhibit crystal formation and dissolution [114-117].

Through interaction with osteoclasts BPs decrease the number of
remodeling sites in bone [118], which leads to a decrease in bone formation [119,
120]. Because of slowed remodeling overall tissue mineralization increases.
Increased amounts of fully mineralized bone have been shown to increase the
brittle properties of the tissue [121-123].
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Figure 3: Chemical structure of the bisphosphonate, risedronate, illustrating the non-labile

hydrogen’s that will be deuterated for the proposed experiments.

The inhibitory role of BPs on osteoclasts has been extensively studied in
culture [104, 124-126] and in vivo [104, 127]. However, the role of BPs on
osteoblasts is only beginning to be investigated, but some studies have shown
that they inhibit the formation and dissolution of mineral crystals in culture [116,
128-132]. Others have shown that BPs increase the differentiation of osteoblasts
[133-135]. Additionally others have shown that BPs also affect osteoblasts in vivo
leading to decreased bone formation [136-139] Therefore, investigation into how

BPs affect the chemical composition, morphology, and overall quality of existing



and newly formed bone is important to understanding the quality of the tissue

and the long term affects of drug treatment.

.V Microdamage

Microdamage (Figure 4) forms in response to applied loads placed on the
body during normal activities [140-143]. When bones are loaded, small cracks
form as a result of energy absorption and dissipation. Microcracks are typically
100-300 pm in length [144], oriented parallel to the longitudinal axis of bone
[145], form at cement lines and interlamellar boundaries [146] and are isolated to
interstitial bone [144, 147].

It is proposed that in healthy individuals areas of bone containing
microdamage are targeted during the remodeling and repair of the tissue [148-
150]. However, based on more recent studies, it appears that microdamage can
occur due to various physiological triggers. For example, targeted remodeling is
believed to occur in overuse fractures in dogs [140, 142], and in areas of cyclic-
loading induced microdamaged in rats [151]. However, microdamage can also be
associated with the process of bone remodeling [140, 152, 153]. It is believed
that at the beginning of remodeling, when bone is being resorbed, there is less
bone to help sustain loading. The remaining bone is then subjected to higher
strains which could lead to microdamage formation.

Microcracks can be detected by bulk staining with fuchsin [148, 154].
There are two types of microdamage; microcracks and diffuse microdamage. In
this work we focused on microcracks that appear as clear, distinguishable, and
linear cracks. Diffuse damage tends to appear as a cloud of fuchsin stain.

Fatigue loading, to physiologically relevant strain levels, is believed to be
the leading cause of microdamage [140, 142, 155]. Linear microcracks tend to
form under compressive loads [156, 157], while diffuse damage results from
tensile loading [156]. In humans microdamage accumulation has been shown to
increase with age which could play a role in increased fractures and fragility in
the elderly [144, 158-160]. This increase is linked to slowed remodeling that

occurs with age [161].



It has been suggested that microcracks are an indication of impending
failure [162] and that stress fractures are inevitable if microcracks go unrepaired
[163, 164]. Microdamage accumulation has been linked to mechanical instability;
such as a decrease in elastic modulus. Stiffness, ultimate strength, and energy to
failure are also compromised with microdamage accumulation, leading to
decreased fracture resistance [165, 166]. Reduced tensile strength [165] and
fracture toughness [167] have also been attributed to microdamage
accumulation.

Further, microdamage has been associated with increased blood flow
[168], decreased interstitial fluid flow [168], and plays a role in calcium

homeostasis [169].

Figure 4: 100X image of a section from the L3 vertebra of a beagle. Bone was stained with

fuchsin (purple) to demonstrate areas of microdamage. Scale bar is 5 pm.

During high-dose BP treatment, the microdamage burden in dogs has
been shown to increase up to 322% and the toughness of bone has decreased
[122]. It is thought that because osteoclast activity is slowed by BPs, areas
containing damage are not targeted for remodeling. However, microdamage

could result from increased mineralization, also seen with BP treatment [100,



121]. In dogs administered BP doses comparable to that received by
postmenopausal women, microcrack frequency also increased, but was not
paired with decreased mechanical stability [170]. However, examination of tissue
from humans on long term BP-treatment revealed no increase in microdamage
when bone remodeling was significantly suppressed [171, 172]. Regardless of
the cause, increased accumulation of microdamage over the course of BP
treatment, paired with altered bone chemistry, could ultimately lead to increased

fragility of already susceptible tissues.

L.VI FTIRI and Nano-TXM

Two techniques that can be used to study the quality of bone and
mineralizing tissue on the micro- and nanoscale, are Fourier Transform infrared
imaging (FTIRI) and nano-transmission x-ray microscopy (nano-TXM),

respectively.

FTIRI
Infrared (IR) light is located in the middle of the electromagnetic spetrum,

between visible light and microwaves. FTIRI combines light microscopy and IR
spectroscopy and takes advantage of the fact that bonds between organic
compounds absorb light within the infrared region of the electromagnetic
spectrum [173]. Molecular bonds naturally vibrate at a specific frequency, based
on the atoms within the molecule. The energy absorbed using FTIRI relates to
the frequency at which specific molecular bonds vibrate, and only precise
frequencies of IR radiation that match the natural vibrations of the probed
molecules will be absorbed. The absorbed IR radiation will amplify the natural
vibrations of the molecule by stretching, bending, wagging, and/or deforming the
bonds. FTIRI allows correlation of the microstructural features of a sample, to be
correlated with chemical composition.

The natural frequency at which at bond will vibrate can be determined by
using Hooke’s law [173]:
Equation 1 v=1/(2mc)VK/p
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K is the force constant and varies from one bond to another, c is the
velocity of light (3 x 10'° cm/sec). The reduced mass, y, can be determined from

the atomic weights of the two atoms within the bond.

Equation 2 p=(mymy)/( my+my)

IR imaging systems couple a spectrometer that generates the IR light, to a
microscope so that point and area imaging of a sample can be performed.
Broadband IR light is either transmitted or reflected through a sample and
collected. Changes in the intensity of the absorbed light can be plotted versus
frequency to generate an infrared spectrum. The infrared spectrum reveals the
wavelength at which and the amount of energy a sample absorbed light. This can
be further used to determine the chemical components within the sample.

Biological samples can be probed using FTIRI to determine what
molecules they are composed of. According to the Lambert-Beer law, the
intensity of a peak in the absorbance spectrum is directly proportional to the

concentration of molecular bond within the sample.
Equation 3 A=¢ebc
A is the absorption intensity of the peak, € is the molar absorption

coefficient, b is the sample thickness, and c is the concentration. Using FTIR and
FTIRI, the biochemistry of biological, geological, environmental, and material
samples can be probed [174]. Typically, biological samples are composed of
lipids, proteins, nucleic acids and carbohydrates.

More specifically, FTIRI is a valuable technique for examining the mineral
and protein content of bone and mineralized tissue [175, 176]. Further, it can be
used to study the compositional changes caused by bone disease [71, 177-181].
Utilizing a globar source, bone can be studied with a spatial resolution of 30-50
um [182-184], which can be further increased to the diffraction limit of 3-15 ym
with the use of a synchrotron [39, 179, 185-187]. Utilizing this technique, the
mineralization, carbonate accumulation, crystallinity, collagen cross-linking, and
collagen content of bone and mineralizing osteoblasts can be studied. Further,
changes in chemical composition of bone can be linked to the mechanical

properties of the tissue [188].
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Nano-TXM

Xradia™ has recently developed the nanoXCT"; a nano-TXM capable of
performing x-ray absorbance and phase contrast 2-D imaging as well as 3-D
computed tomography. This instrument has recently been installed at beamline
BL6-2 at the Stanford Synchrotron Radiation Laboratory (SSRL) and is capable
of imaging biological tissue with a spatial resolution less than 40 nm in 3-D
tomographic mode and 2-D phase contrast and absorption modes. The nano-
TXM at SSRL is based on zone plate optics, which function in absorption mode
from 5-14 keV and Zernike phase contrast at 8keV [189, 190].

The instrument at SSRL operates similar to an optical microscope. The
synchrotron light is provided through a 54-pole wiggler, and vertically collimated
by a platinum-coated bent-flat mirror. The x-rays then pass through a liquid-
nitrogen cooled double silicon crystal (111) monochromator. The beam is
focused onto a toroidal mirror, which focuses it through a slit that reduces the
beams vertical translation. The nano-TXM focuses the x-ray beam through its
condenser lens onto the sample. The resulting x-rays are magnified by the micro
zone plate, onto a liquid nitrogen cooled charge-coupled device (CCD).

Phase contrast mode was utilized in this work. The phase and amplitude
of light can be changed when it is passed through a sample because different
structures within the sample have different indexes of refraction. Highly refractive
structures bend light to a much greater extent than those with lower refractive
indexes, which gives rise to changes in the phase of light passing through them.
Specifically in biological samples, phase contrast can illuminate small features,
such as micron and nanometer structure within a cell. Phase contrast images are
generated from the nano-TXM, by converting the differences in phase and
amplitude of the x-rays into a grey-scale image.

This instrument provides information about biological samples that can be
used in conjunction with other imaging techniques. Cells and bacteria are
typically studied using visible light and electron microscopy. Nano-TXM combats
the resolution inadequacies of visible microscopy and does not require sample

sectioning like electron microscopy, as the x-rays can penetrate 1-20 pm.
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Samples can be “virtually sectioned” and imaged with 40 nm resolution, without
disturbing critical spatial information of the sample.

While this technique is fairly new, its usefulness in imaging of several
biological tissues has previously been demonstrated [189]. Specifically, it
enables the imaging of the nanoscale structure of mineralized bone tissue, such
as how the individual collagen fibrils are oriented and the structure of the mineral
within the collagen matrix. Results can be correlated with mechanical information
from nanoindentation [191, 192] to provide an understanding of bone fragility at

the nanoscale.

I.VII Hypotheses and Specific Aims

While it has been shown that BP-treatment increases BMD and reduces
fracture risk through regulation of osteoclast function, it has also been shown that
BPs cause increased tissue mineralization and can act on osteoblasts. If
osteoclast and osteoblast function are being altered by BP-treatment, we
hypothesize that the chemical composition and morphology of existing and newly
formed bone might also be affected. Therefore, the goal of the current study is to
determine if the chemical composition and structure of existing and newly formed
bone are affected by BP-treatment both in bone tissue and mineralizing
osteoblast cultures. This goal will be investigated by studying existing bone from
animals that have been treated with the nitrogen-containing BPs, ALN and RIS,
and by examining the chemical composition and morphology of mineral formed
by MC3T3-E1 mouse osteoblasts treated with RIS.

Chapter Il will address specific aim 1, which is to compare the chemical
composition of BP-treated and untreated bone in areas of microdamage and
undamaged tissue, to determine the long term effects of BP treatment on bone
composition. Because BPs slow down the turnover process, we hypothesize that
BP-treated bone will be older resulting in higher levels of mineralization and
carbonate accumulation and lower acid phosphate content than untreated bone.

Additionally, since highly mineralized bone can be correlated with brittleness, we
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hypothesize that microdamage will be concentrated in areas of the tissue that
have become overmineralized.

Chapter Il and IV will address specific aim 2, which is to examine the
degree of mineralization, collagen content, collagen fibril orientation and
morphology of the mineralized matrix formed by MC3T3-E1 osteoblasts, as a
function of time and RIS-treatment. In vivo [131, 136, 137, 139, 193-200] and in
vitro [134, 201-203] studies have both shown decreased mineralization with BP
treatment. Additionally groups have demonstrated decreased collagen production
and deposition with BP-treatment [135, 203, 204]. Therefore we hypothesize that
supplementation of media with risedronate will cause a decrease in the
mineralization and collagen deposition of osteoblast cells in culture. Additionally,
as BPs have been shown to bind to mineral we hypothesize that mineral
structure could be altered in the RIS-treated cells. Further we believed that the
collagen fibril orientation of the matrix formed by MC3T3-E1 osteoblasts will not

be altered by RIS-treatment.
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Chapter Il: Chemical makeup of microdamaged bone differs from

undamaged bone [205]

Il.I Abstract
Microdamage naturally occurs in bone tissue as a result of cyclic loading

placed on the body from normal daily activities. While it is usually repaired
through the bone turnover process, accumulation of microdamage may result in
reduced bone quality and increased fracture risk. It is unclear whether certain
areas of bone are more susceptible to microdamage than others due to
compositional differences. This study examines whether areas of microdamaged
bone are chemically different than undamaged areas of bone. Bone samples (L3
vertebrae) were harvested from 15 dogs. Samples were stained with basic
fuchsin, embedded in poly-methylmethacrylate, and cut into 5 micron-thick
sections. Fuchsin-staining was used to identify regions of microdamage, and
synchrotron infrared microspectroscopic imaging was used to determine the local
bone composition. Results showed that microdamaged areas of bone were
chemically different than the surrounding undamaged areas. Specifically, the
mineral stoichiometry was altered in microdamaged bone, where the
carbonate/protein ratio and carbonate/phosphate ratio were significantly lower in
areas of microdamage, and the acid phosphate content was higher. No
differences were observed in tissue mineralization (phosphate/protein ratio) or
crystallinity between the microdamaged and undamaged bone, indicating that the
microdamaged regions of bone were not over-mineralized. The collagen cross-
linking structure was also significantly different in microdamaged areas of bone,
consistent with ruptured cross-links and reduced fracture resistance. All
differences in composition had well-defined boundaries in the microcrack region,
strongly suggesting that they occurred after microcrack formation. Even so,
because microdamage results in an altered bone composition, an accumulation

of microdamage might result in a long term reduction in bone quality.
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IL.Il Introduction
Microdamage occurs in bone tissue as a result of cyclic loading placed on

the body during daily activities [140-143]. Normally, the bone remodeling
process specifically targets these microcracks for repair [142, 151, 152]. Current
anti-resorptive  bisphosphonate treatments for osteoporosis allow the
microdamage burden to increase [122] because these drugs reduce targeted
bone remodeling that would normally repair the damage [141]. The increased
accumulation of microdamage may also be the result of increased tissue
mineralization [100, 121] that occurs secondary to remodeling suppression and
that may make the bone more brittle. However to date, little is known about the
microscopic tissue composition where microdamage occurs and whether certain
areas of bone are more susceptible to microdamage than others due to
compositional differences.

Bone is made up of organic and mineral components, mainly type |
collagen and nanocrystalline biological apatite [4]. The exact structure of the
apatite mineral is not well-defined because substitutions into the mineral apatite
lattice can occur in the cationic calcium sites (e.g. Na*, K*, Fe?*, Zn?*, Sr**, Mg?*,
Pb?*) and anionic phosphate sites (e.g. F, CI, HPO,*, COs%*). These
substitutions can affect bone’s chemical and physical properties such as
solubility, density, hardness, and growth morphology [4, 206]. Bone composition
has been shown to change with age [183, 207] and is also affected by disease
[62, 181, 187, 208-212] and treatment for disease [39, 100, 121, 208].

Infrared (IR) spectroscopy is a valuable technique for examining bone
composition because it is sensitive to both the protein and mineral component of
bone [175, 213]. By putting infrared light through a microscope, bone
composition can be studied with a spatial resolution of 30-50 ym [182-184].
Spatial resolution can be improved to the diffraction limit (3-15 ym) using a
synchrotron infrared source [39, 179, 185-187].

The goal of this study was to examine whether areas of microdamaged
bone are chemically different than undamaged areas, and could therefore be

predisposed to sustaining damage. It has been demonstrated that BPs slow
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down the turnover process, and so we hypothesized that BP-treated bone would
be older resulting in higher levels of mineralization and carbonate accumulation
and lower acid phosphate content than untreated bone. By using infrared
microspectroscopy, the mineral and protein content and stoichiometry were
examined in regions of microdamage and the surrounding undamaged areas.
Because the microcracks were less than 10 ym wide, a synchrotron infrared

source was necessary to improve the spatial resolution of the technique.

ILIIlI Materials and Methods
Experimental Design

A detailed description of the experimental design has been previously
presented [122]. For this study, a subset of fifteen beagle dogs ranging in age
from 1-2 years old was examined. The dogs were equally divided among those
that received a daily saline injection, 0.5 mg/kg/day of oral risedronate, or 1.0
mg/kg/day of oral alendronate for 12 months. These doses were 5-6 times
higher than those administered to osteoporosis patients. The dogs were fed
normal dog chow and provided water ad libitum. They were kept separate in
environmentally controlled rooms for the length of the study as well as one month
prior to the start of the study. After 12 months of treatment, the dogs were
sacrificed using a high dose of sodium pentobarbital (0.22 mL/kg i.v.), and the L3

vertebra were removed.

Tissue Preparation
The L3 vertebrae were bulk stained with basic fuchsin, embedded in poly-

methyl methacrylate, and then cut into 5 ym sections with a sledge microtome
fitted with a tungsten carbide knife. Bulk staining with basic fuchsin prior to
embedding and histological sectioning enables visualization of microdamage and
differentiation between microdamage and artifactual cracks induced during

histological preparation [154, 214, 215].

Infrared Microspectroscopy
The process of IR microspectroscopy performed on bone has been

previously described [39, 186, 187, 210]. In short, the bone sections were
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supported between two aluminum disks (13 mm diameter) that each contained a
narrow slit (9 mm x 3 mm). The microdamaged area of bone and the
surrounding undamaged area were Vvisible through the center of the slit.
Microdamaged areas were defined as those that stained positive (i.e. purple) with
basic fuchsin. Undamaged areas were defined as the surrounding unstained
areas. Microcracks were approximately 3-10 ym in width and 20-100 um in
length. Regions for IR imaging were defined as a rectangular area to include the
microcrack and the surrounding undamaged tissue within a radius of
approximately 200 ym from the microcrack. This area of analysis is larger than
the area analyzed by Verborgt et al., [216] and reflects the finding that
microcracks alter fluid flow velocity around the crack for a distance of up to 180
pum [217].

IR microspectroscopy was performed using a Thermo Nicolet Continupm
infrared microscope coupled to a Nicolet Magna 860 FTIR (Thermo Nicolet
Instruments, Madison, WI, USA). Infrared light from the National Synchrotron
Light Source Beamline U10B, Brookhaven National Laboratory (Upton, NY) was
used. An MCT-B detector, cooled to 77 K, was used for its extended infrared
sensitivity from 4000 and 500 cm™, which was necessary for imaging the vy
phosphate band from 500 — 650 cm™.

The sample was mounted on a motorized microscope stage and raster-
scanned through the synchrotron IR beam (15 ym diameter), collecting a grid-like
pattern of IR spectra spaced in 10 uym increments. Spectra of the bone were
collected in transmission mode using confocal 32X Schwarzschild objectives.
The spectral resolution was 4 cm™ and 256 scans were accumulated per point
using Atlus software (Thermo Nicolet Instruments). For each IR image, 200 —
1000 spectra were collected in absorbance mode, where the background
spectrum was collected from an empty sample holder. The resulting IR map
included spectra from both the undamaged and microdamaged areas, which

were separated after data collection based on fuchsin staining.
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For each animal, IR microspectroscopic images were collected from 2-3
areas of microdamage in the L3 vertebrae, including the surrounding undamaged

area.

Infrared Data Analysis
For each spectrum, a linear baseline correction was first performed to

account for changes in synchrotron beam current. Protein and mineral contents
were analyzed using the area under the amide Il protein band (1595-1510 cm™),
the v4 phosphate band (500-650 cm™), and the v, carbonate band (905-825 cm’
1). The integration results were expressed as ratios (phosphate/protein,
carbonate/protein, and carbonate/phosphate) to account for any variations in
sample thickness. Crystallinity was determined as a peak height ratio of 603/563
cm™' [187]. Acid phosphate content was calculated as a ratio of acidic phosphate
(538 cm'1) over the peak area of the v4 phosphate band [187]. Collagen cross-
link structure was analyzed as a peak height ratio of 1660/1690 cm [218].

In a small number of instances (<10%), microcrack spectra contained
embedding medium, indicating a space in the tissue where the microcrack
formed. These spectra were removed from the data analysis. Animals from all
treatment groups were pooled for comparison of microdamaged vs. undamaged
areas because previous studies showed that treatment with these agents and
doses did not affect tissue composition significantly [121]. A mean % standard
deviation (SD) was determined for each bone composition parameter.
Independent t-tests were performed between the microdamaged and undamaged
areas for each bone parameter using Prism 3 (GraphPad). Statistical differences

were considered significant for p<0.05.

I.IV Results
Fuchsin-stained microcracks could be easily identified from optical images

(Figure 5A). In the IR data, the absorption intensities of both the protein and
mineral peaks in the microdamaged areas were slightly decreased compared to
surrounding undamaged areas. This was observed because the formation of a

microcrack causes the collagenous matrix to be stretched and sometimes
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broken, and mineral crystallites to be lost in the immediate area of the crack
[219]. In fact, the exposed collagen fibers and charged mineral ions at the
surface of the microcrack are the mechanism behind the binding of basic fuchsin
[154, 215].

All data were plotted as ratios to account for loss of material in the
microdamaged regions and any other thickness variations in the sample. IR
imaging easily discriminated the carbonate/phosphate (Figure 5A),
carbonate/protein (Figure 5B), acid phosphate content (Figure 5C), and
collagen cross-linking (Figure 5F) in the area of the microcrack from regions of
bone surrounding the crack. Statistical analysis of these parameters for all
samples was consistent with the IR images.

The amount of carbonate in the microdamaged areas, normalized to
protein or phosphate content, was consistently lower than in the undamaged
areas (Table 1; Figures 6A, 6B). However since the data are plotted as a ratio
to account for sample thickness variations, it is not certain whether the
decreased ratio in the microcracks is due to higher carbonate or lower protein
and/or phosphate. Conversely, the fraction of acid phosphate in the total
phosphate content is increased significantly (p < 0.03) in the microdamaged
areas of bone (Table 1; Figure 6C).

The level of mineralization in bone is represented by the
phosphate/protein ratio. No differences were observed in the mineralization
when comparing microdamaged areas to undamaged bone (Figure 6D). The
mineral crystallinity also remained unchanged between damaged and
undamaged regions of bone (Figure 6E).

Differences in the cross-linking of collagen can be seen from the amide |
protein band. Specifically, the peak height ratio of 1660/1690 cm’' represents a
measure of the nonreducible/reducible collagen cross-links in bone [218, 220].
There was a significant decrease (p < 0.02) in the cross-linking ratio in

microdamaged regions of bone (Figure 6F).
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1.V Discussion
It has been suggested that the accumulation of microdamage in bone may

be the result of increased average tissue mineralization that makes bone more
brittle [100, 121]. However, less is known about the microscopic composition of
bone tissue, and whether compositional differences make certain areas of bone
more susceptible to microdamage than others.

Bone is composed of a cross-linked collagenous protein matrix
mineralized by poorly crystalline apatite. The exact structure of bone apatite is
not well-defined because both the cationic calcium sites and the anionic
phosphate sites can become highly substituted. These substitutions can affect
bone’s chemical and physical properties such as solubility, density, hardness,
and growth morphology [4, 206].

Two of the most abundant anionic substitutions in bone mineral are
carbonate (COs*) and acid phosphate (HPO4%) which primarily substitute into the
PO,> sites of the apatite lattice [31-34]. Carbonate incorporation has been
reported to increase [34, 221], decrease [183, 222], and remain constant [61]
during aging. Its content is also altered in disease states such as osteoporosis
[62, 71], osteogenesis imperfecta [211], and osteoarthritis [210].

While many changes in bone’s carbonate content have been observed,
the role of carbonate substitution on the physiological or mechanical properties of
bone is still poorly understood. It has been shown that carbonate substitution
tends to reduce the stability of the hydroxyapatite lattice, rendering the bone
mineral more soluble [35, 36]. The replacement of PO,> by CO4* also causes a
charge imbalance, which can be compensated by a loss of Ca?* ions from the
crystal lattice. These defects created in the crystal lattice lead to crystallographic
microstrain and altered crystal morphology [35, 223]. These factors could
strongly influence how microcracks are initiated or grow in bone.

In this work, we find that the carbonate content is significantly decreased
in microdamaged regions of bone (Figures 6A and 6B). These results are
consistent with Raman microscopy studies of mature bovine bone by Morris and

coworkers, in which a different spectral component in the v4 phosphate band was
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observed in areas of microdamage [224, 225]. In the Raman work, this new
phosphate band was attributed to a more stoichiometric and less carbonated
apatite species.

Whereas we attributed the loss of carbonate to the deposition of more
stoichiometric mineral crystallites, the loss of carbonate in the damaged regions
could possibly mean that recently deposited mineral crystallites are preferentially
lost. During the process of microcrack formation, mineral crystallites are
displaced from the collagen fibrils. In this environment, the free mineral crystals
likely dissolve and reform. Since carbonated apatite is more soluble than non-
carbonated (stoichiometric) apatite, highly carbonated crystallites would
preferentially dissolve and the carbonate content in the mineral would decrease.

Acid phosphate (HPO,?) is another ion that substitutes into the apatite
mineral lattice of bone. It is usually present at high concentrations in young,
immature bone, and decreases with bone age [38-40]. Figure 6C shows that
microdamaged bone has a higher acid phosphate content than undamaged
bone. Again, these results are consistent with the Raman work by Timlin et al.
[224]. Although the Raman study did not describe the nature of the stoichiometric
apatite phase, the spectrum of the microdamaged area also contained a feature
around 1003 cm™, attributed to acid phosphate. Thus, the mineral in the
microdamaged areas of bone can be described as an immature, acid phosphate-
containing, more stoichiometric, and less carbonated apatite.

Tissue mineralization may make bone more brittle [61] and increase the
occurrence of microcracks [121]. Although the stoichiometry of the mineral in the
microdamaged areas differed from undamaged bone, as evidenced by the
altered carbonate and acid phosphate content, no differences were observed in
the level of mineralization, i.e. the phosphate/protein ratio (Figure 6D). However,
the FTIR absorption intensities of both the protein and mineral peaks in the
microdamaged areas were slightly decreased compared to surrounding
undamaged areas. We attribute these decreases to (1) stretching and some
breakage of the collagen matrix, and (2) displacement and dissolution of bone

mineral in the area of the crack. Thus, the quantities of bone protein and mineral
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in the microdamaged areas decreased, but the ratio of phosphate mineral to
protein was not affected.

We also did not observe any changes in mineral crystallinity (Figure 6E),
which can affect the bone’s mechanical properties [226]. These findings indicate
that the microdamaged areas of bone were not over-mineralized, suggesting that
these local regions of tissue were not more brittle.

The collagen matrix provides the nucleation site for the deposition of
mineral [21]. Collagen quality and cross-link maturity play a role in the
biomechanics of bone, specifically contributing to its plastic, ductile properties [5,
6]. Increased non-enzymatic cross-linking of collagen makes the bone tissue
more brittle and reduces the resistance of the bone tissue to crack growth [227].
This may be one reason for the observation that the energy required both to
initiate and to propagate cracks in bone is significantly reduced as one ages
[228].

Here, we examined the 1660/1690 cm™ ratio of the amide | band, which
can be related to the amount of nonreducible/reducible collagen cross-links in
bone tissue [218]. This ratio has been shown to increase with collagen maturity
[218], with fracture healing [222], and in osteoporosis [220], but remains
unchanged in osteomalacia [229]. In microdamaged bone, we find that the
collagen cross-linking ratio was lower than undamaged bone (Figure 6F),
indicating an altered collagen cross-linking chemistry in the microdamaged
areas. A lower ratio is consistent with studies on collagen where cross-links
have been reduced or broken [218], or when collagen has been denatured [230].
It has also been suggested that the rupture of collagen cross-links is the last step
prior to fracture formation [231]. Thus, our results suggest that cross-links have
been ruptured in the microdamaged regions of bone, which can compromise its
mechanical properties such as decreasing fracture resistance.

It should be noted that the collagen cross-link ratio is not a direct measure
of the cross-link content in bone, but rather a measure of the effect that cross-
links have on collagen’s structure. Specifically, the amide | band (1600 — 1700

cm™) represents the total amount of protein in the bone. The intensity of this
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peak (as represented by the integrated area) is directly proportional to the
concentration of protein in the sample. The shape of this peak is determined by
the structure of collagen in the sample. Thus, changes in this ratio reflect how
collagen’s structure is changed by cross-link differences. Thus, it is possible that
changes in this ratio arise from other factors that affect collagen’s structure,
unrelated to collagen cross-linking.

One limitation of this study is that it cannot assess whether altered bone
composition caused the microdamage to occur, or whether it was an effect of the
fracture formation. However in the former case, we would expect a spatially
heterogeneous composition in the undamaged bone, where certain regions had
chemical and mechanical properties that were more susceptible to microdamage.
Instead, we found the undamaged bone composition to be quite homogeneous,
as evidenced by small standard deviations for all chemical composition
parameters (Table 1), and consistent with our earlier findings [121]. In addition,
the IR images showed discrete, but significant chemical differences between the
undamaged and microdamaged bone. Thus, the uniformity of the undamaged
bone and the discrete differences between microdamaged and undamaged
regions strongly suggests that the compositional differences we observed are an
effect of the microdamage and not a cause of it.

Another limitation is the possibility that the bisphosphonates altered the
physical properties of the bone matrix. Our earlier work demonstrated no
compositional differences at the microscopic level between drug-treated and
control groups, except for an increase in the mineral content itself [121]. None of
our previous work has shown differences between alendronate and risedronate
either [122, 123]. Moreover, in the current work, we compared damaged and
non-damaged regions of bone within each individual sample — a paired design —
so the effect of the damage itself can still be evaluated and compared to the non-
damaged state. This is relevant from a clinical standpoint, given that people
being treated with bisphosphonates also accumulate microdamage [232].

Changes in mineral composition under pressure or stress are commonly

seen in geological minerals and synthetic apatites [224, 233] and have also been
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observed in bone with mechanical loading/deformation [225]. During the process
of microcrack formation, collagen cross-links are broken and mineral crystallites
are displaced from the collagen fibrils. In this environment, the free mineral
crystals likely dissolve and reform [206]. Since carbonated apatite is more
soluble than non-carbonated (stoichiometric) apatite [35, 36], highly carbonated
crystallites would preferentially dissolve and the carbonate content in the mineral
would decrease. Thus, the resulting chemical environment in the microdamaged
region would consist of ruptured collagen cross-links (decreased cross-link ratio),
decreased carbonate content (carbonate/phosphate), and an unchanged overall
mineral content (phosphate/protein), which is consistent with the results
presented here.

Even though the observed chemical changes likely occur as a result of
microcrack formation, and may not be a causative factor in the process, the
accumulation of microdamage leads to altered bone composition nonetheless.
We previously demonstrated that microdamage accumulation in both cortical and
cancellous bone following one year treatment with alendronate or risedronate in
intact dogs is associated with compromised material properties [122, 123]. We
have more recently demonstrated that this occurs even at clinical treatment
doses of these bisphosphonates [136]. However, our most recent data suggest
that the accumulation of microdamage by itself does not explain the reduced
toughness of bone [136]. Changes in the composition of the bone matrix as an
effect of microcracking, however, could be related to the reduced material
properties. The observations described in the current paper provide the
mechanistic explanation for the compromised material properties, i.e. reduced
toughness does not occur as a direct result of the damage itself, but as an
indirect result of physical changes in the matrix caused by the microcrack. The
changes in material properties that we have observed in our previous work are
largely the result of reduced post-yield properties of bone. Post-yield properties
are influenced primarily by the collagen moiety in bone and by cross-linking of
collagen [234, 235]. By showing disruption of collagen cross-linking as an effect

of microcracking, the current work provides an explanation for the previous
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observation that post-yield properties are compromised. This is relevant from a
clinical standpoint, given that people being treated with bisphosphonates also
accumulate microdamage [232]. With long term treatment the accumulation of
microdamage and the accompanying changes in bone composition could

eventually increase bone fragility that occurs in postmenopausal women.
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I.VII Tables

Table 1. Bone composition for undamaged versus microdamaged bone
Parameter Undamaged Microdamaged p-value
Carbonate/Phosphate 0.0681 + 0.0016 0.0570 + 0.0020 0.0002
Carbonate/Protein 0.0489 + 0.0017 0.0413 £ 0.0016 0.003
Acid Phosphate 0.0039 = 0.0001 0.0043 = 0.0001 0.027
Phosphate/Protein 0.735 £ 0.026 0.727 £ 0.022 0.815
Crystallinity 1.00 £ 0.012 0.974 + 0.0222 0.395
Collagen Structure 2.59 + 0.057 2.38 £ 0.054 0.0145
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ILVIIl Figures

Figure 5: (Top) Visible image of a microcrack indicating the area imaged with the IR microscope. The fuchsin stain (magenta) highlights
the microcrack. Data were collected within the crack and from the surrounding area. (A) — (F) represent the corresponding IR images of
the same area. The individual images illustrate the (A) carbonate/phosphate ratio, (B) carbonate/protein ratio, (C) acid phosphate/total
phosphate ratio, (D) phosphate/protein ratio, (E) crystallinity, and (F) collagen cross-linking. Scale bar is 25 microns.
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represent the standard deviation from the mean. (*) indicates a significant difference (p<0.05) between undamaged and microdamaged

bone.

uD MD

Carbonate/Protein

0.075- B
*
——
0.050
0.025-
ubD MD
Crystallinity
1.5 E
1.0 —
0.57
0.0-
ubD MD

28

Acid Phosphate/Total Phosphate

0.006

0.004"

0.002

C

ubD MD

Collagen Cross-Linking

0_

F

uD MD



Chapter lll: Risedronate-treatment temporarily delays collagen deposition

and matrix mineralization of MC3T3-E1 osteoblasts [236]

lll.I Abstract

Prevention of bone loss by inhibition of osteoclast-mediated bone
resorption is the major mechanism for fracture risk reduction seen with BPs in
osteoporosis. Some recent studies have shown that under certain conditions BPs
may stimulate osteoblast formation or prevent osteoblast and osteocyte
apoptosis, but whether they have direct effects on the quality of newly forming
bone matrix is unknown. The goal of the present study was to determine if
risedronate (RIS) treatment alters the quality of newly formed tissue. RIS-treated
and untreated MC3T3-E1 mouse osteoblasts were mineralized in culture for 0, 4,
11, 14, 21, and 28 days. Fourier transform infrared imaging (FTIRI) was used to
study the chemical composition of the matrix produced, including level of
mineralization and collagen content as a function of time and drug treatment.
Mineral formation was quantified via osteocalcin (OCN) production. Our results
showed that mineralization and collagen content increased over time in control
and RIS-treated cells; however both were significantly lower at day 14 and day
21 in RIS-treated cultures. OCN increased significantly between day 4 and 28 for
control and RIS-treated cells, and there was no significant difference between the
two groups at any time point. Thus, these studies showed that matrix synthesis
and mineral deposition are temporarily slowed by RIS-treatment. We hypothesize
that this delay resulted from RIS inhibition of protein prenylation within the
osteoblasts. This could have caused disrupted collagen production and cross-
linking, leading to decreased mineralization. Understanding how RIS directly
affects the mineralization and matrix production of osteoblasts is important to

determine long term effects of the drug.
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lILII Introduction
Osteoporosis is a wide spread disease that affects nearly 75 million

people in the USA, Japan, and Europe combined [74]. Osteoporosis is
characterized by loss of bone mass and microarchitecture, resulting from an
imbalance of osteoclast-mediated bone resorption and osteoblast-mediated bone
formation.

BPs are a current class of drugs that are used to treat osteoporosis. BPs
inhibit osteoclasts, thereby slowing bone remodeling and reducing osteoclast-
mediated bone loss. Since BPs reduce remodeling they increase bone mineral
density by extending the mineralization times for the BMU. BPs act on
osteoclasts in one of two ways; non-nitrogen containing BPs are metabolized by
the cell and form toxic analogs of ATP, while nitrogen containing BPs, like RIS,
inhibit enzymes in the mevalonate pathway [105, 106, 108] leading to decreased
osteoclastogenesis [124], decreased cell function, and increased apoptosis.
Reduced osteoclast activity leads to decreased bone resorption and bone loss
[124, 125, 197].

In normal bone remodeling, the actions of osteoclasts and osteoblasts are
linked. BPs therefore reduce bone formation indirectly through their inhibition of
bone resorption. It has recently been suggested that BPs may also have a direct
affect on osteoblasts, but results have been conflicting. In some studies BPs
inhibited the formation and dissolution of mineral formed by osteoblasts [116,
128-132, 202]. In other studies BPs have increased osteoblast differentiation and
mineralization [133-135, 229, 237]. Differences in the affect of BPs on
mineralization could be due to differences in their antiresorptive potency and their
binding affinity for hydroxyapatite (HAP) [113]. In light of previous research, it is
important to understand what role BPs might play in altering osteoblast function
during treatment. Furthermore, understanding the affects specific BPs have on
new bone formation is necessary to determine long term consequences they
could have on bone chemistry, quality and strength.

The differentiation, proliferation, collagen deposition, and mineralization of
MC3T3-E1 osteoblasts has been very well classified [51, 53, 63], and they have
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been shown to be a suitable model of bone mineralization and collagenous
matrix formation. After the synthesis of the collagen matrix has begun, the cells
initiate activation of osteoblast marker genes [65] including alkaline phosphatase
(ALP), which helps process phosphate, that is expressed starting around 2-3
days [51] and osteocalcin (OCN), which is expressed between days 4-6 [51, 238,
239] and peaks at day 14 [240]. Deposition of HAP within the extracellular matrix
and the formation of nodules is initiated by matrix vesicles. These vesicles, with
diameters of 60-400 nm, are filled with needle-like crystals of mineral, and act as
nucleation sites for nodule formation [53, 66-68]. Matrix vesicles and mineral
nodules are typically associated with the fibrous network of collagen however
they can also be ectopic and not associated with the collagen network [63].

FTIRI is an important technique that has been extensively used to study
the chemical composition of bone tissue in osteoporosis [71, 178, 181, 186, 209],
osteoarthritis [210, 241] and osteomalacia [229]. Additionally, FTIR has been
used to study the mineral and collagen content of the mineralized matrix formed
by osteoblasts in culture [242-246] and has been shown to be more sensitive
than von Kossa staining alone [247]. To date, most studies using FTIR have
examined the cells and matrix in bulk, after it has been processed into a KBr
pellet. While the information from these studies is useful, all spatial information is
lost. In this study we have grown the MC3T3-E1 cells directly on an infrared
reflective slide in order to study and spatially correlate mineralization and
collagen deposition over time.

The goal of this study was to understand the effects of RIS on
mineralizing osteoblasts, specifically the mineral and collagen production,
distribution and interaction.  Previous studies have shown that collagen
deposition [135, 203, 204] and mineralization [134, 201-203] can be delayed due
to BP-treatment, we hypothesize that a similar affect will be observed here.
Understanding this relationship is important for identifying the affects long term

osteoporosis treatment might have on bone quality.
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llL.IIl Materials and Methods
Cell Culture

A mineralizing sub-clone (sub-clone 4) of MC3T3-E1 mouse osteoblasts
(ATCC, Manassas, VA) was grown in a-MEM with 10% fetal bovine serum
(Sigma-Aldrich, Missouri), 1% sodium pyruvate (Sigma-Aldrich, Missouri), 1%
Penicillin-streptomycin (Sigma-Aldrich, Missouri) and 1% Amphotericin $ (Sigma-
Aldrich, Missouri) at 37°C in a fully humidified atmosphere of 5% CO; in 35 mm
diameter (9.5 cm? growth area) 6-well plates (Corning Inc., New York)
Approximately 1 week after plating the cells were confluent (day 0) and the
medium was supplemented with 5 ug/mL ascorbic acid (Sigma-Aldrich, Missouri)
and 4 mM sodium phosphate monobasic (Sigma-Aldrich, Missouri) to initiate
mineralization. RIS-treated cells were also supplemented with 10 yM RIS.
Medium, supplements and RIS were changed every 2-3 days and samples were
removed after 0, 4, 11, 14, 21, and 28 days in mineralizing media.

The sub-clone of MC3T3-E1 cells used in this study (sub-clone 4) has
been shown to form a mineralized matrix that stains positive with von Kossa
staining [63]. This sub-clone also expresses high levels of mRNA’s for OCN,
parathyroid hormone/parathyroid hormone-related protein and bone sialoprotein.
However, it does not produce significant amounts of ALP and so it cannot
hydrolyze B-glycerol phosphate for use during mineralization. Therefore sodium
phosphate was used.

For infrared data collection the cells were grown on a 1.0 x 0.5 inch piece
of infrared reflective slide (Kevley Technologies, Ohio). The slides were sterilized
in 95% ethyl alcohol for 24 hours, dried, and spin-coated with 8 mg/ml sulfonated
polystyrene (SPS) (Polymer Source, Inc., Montreal Canada) dissolved in
dimethylformamide for 30 seconds at 2500 rpm [248]. After SPS deposition, the
slides were placed in a vacuum oven at 150°C for 24 hours to remove the solvent
and attach the polymer to the slide. The resulting SPS coating was ~20 nm. SPS
has been shown to provide a suitable substrate for osteoblast mineralization to
occur because the charged surface of the SPS causes proteins to self assemble
into fibrillar networks [55, 248, 249].
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The coated slides were used within 24 hours of SPS deposition and were
added to the culture dishes when the cells were first plated. At the end of each
time point, the slides were removed from the medium and washed twice in
distiled water, once in 75% ethyl alcohol, and dried. A total of 44 samples
(control: day 0, 4, 11, 14, 21, 28; RIS: day 4, 11, 14, 21, 28, n=4 for each time

point) were grown.

Risedronate
RIS monosodium hemipentahydrate powder was obtained from Procter &

Gamble Pharmaceuticals (Cincinnati, OH). The drug was dissolved in sterile
water, the pH adjusted to 7.4 with 1 M NaOH, then filter-sterilized through a 0.22

um filter before use.

FTIRI
Infrared data were collected using a Spectrum Spotlight 300 FT-IR

imaging system (PerkinElmer, Waltham, Massachusetts). Low resolution IR
images were collected on a ~50 mm? area in reflection mode on each sample, in
imaging mode using a 25 pm pixel size, 2 scans per point at 8 cm™ resolution
where the background was an empty IR reflective slide. Based on the results of
the low resolution images, one high resolution map per sample was then
collected on a ~7 mm? area in image mode, using a 6.25 ym pixel size, 4 scans
per point, at 8 cm™ resolution. The high resolution maps at later time points were
collected in an area that contained both mineralized and non-mineralized
regions. Areas where more than 5% of the pixels had an amide Il absorbance
greater than 1.0 were also avoided.

To ensure that the choice of high resolution maps was not biased to areas
of high mineralization in later timepoints, intra-sample variance and inter-sample
variance were determined. Three high resolution maps were collected within day
11 and day 28 control and RIS-treated cells. The intra-sample median variance
was ~10 for each sample. The inter-sample median variance between control
and RIS-treated samples was ~107 for samples that had significance differences.

Therefore, because the intra-sample variance was 2 orders of magnitude smaller
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than the inter-sample variance, the differences we saw across time points were

in fact significant.

FTIRI Data Analysis
Protein was analyzed using the area under the amide Il protein band

(1595-1510 cm™; baseline 1800 cm™). Mineral phosphate was analyzed using a
region of the v4, vs phosphate peak (1060-990 cm™; baseline 1180-980 cm™).
The phosphate peak contains contributions from both cellular and mineral
phosphate. If just a cell layer was present, the cellular phosphate peak (1250-
1220 cm™”) and the total phosphate peak (1150-990 cm™) would be
approximately the same size. However, when mineralization occurs the region of
the between 1060-980 cm™ gets larger as seen in the spectrum of bone (Figure
7A) and mineralizing osteoblasts (Figure 7B), and the total phosphate peak gets
larger than the cellular phosphate peak. The C-H wagging/deformation peak
(1350-1325 cm™; baseline 1360-1325 cm™) was also analyzed to determine the
collagen content [250-253]. This region was chosen based on the IR spectrum of
rat tail collagen (Figure 7A), which is known to contain only type | collagen. Also,
this region was chosen, because this area of the IR spectrum of mineralizing
osteoblasts does not contain any absorption bands attributed to other
constituents.

The integration results were expressed as ratios (mineralization: mineral
phosphate/protein and collagen content:collagen/protein) to account for any
variations in sample thickness. At the later time points (day 21 and 28), the
absorbance of the amide Il peak was greater than 1.0 due to the increasing
thickness of the cell layer over time. Spectra whose amide Il absorbance was

greater than 1.2 were removed from the analysis (~3% of the total spectra).

Measurement of Osteocalcin
OCN has been shown to be a biomarker for bone formation. At each time

point medium from the cells was removed when the IR substrates were
harvested. OCN content within the medium was measured for each sample using

the colorimetric mouse osteocalcin EIA kit (Biomedical Technologies Inc.,
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Massachusetts). The absorbance of the samples was measured at 450 nm using

a SpectraMax Plus (Molecular Devices, Sunnyvale, California).

Statistical Analysis
For FTIR spectra, the median, 25th, and 75th percentile, values for each

map were determined using SPSS version 14.0 statistical software (SPSS, Inc.,
Chicago, lllinois). A Kruskal-Wallis test was performed to test for differences in
the mineralization, collagen content and OCN between all of the time points. A
Mann-Whitney U-test was performed to determine statistically significant
differences between control and RIS-treated cells at each time point and to
further determine where differences across time points occurred. Differences

were considered significant if p<0.05 on a two-tailed test.

lILIV Results
FTIRI

The IR spectra of fully mineralized bone and rat tail collagen (Figure 7A)
were used to determine regions used for the IR analysis and for comparison to
the mineralizing osteoblasts. The IR spectra of the mineralizing osteoblasts
changed over time from day 0 to day 11, and day 0 and day 28 in control and
RIS-treated osteoblasts (Figure 7B). The absorption intensities and area under
the phosphate region (1060-990 cm™) of the infrared spectra grew from day 0 to
day 11 where mineralization began, and increased in intensity and area again
from day 11 to day 28 (Figure 7).

IR images of mineralization at each time point for control and RIS-treated
cells are shown in Figure 8. Day 0 and day 4 images show “background
phosphate” due to the contribution of the cellular phosphate of the MC3T3-E1
cells, as mineralization did not start until ~day 11. Mineralization of the MC3T3-
E1 cells was first seen at day 11, with more mineralized area in the control cells.
The amount of mineralization increased through day 28, however at day 14 and
21 the control samples appeared to be more mineralized than the RIS-treated
samples. By day 28 the mineralization of the control and RIS-treated cells was

similar.
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IR images of collagen content at each time point for control and RIS-
treated samples are shown in Figure 9. Little or no collagen matrix deposition
can be seen before day 11; the collagen content increased significantly between
day 11 and 28 in control and RIS-treated cells (CNTL p=0.014; RIS p=0.014). At
days 14 and 21 however there appeared to be more collagen matrix in the
control cells compared to the RIS-treated cells. By day 28 the control and RIS-
treated cells showed similar amounts of collagen.

Composite red-green images of the collagen and mineral at day 11 and
day 21 for control and RIS-treated cells are presented in Figure 10. The green
channel represents the mineralization and the red channel represents the
collagen content. When the images are overlaid correlation between the collagen
matrix and mineral can be seen as yellow, starting around day 11 and
progressing through day 21. At both time points the mineral was correlated with
the collagen matrix for both control and RIS-treated cells.

The distribution of the level of mineralization changed over time (Figure
11, n=4, bin size of 0.0005). Starting at day 0, there was a single peak in the
mineralization distribution. This peak can be attributed to the contribution of the
cellular phosphate within the phosphate peak. For day 11 control cells, the
distribution began to develop a second maximum, indicating that mineralization
had started. This maximum increased in frequency and value for control cells at
day 14, 21, and day 28. The second maximum did not appear until day 14 for the
RIS-treated cells, and did not occur as frequently in the day 21 treated cells as in
the control cells. The level of mineralization between control and RIS-treated
cells was significantly different at day 14 (p=0.021) and day 21 (p=0.021) (Table
2). However, by day 28, the level of mineralization of the RIS-treated cells was
indistinguishable from the control cells.

The distribution of the collagen content also changed over time (Figure
12, n=4, bin size of 0.0002). Very little collagen was present at early time points.
In control cells, the deposition of a collagen matrix was seen by day 11 and
collagen content increased from day 11 through day 28. The distribution for RIS-

treated cells lagged and was significantly different from the collagen content of
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control cells at day 14 (p=0.010) and 21 (p=0.021) (Table 3). However, by day 28
the collagen content of the control and RIS-treated cells was not different.

The median of the mineralization distribution over time for control and RIS-
treated cells are shown in Figure 13A. For the control cells, there was a
significant increase in mineralization between day 0 and day 11 (p=0.021) and
day 0 and day 14 (p=0.021), showing the start of mineralization. This significant
difference carried through day 21 (p=0.021) and 28 (p=0.021). Additionally,
significant increase in the amount of mineral in the control cells occurred
between day 11 and 21 (p=0.021), and day 11 and day 28 (p=0.021).

Further examination of the differences showed that there was a significant
increase in mineralization of the RIS-treated cells between day 14 and 21
(p=0.021) and day 14 and 28 (p=0.021) that was not present in the control cells.

Medians of the collagen content distributions over time for both control
and RIS-treated cells are shown in Figure 13B. In control cells there was a
significant increase in collagen deposition between day 0 and 14 (p=0.014), day
0 and 21 (p=0.014), and day 0 and day 28 (p=0.014).

For the RIS-treated cells there were significant differences in collagen
content between day 4 (p=0.014), 11 (p=0.014), 14 (p=0.018), 21 (p=0.0291) and
day 28.

Osteocalcin
There were no significant differences in the amount of OCN produced by

the control versus the RIS-treated cells at any time point (Figure 14; n=6). There
was a significant difference in OCN between day 4 and day 11 for both control
(p=0.037) and RIS-treated (p=0.037) cells. There was also a significant increase
in OCN over the period from day 4 to day 28 for control (p=0.004) and RIS-
treated (p=0.004) cells.

lI.V Discussion
While the effects of BPs on osteoclasts have been well characterized,

reports on direct effects on osteoblasts and bone formation are conflicting.

Specifically, it is not known how BPs affect the timing of osteoblast-induced
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collagen deposition and mineralization. In this study, we have used MC3T3-E1
osteoblast cells, which mineralize in culture and so provide an appropriate model
of bone matrix production, to study the effects of RIS on newly formed bone
tissue.

We found that at the onset of mineralization and collagen production (~day
14), treatment of osteoblasts with RIS caused a significant lag in mineral
deposition and collagen production. This lag in mineralization was also present at
day 21, but was recovered by day 28.

Many studies have shown that various BPs decrease mineralization of
osteoblasts in vitro [134, 201-203] and in vivo [131, 136, 137, 139, 193-200].

Several mechanisms by which BPs decrease osteoblast mineralization in
vitro have been proposed. Some attribute the decreased mineralization to altered
osteoblast activity and function [204, 237, 254]. It has been shown that
osteoblasts can internalize small amounts of RIS [126, 255], but they cannot
metabolize it. Excess levels of internalized BPs leads to inhibition of protein
prenylation [136, 256] that compromises the function of the osteoblasts and could
cause a decrease in osteoblast mineralization activity. On the other hand,
decreased mineralization has also been attributed to a decrease in the number of
viable osteoblasts [201]. If there were fewer cells producing mineral, total
mineralization would go down. However some studies show that decreases in
mineralization are not due to cytotoxicity, but rather to a combination of inhibition
of crystal growth and osteoblast function [203]. Lastly it has been proposed that
inhibition of mineralization might be caused by the BPs interacting directly with
the HA crystals [113, 202]. Idris and co-workers proposed that the mineralization
effects were unrelated to cell growth, ALP activity, or inhibition of protein
prenylation, because addition of farnesyltransferase inhibitor did not counteract
the inhibitory affects of the BPs.

Three mechanisms for decreased mineralization that have been proposed
to explain in vivo observations: 1) A direct effect on osteoblasts inhibits their
ability to form mineral [131, 136, 139, 193, 203]; 2) inhibition of the remodeling

process, where by bone formation is slowed because bone resorption has been
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disrupted [119, 136, 195, 203]; 3) physiochemical interactions of the BPs which
inhibits crystal growth [113, 203]. The second mechanism does not occur in most
in vitro models because the cells studied are limited to osteoblasts only and there
are no remodeling surfaces present, although it has been suggested that it is
only osteoblast activity that is affected in areas of bone where only formation is
occurring [131].

Consistent with our findings, other groups have seen temporary decreases
in collagen production when osteoblasts were treated with various BPs. [135,
203, 204]. Garcia-Moreno and co-workers attributed the decrease in collagen
production to a decrease in cell viability.

While collagen deposition is not altered when the collagen molecules are
disrupted [257], mutated collagen fibrils and damaged collagen cross-links have
been shown to cause alterations to the osteoblastic genes necessary for
mineralization [243]. It has been suggested that the deposition of a normal
collagen matrix is needed for OCN production [258] and mineralization to begin
[259-263]. OCN levels in this study were not significantly different between
control and RIS-treated cells, suggesting that the collagen matrix was normal; it
was just being laid down at a slower rate in the RIS-treated cells.

Additionally, it has been shown that type | collagen promotes proliferation
of mineral from matrix vesicles and that collagen fibrils work together with matrix
vesicles to achieve mineralization [264-267]. So a lag in collagen deposition, as
seen in the RIS-treated cells at day 14 and 21, could directly cause a delay in the
mineralization of the matrix, which was also observed.

Collagen deposition has been shown to be necessary and directly related
to the production of osteoblasts marker genes and mineral [50-55, 243]. Collagen
and mineral are also known to be associated in bone, whereby mineral is
deposited within hole-zones in the collagen matrix [19-21, 268]. As tissue ages
the mineral crystals grow and begin to overlap with the collagen fibers within the
matrix [9].

In this study we saw that as early as day 11 (Figure 4), when

mineralization has just started, the localization of mineral was correlated with
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collagen content. This co-localization of the collagen and mineral progressed
through day 21 (Figure 4). Collagen and mineral are oriented parallel in bone
[11, 12, 22, 24, 26, 27] for optimal strength. While we were unable to determine
the orientation of the collagen and mineral, the co-localization of the collagen and
mineral within the cultures suggests that the interaction between collagen and
mineral is similar for mineral formed by MC3T3-E1 cells. Further, this interaction
was not altered by RIS-treatment.

While it has been shown that RIS can inhibit HAP crystal growth in
solution [113], in vivo [269, 270] and in vitro [202, 270], this mechanism alone
cannot explain the results seen here. If there was a physiochemical interaction
between the RIS and HA (i.e. the RIS was binding to newly formed nodules,
blocking further mineralization) we would not have seen a lag in the collagen
deposition at the same time points. This could however be part of the reason for
the decrease in the rate of mineralization at day 14 and 21 that is recovered at
day 28.

It also did not appear that at these concentrations the RIS was cytotoxic to
the osteoblasts, because as time progressed, the cell layer appeared to get
thicker (as evidenced by an increase in the amide Il absorbance over time). So it
seems unlikely that RIS slowed collagen production and mineralization through
necrosis or apoptosis of the osteoblasts. Therefore, we hypothesize that RIS
altered the function and activity of the osteoblasts, possibly through decreased
protein prenylation, delaying the production of a collagenous extracellular matrix,
which is needed for mineralization to occur. In addition, RIS-induced inhibition of
crystal growth could have also contributed to the delayed differentiation timeline
[203].

RIS causes accumulation of unprenylated proteins within osteoclasts [271-
274] as well as in other cell types [105, 126, 255, 272, 275]. It is possible that
there was an initial build up of RIS within the treated osteoblasts that caused an
increase in unprenylated proteins. This protein build-up could have ultimately
caused a decrease in the production and release of collagen and matrix vesicles

needed for mineralization.
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The current study does have limitations. This study was performed in a
cell line derived from mouse osteoblasts not human osteoblast. Additionally the
system examined the direct effect of RIS on osteoblasts only. In vivo the
remodeling interaction of the osteoclasts and osteoblasts is important. In vivo it's
likely that osteoclasts are exposed to high levels of BPs [276] when the BP is
released from resorbed bone, but it's unclear whether bone associated
osteoblasts are exposed to high drug levels. Despite this, our studies do show
that RIS directly affected osteoblast collagen production and matrix
mineralization. Additional studies, using co-cultures of osteoclast and osteoblast
cells, as well as the use of human cell lines, are needed.

In summary, we have shown that treatment of MC3T3-E1 cells with 10 uM
RIS temporarily delayed the production of bone matrix. Because the delays were
seen in both the collagen deposition and mineralization, it appears that the RIS
altered the activity and function of the osteoblasts. Collagen deposition, which is
needed for mineralization to occur, could have been slowed by a build up of
unprenylated proteins within the osteoblast. .Further a lack of a collagenous-
matrix would delay the release of osteoblast marker genes and slow
mineralization. However, the differences between control and RIS-treated cells
were transient, as seen by similar levels of collagen and mineralization by day
28. This is important clinically. While BPs might delay initial collagen deposition
and matrix mineralization, the effect is temporary and matrix production and

mineralization seems unaffected in the long term.
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lILVII Tables

Day | p-value median | p-value 25% | p-value 75%
4 1.0 0.773 0.248

11 0.773 0.773 1.0

14 0.021 0.021 0.021

21 0.021 0.021 0.021

28 1.0 1.0 0.773

Table 2: Shows the U-values for mineralization of the control and RIS-treated samples compared

using the Mann-Whitney U-test at each time point.

Day | p-value median | p-value 25% | p-value 75%
4 1.0 1.0 1.0

11 0.317 0.317 0.282

14 0.010 0.047 0.020

21 0.021 0.020 0.021

28 1.0 1.0 0.773

Table 3: Shows the U-values for collagen content of the control and RIS-treated samples

compared using the Mann-Whitney U-test at each time point.
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Figure 7: (A) Infrared spectra of rat tail collagen and fully mineralized bone. These spectra

1700 1600
were used to help chose which regions of the infrared spectrum of (B) mineralizing

osteoblasts should be analyzed. Infrared spectra from day 0, day 11 and day 28 for control
and RIS-treated cells. The v1, v3 phosphate peak increases in absorbance and area with

time, demonstrating active mineralization.
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Figure 8: Infrared images of the level of mineralization for each time point for control and

RIS-treated cells. The mineralization begins around day 11 and continues to increase through
day 28. Mineralization is lagged at day 14 and 21 for the RIS-treated cells.

44



Control

Risedronate

Figure 9: Infrared images of the collagen content for each time point for control and RIS-
treated cells. The collagen content begins to increase at around day 14 for the control cells.
This is lagged in the RIS-treated cells, but collagen content is the same for both control and

RIS-treated cells by day 28.
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Figure 10: Overlaid images of the mineralization and collagen content for day 11 and day 21
control and RIS-treated cells. The green images represent the mineral, and the red images
represent the collagen content. When the images are overlaid, areas appearing yellow show

a correlation between the mineral and collagen content.
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Figure 11: Combined (n=4) distributions of the mineralization as a function of time for control
and RIS-treated cells. Bin size of 0.0005. The distribution becomes bimodal for the control
cells beginning at day 11, showing the start of mineralization. This bimodal distribution is
lagged in the RIS-treated cells, but by day 28 there are no differences between the control
and RIS-treated cells.
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Figure 12: Combined (n=4) distributions of the collagen as a function of time for control and
RIS-treated cells. Bin size 0.0002. Collagen content is minimal until day 11. At day 14 and
day 21 the collagen content is lagged in the RIS-treated cells but catches up by day 28.
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Figure 13: (A) Box plot of the mineralization medians over time for control (blue) and RIS-treated (green) cells. The error bars represent
the 25" and 75" percentile. There was a significant difference in the mineralization between control and RIS-treated cells at day 14
(p=0.021) and day 21 (p=0.021). (B) Box plot of the collagen content medians over time for control (blue) and RIS-treated (green) cells.
The error bars represent the 25" and 75" percentile. The median at day 0 and 4 is zero for both control and RIS-treated cells and is
significantly different between control and RIS-treated cells at day 14 (p=0.010) and 21 (p=0.021).
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Figure 14: Amount of OCN for the control (black bars) and RIS-treated (grey bars) cells as a
function of time. There are no significant differences between the amount of OCN in control and
RIS-treated cells as any time point. * denotes a significant difference from day 0 in the control
cells. # denotes a significant difference from day 0 in RIS-treated cells.
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Chapter IV: Morphology of mineral formed by MC3T3-E1 cells is not altered

by risedronate treatment

IV.l Abstract

Osteoporosis is a wide spread bone disease that leads to decreased
BMD, altered tissue architecture and increased fracture risk. BPs are currently
the most widely used treatment for osteoporosis. While much is known about
how BPs act on osteoclasts and how bone remodeling is suppressed, little is
known about how BP-treatment might alter the quality of newly forming bone
matrix. BPs have been shown to bind to mineral in solution and in vivo, so we
hypothesized that they may bind to mineral formed in vitro, altering its
morphology. The structure of bone and orientation of its organic and mineral
components plays an important role in the mechanical properties of the tissue,
and changes to this structure could affect bone quality. This study examines
whether RIS treatment alters the nanostructure of the mineral formed by MC3T3-
E1 osteoblasts. Synchrotron nano-TXM was used at 8 keV to study the structure
of mineral and collagen formed by untreated and RIS-treated MC3T3-E1 cells at
0, 4, 11, 14, 21, and 28 days. Mineral began to form on day 11 as nanometer-
sized aggregates of mineral. By day 21 the aggregates had come together to
form larger micrometer-sized nodules. Comparison of the mineral structure to
that of amorphous calcium phosphate (ACP) and crystalline hydroxyapatite
(HAP) revealed that the mineral formed by MC3T3-E1 cells appeared to be a
cross between the ACP and HAP morphology. The mineral nodules were made
up of smaller aggregates, like the ACP, however the overall shape of the nodule
and aggregates was similar to that of HAP. Since collagen has a similar density
to air, imaging of the collagen fibrils provided no contrast at 8 keV. Further,
treatment of the cells with RIS did not alter the structure of the mineral.
Understanding how RIS-treatment might alter the morphology of newly formed
tissue is important for determining the long term affects that BP-treatment could

have on the mechanical properties of bone.
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IV.Il Introduction

Osteoporosis is a disease that affects millions of Americans and costs
billions of dollars each year for fracture treatment and care [74]. BPs are
currently the most widely used treatment for osteoporosis as they have been
shown to slow the damaging effects of the disease. While the use of BPs for
disease treatment has been investigated for the past 30 years, long term
physiological, quality, and mechanical effects are still being investigated.
Because BPs accumulate in bone tissue, it is important to understand how
bone metabolism and remodeling are altered during long term treatment.

Bone and mineralizing tissue are anisotropic materials that consist of
organic and mineralized components. The main protein in bone (85-90%) is
type | collagen. Collagen molecules (~1 nm) come together to form collagen
fibrils, which have a diameter of ~100 nm. In vivo and in vitro, ascorbic acid
stimulates osteoblasts to increase procollagen hydroxylation [64], which
results in the formation and secretion of collagen fibrils. Type | collagen fibrils
with diameters of become rectilinearly organized to form 1 ym collagen fibers
[13, 14]. Within 24 hours of induction, osteoblasts begin to form a type |
collagen matrix which develops 60-70 nm axial periodicity after about 7 days
[53].

The mineral in bone is a poorly crystalline hydroxyapatite, specifically
Ca10[PO4]6[OH], that becomes substituted with carbonate over time [4].
Plate-like mineral crystals, ranging in size from 5-60 nm [9-12], fill in 35 nm
holes within the collagen matrix and eventually become closely packed and
parallel to one another [19-21, 268]. As the tissue ages, the mineral crystals
grow and begin to overlap with the collagen fibers within the matrix [9].

The orientation of both the collagen and mineral separately add
mechanical strength to bone. In healthy tissue, collagen provides bone with
ductility [5-8] and its periodic and parallel arrangement [14, 17, 18] helps to
enhance stiffness and strength [15, 16, 277-279]. Changes in collagen
orientation could account for altered mechanical properties in osteoporotic

bone [14, 17, 280]. Moreover, bone rigidity is attributed to the mineral phase
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of its matrix [207, 281]. While there has been conflicting evidence that
alterations to mineral crystal size play a role in osteoporosis [11, 71-73, 282,
283], it is known that larger mineral crystals tend to reduce the stiffness of the
tissue [284]. Changes to the morphology of the mineral could also affect bone
mechanics [21].

Interaction of the mineral and collagen matrix is also important to bone
strength and development. A well-organized matrix of collagen is essential for
the deposition of physiologic mineral [50-55]. Within the matrix it is believe
that the collagen fibers and mineral crystals are oriented parallel to one
another to provide optimal mechanical strength [11, 12, 22, 24, 26, 27].
Additionally, while collagen and mineral each contribute certain mechanical
properties to bone, the interaction of the two constituents also adds to the
mechanics of the tissue. It has been shown that although collagen supports
most of the strain that bone experiences, it also disperses some of that strain
to the mineral crystals [285]. Collagen further shields the mineral from
excessive stress through even distribution of the forces throughout the matrix
[28, 29]. It is apparent that any changes in the structure of the collagen or
mineral could alter the mechanical stability of bone tissue.

Recently, a full-field hard x-ray microscope, based on an Xradia™
nanoXCT full-field transmission x-ray microscope (TXM), was designed and
implemented at SSRL. The microscope can image bone tissue in phase
contrast mode with a 3-D spatial resolution of 25-60 nm which enables the
imaging of the nanoscale structure of mineralized bone tissue. Results can be
correlated with mechanical information from nanoindentation [191, 192] to
provide an understanding of bone fragility at the nanoscale.

The objective of this study was to image the 2-D and 3-D
nanostructure of the mineralized matrix formed by MC3T3-E1 osteoblasts
using nano-TXM to specifically determine how the collagen and mineralized
matrix might be affected by RIS-treatment. BPs have been shown to bind to
mineral, and so we hypothesized that mineral morphology could be altered by

RIS-treatment. While previous studies have shown that the rate of collagen
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deposition can be affected by BP-treatment bone morphometry is not altered
[286], and so we further hypothesized that collagen fibril orientation within the

matrix would not be altered .
IV.lIlIl Materials and Methods

Cell Culture
A mineralizing sub-clone (sub-clone 4) of MC3T3-E1 mouse

osteoblasts (ATCC, Manassas, VA) was grown in o-MEM with 10% fetal
bovine serum (Sigma-Aldrich, Missouri), 1% sodium pyruvate (Sigma-Aldrich,
Missouri), 1% Penicillin-streptomycin (Sigma-Aldrich, Missouri) and 1%
Amphotericin B (Sigma-Aldrich, Missouri) at 37°C in a fully humidified
atmosphere of 5% CO,. At confluence, (day 0) the medium was
supplemented with 5 ug/mL ascorbic acid (Sigma-Aldrich, Missouri) and 4
mM sodium phosphate monobasic (Sigma-Aldrich, Missouri) to initiate
mineralization. RIS-treated cells were also supplemented with 10 uM of RIS.
Medium, supplements and RIS were changed every 2-3 days and samples
were removed after 0, 4, 11, 14, 21, and 28 days in mineralizing medium.

For x-ray data collection, the cells were grown on 10 x 5 mm piece of
mylar film that was 0.01 inches thick. Mylar film was used for a substrate
because it is transparent to x-rays. When the films were removed from the
medium they were washed twice in distilled water and once in 75% ethyl
alcohol and dried. A total of 22 samples (control: day 0, 4, 11, 14, 21, 28; RIS:
day 4, 11, 14, 21, 28, n=2 for each time point) were grown for x-ray data

collection.

Risedronate
RIS monosodium hemipentahydrate powder was obtained from Procter

& Gamble Pharmaceuticals (Cincinnati, OH). The drug was dissolved in
sterile water, the pH adjusted to 7.4 with 1 M NaOH, then filter-sterilized
through a 0.22 ym filter before use.
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Calcium Phosphate Standards
ACP and HAP (Sigma Aldrich, Missouri) were used as standards to

assess the type of mineral the MC3T3-E1 cells were forming. A few grains,
approximately 5 ym in diameter, of the calcium phosphate powders were
placed between two pieces of kapton tape. 6-10 grains of ACP and HAP were
located within each sample and imaged in phase contrast mode. One grain of
each type of powder was chosen for tomographic 3-D imaging, to compare to
the mineral formed by the MC3T3-E1 osteoblasts.

Nano-Transmission X-ray Microscopy

X-ray data were collected using the Xradia™ nanoXCT at beamline
BL6-2 at SSRL [189]. The energy was tuned to 8 keV using a double crystal
monochromator. The x-rays illuminated the sample, and a gold/SiN zone
plate magnified the image onto a 2-D CCD detector, cooled to -70°C. All
images were collected using TXMConfigure and TXMController software
(Xradia™ Concord, CA), in phase contrast mode utilizing the phase ring,
where the reference image were collected through an empty sample holder.
Reference and average phase contrast images were collected with a bin of 1,
with 2 second exposure times, with a total of 20 scans. At later time points (~
day 11 and later) 6 areas containing mineral nodules were found using a light
microscope and the coordinates were recorded. Average images were then
collected in these 6 areas in phase contrast mode. One nodule from each
sample was chosen to perform tomographic 3-D imaging. For samples
between 0-4 days, 6 areas were chosen from each sample for 2-D imaging to
demonstrate that no mineral was present.

3-D tomographic imaging was performed with a bin of 2, and 2 second
exposure. Images were collected between at most -70° to +70° in 0.5°
increments. Phase contrast images collected in 3-D tomographic mode were
reconstructed and formatted into mpg files using TXMRecontructor and

TXM3DViewer software (Xradia™ Concord, CA), respectively.
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IV.IV Results
We were able to begin finding mineralized regions at day 11 for both

the control and RIS-treated cells. Mineralization began as diffuse nanometer-
sized aggregates (Figure 15). Figure 16 shows the comparison between
ACP, HAP and mineral formed by day 21 control and RIS-treated cells. The
visible images showed the area that was imaged by the nano-TXM (in
between the white crosshairs). The corresponding phase contrast images
showed the mineral morphology of each sample.

In Figure 16B, the ACP had a nodular appearance. The 5 ym nodule
of mineral appeared to be made up of smaller 200-700 nm aggregates, which
all had a fairly spherical shape. The HAP (Figure 16D) had a flatter
appearance. Its structure appeared more rigid and rectangular when
compared to the ACP, and it appeared as if it was made up of smaller
granules.

Examination of the morphology of the mineral formed by the day 21
control cells (Figure 16F) appeared to be a cross between the morphology of
the ACP and the HAP. The mineral nodule appeared to be made up of
smaller aggregates, like that of the ACP. However, the overall appearance
had a flatter plate-like form, similar to the HAP.

Comparison of the day 21 control (Figure 16F) and RIS-treated
mineral (Figure 16H) revealed that there were no differences between the
nanoscale morphology of the mineral formed by the MC3T3-E1 osteoblasts.
Results were similar for all other time points, suggesting that the morphology
of the mineral formed by MC3T3-E1 osteoblasts was not changed by RIS-
treatment.

Additionally, examination of the mineral morphology at day 11 (Figure
15) and day 21 (Figure 16F and 16H) suggested that at the onset of
mineralization, small nanometer-sized grains of mineral aggregate within the
same area. As time progresses, these aggregates grow in size and eventually

form a larger micrometer-sized mineral nodule.
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We were unable to image the collagen fibers that form the matrix
needed for physiological mineralization to occur. It appeared that the density
of the collagen was too close to the density of air, which resulted in very little
image contrast at 8 keV. Moreover, because the mineral within the cultures

was so dense, it could have further overpowered the contrast of the collagen.

IV.V: Discussion

In this study, we imaged the nanoscale morphology of mineral formed
by MC3T3-E1 cells and compared it to calcium phosphate standards.
Additionally, we examined if treatment with RIS caused alterations in the
mineral produced by these cells. Because of BPs high binding affinity for
mineral [113], we hypothesized that RIS might bind to mineral formed by
MC3T3-E1 osteoblasts, altering its appearance.

While we were able to determine the morphology of the mineral formed
by the osteoblasts, imaging of the collagen fibrils was not possible. It
appeared that in phase contrast mode, the density of the collagen was too
close to air to obtain contrast. While imaging of the collagen fibrils within the
culture was not possible, due to similarities in the density of air and collagen,
it is known that a collagen matrix is needed for mineralization [50-53] and we
previously saw that this line of cells produced collagen (Chapter IlI).
Therefore, we can assume that a collagenous matrix was present but we
were unable to determine if the mineral formed by these cells was associated
with that collagenous matrix or whether it was ectopic.

Mineral formed by MC3T3-E1 cells is initially deposited by matrix
vesicles that are associated with the organic matrix [53]. Small mineral
nodules are formed when the mineral within the matrix vesicle is secreted.
These nodules increase in number and size over time, act as nucleation sites
for further mineralization, and eventually some of the nodules fuse. MC3T3-
E1 cells form two types of mineral [63]. Ectopic mineral, which is not
associated with the collagenous extracellular matrix, forms when the amount

of phosphate within the media is >4.0 mM [65]. This type of mineral, due to
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precipitation of phosphate from the medium, has a granular appearance and
is believed to be nonphysiological [287, 288]. On the other hand, extracellular
matrix-associated mineral that forms at lower concentrations of available
phosphate resembles that found in woven bone [53, 65]. However, a stable,
cross-linked collagenous matrix is necessary for this type of mineralization to
occur [50-53]. It has been shown that the matrix-associated mineral formed
by osteoblasts (of different lineages) appears as spherical nodules [40, 53].
Further, diffraction analysis of mineral nodules showed them to be non-
oriented HAP, with crystal sizes ranging from 13-16 nm [40, 51, 55].

It is believed that calcification of the organic matrix of bone occurs in
two phases; nucleation of the mineral, followed by growth of the mineral
crystal [289]. Mineral within bone has been classified as poorly crystalline
HAP [4]. However, the exact structure of bone mineral is hard to pinpoint
because cationic calcium and anionic phosphate substitutions can occur
altering the mineral stoichiometry [38, 183, 290]. Additionally, as bone
matures, mineral crystal size and perfection increase [184, 187]. Changes to
the mineral crystallites in bone can contribute to fragility at the microscopic
level because physical properties of bone, such as solubility, hardness,
brittleness, and thermal stability are altered [291, 292]. Changes in just one of
these properties could affect the overall fragility of the bone tissue.

Comparison of the morphology of the mineral formed in the control
cultures revealed that mineral begins as nanometer-sized diffuse particulates
which eventually come together to form a larger mineral nodules. The
nanoscale morphology and appearance of the mineral nodules formed by
MC3T3-E1 is a cross between the ACP and HAP. The nodules the cells
produced appeared to be made up of smaller aggregates, like the ACP
mineral. However, the smaller aggregates that make up the mineral nodules
were not round, like those of ACP. They had a flatter, more squared
appearance like those in the HAP. This is consistent with the fact that mineral
within bone tissue is characterized as poorly crystalline HAP [4] and that it

has a plate-like appearance [19, 20, 268].
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While the affects of BP-treatment on osteoblasts has been studied in
vitro [134, 201-203] and in vivo [131, 136, 137, 139, 193-200] the quality and
structure of the mineral formed during treatment has not been investigated. It
is known that BP-treatment decreases mineralization [131, 134, 136-139,
193-203], but the process by which mineralization is decreased is not well
defined. BPs have been shown to bind to HAP both in vitro [113, 202] and in
vivo [203, 293], and have also been shown to prevent precipitation of calcium
phosphate from solution, slow the transformation of ACP to HAP, inhibit the
aggregation of crystals and hinder crystal dissolution [294, 295]. Additionally,
BPs may biologically affect HAP crystals by altering crystal size, growth,
aggregation, and dissolution. They may also have an affect on how mineral
crystals interact with  collagen, charged ions, proteins and
glycosaminoglycans within the bone matrix [296]. In vivo BPs have been
shown to localize to areas where new bone is being formed, because newly
forming HAP crystals provide large surface areas of exposed mineral that the
BP can attach to [112]. All of these properties suggest that in vitro, BPs would
attach to newly formed mineral and cause some alteration to its nanoscale
morphology.

Therefore it is possible that alterations in the mineralization timeline,
as seen in Chapter lll, could occur if the structure of the mineral was altered.
However, in this study we saw no morphological differences in the mineral
formed by control and RIS-treated samples, suggesting that changes in
mineral morphology do not contribute to decreased mineralization in the
MC3T3-E1 osteoblast model of bone formation.

This study did have some limitations in that we were unable to view the
collagen fibril network that supported the mineral growth. Further studies,
where the collagen fibrils are labeled with metallic particles for easier viewing,
are currently being considered. The ability to see if the interaction of the
collagen matrix and mineral crystals is changed by BP-treatment is of much
interest and could further help understand how treatment might alter the

mechanical properties of the tissue. Moreover, phase contrast nano-TXM is
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currently qualitative and does not provide quantitative or compositional
information about the material being examined.

In conclusion, we have shown that the mineral formed by MC3T3-E1
osteoblasts starts as diffuse nanometer-sized aggregates, that act as
nucleation sites for mineral growth. These aggregates grow in size and
eventually form larger micrometer-sized mineral nodules. The mineral
nodules had similar morphology to both ACP and HAP, in that their overall
shape was plate-like, like HAP, but they appeared more like ACP on the
nanometer scale. Bone mineral is known to be poorly crystalline HAP with
plate-like features, which is comparable to what we saw in this study.
Additionally we have shown that RIS-treatment does not alter the structure of
the mineral formed by osteoblasts. This study helps to understand how BP-
treatment might affect bone quality in patients undergoing long term

treatment.
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IV.VI: Figures

Figure 15: (A) 50X visible image of day 11 MC3T3-E1 mineralizing osteoblasts. Scale bar is 100 um. (B) Phase contrast image of diffuse
mineral formed by the MC3T3-E1 cells at day 11. The individual aggregates are less than 1 um in diameter. Scale bar is 3.75 ym.
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Figure 16: 50X visible image of (A) a grain of amorphous calcium phosphate (B) imaged in phase contrast mode and (C) a 50X visible
image of a grain of crystalline calcium phosphate (D) imaged in phase contrast mode, for comparison to the mineral examined from the
control and RIS-treated MC3T3-E1 cells. (E) 50X visible image of 21 day control cells imaged in (F) phase contrast mode. The mineral
nodule is approximately 7 pm in diameter. (G) Visible image of a mineral nodule from 21 day RIS-treated cells imaged in (H) phase
contrast mode. It appears that the mineral structure of osteoblasts is similar to that of amorphous hydroxyapatite and additionally that it is
not changed by RIS-treatment. Scale bar in the visible images is 100 um and the scale bar for the phase contrast images is 2.5 ym.
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Chapter V: Discussion

Bisphosphonates are currently the most frequently used treatment for
osteoporosis. It is known that they counteract the damaging effects of the
disease by increasing BMD [81, 120, 297, 298], decreasing fracture risk [81, 84,
299-302], and restoring microarchitecture [303-307]. However, BPs themselves
have been shown to have adverse affects on the tissue. They have been shown
to increase mineralization [100, 121] and microdamage [122] in existing bone,
making it more brittle [100, 101, 121, 286]. Additionally, they have been shown to
decrease mineral and collagen production and proliferation of osteoblasts in vitro
[134, 135, 201-204] and in vivo [131, 136, 137, 139, 193-200].

Chemical composition of bone is intimately tied to its mechanical
properties, suggesting that chemical and structural changes caused by long term
BP-treatment could have an effect on bone fragility. For example, bone strength
has been shown to be dependant on mass, microstructure, geometry and
material properties [308]. Understanding how composition plays a role in
mechanics is important to determine how each constituent of bone contributes to
its overall strength and how changes in composition and morphology could
translate to decreased bone mechanics and increased fragility.

It is unclear how bone composition and structure are affected by BP-
treatment and whether changes to bone quality with treatment could have long
term mechanical consequences. For example, it is unclear if increased
mineralization of existing bone, caused by BP-treatment, makes the tissue more
susceptible to microdamage. Specific Aim 1 addressed this uncertainty by
probing the chemical composition of untreated and BP-treated bone in and
around areas of microdamage. This was undertaken to determine if BP-induced
over mineralization was correlated with microdamage formation.

Further, it is not known if the composition and structure of bone formed
during BP-treatment is altered. Specific Aim 2 was designed to examine the
chemical composition and organization of mineralized matrix formed by untreated

and RIS-treated osteoblasts, to determine if BP-treated altered the function and
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activity of bone forming cells. Since BP’s have been shown to have effects on the
cell types involved in bone formation and remodeling it is possible that they also
have an effect on the chemistry and structure of existing and newly formed bone.
Therefore, it is important to understand how BP-treatment might alter the
chemical composition, morphology, and quality of existing and newly formed
bone and mineral, because this has a direct effect on the mechanical properties

and fragility of the tissue.

V.l BP-induced accumulation of microdamage is not caused by over

mineralization

We hypothesized that microdamage would be concentrated to older areas
of tissue where mineralization and carbonate accumulation are increased leading
to brittle tissue. However, we did not see increased levels of mineralization in
areas of microdamage or the surrounding undamaged tissue in control and BP-
treated animals [205]. We saw that within the microcrack, collagen cross-linking
was decreased due to stretching and breakage of the collagenous matrix. This
could have lead to the decreased carbonate accumulation seen within the
microcracks, as mineral is displaced from the damaged matrix and carbonated
mineral preferentially dissolves. Several groups have hypothesized that over
mineralization [61, 309], caused by BP-mediated bone resorption is the cause of
increased accumulation of microdamage [121, 143]. Specifically that
microdamage would be accumulated within areas of over mineralization because
this area of the tissue was more brittle. However this hypothesis has not been
previous tested.

For the first time we have probed the chemical composition of
microdamaged tissue as well as the surrounding undamaged bone, specifically
examining the level of mineralization, to confirm the hypothesis that others had
proposed. Surprisingly, we saw that bone was not over mineralized in areas of
microdamage. Actually, we saw a decrease in the absorption intensity of the
phosphate peaks in the IR spectra from within the microcracks. This decrease in

intensity was accompanied by a decrease in the intensity of the amide | protein

64



peak and therefore attributed to dissolution of bone mineral due to stretching and
breakage of the collagenous matrix [205, 219]. So while the level of
mineralization (protein:phosphate ratio) was unchanged between microdamaged
and undamaged bone, the quantity of mineral and collagen cross-links within the
microcrack decreased.

Changes in existing bone composition due to BP-treatment have been
previously demonstrated in vivo. As previously mentioned BPs have been shown
to increase mineralization of existing tissue [100, 101, 121, 286, 309-311],
increase the homogeneity of tissue mineralization [100, 312], and slightly
decrease levels of low mineralized bone [313, 314]. Additionally accumulation of
advanced glycation end-products has been shown with BP-treatment [136].
Increases in bone strength with BP-treatment have been attributed to increased
mineralization [100, 309]. However, over mineralization and accumulation of
advanced glycation end-products leads to increased brittleness of the tissue [61,
315, 316] which could further increase the occurrence of microcracks [121].

Women who present with osteoporotic fracture tend to be distributed
either in the highest or the lowest quartile of the mineralization spectrum [317],
and mineralization of their bones tends to be less heterogeneous [312].
Increased mineral content in osteoporosis has been correlated with increased
tensile strength and elastic modulus [318] and reduced tissue toughness [312].
Additionally, decreased elastic modulus, yield stress [281], and increased fragility
[178] are associated with low mineral content. These findings demonstrate that a
reduced mineral to matrix ratio affects the mechanical properties of the tissue,
and could play a role in microdamage accumulation. These finding are what lead
us to believe that microdamage would be associated with areas of over
mineralized tissue.

Since we did not see increased mineralization in areas of microdamage
and it's surrounding undamaged tissue it is likely that the process of slowed
remodeling leads to increases in microdamage accumulation. This is consistent
with the fact that examination of the undamaged tissue yielded homogenous

composition. If microdamage was a result of localized areas of increased
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mineralization we would have seen this in the undamaged tissue closest to the
microcracks. Instead, we saw a clear compositional distinction between
undamaged tissue and the microcrack, which we attributed to crack formation.
Others have also shown that microdamage accumulation is likely due to slowed
remodeling [141].

Regardless of the fact that microdamage was not confined to areas with
increased mineralization, microdamage accumulation can still have an effect on
the mechanics of the tissue. Increased microdamage can lead to a decrease in
elastic modulus [319] and decreased bone toughness [122, 123]. However,
microdamage-induced changes in mechanical properties of the tissue may be
offset by increased mineralization [170, 298, 303], because it has been shown
that slight increases in mineralization can lead to increased strength [100, 309].
However the relationship between mineralization and strength needs to be
carefully monitored; while low mineralization is known to be associated with low
stiffness, strength, and elastic modulus [92-94, 188, 320, 321], over
mineralization leads to increased brittleness of the tissue [61, 315]. As
mineralization increases and bone becomes more brittle, the amount of plastic
deformation the bone can withstand decreases and bone breaks with less strain.
Hence a higher level of mineralization renders bone more likely to fracture when
exposed to stress. Thus, bone with greater strength and stiffness may also be
more brittle and more, rather than less, likely to fracture.

Even though microdamage accumulation was not associated with over
mineralization, we did show that the formation of microcracks lead to localized
changes in bone composition, which could have further implications on bone

fragility.

V.l Chemical composition changes are associated with microcrack

formation

While microdamage was not associated with areas of over mineralization,
we did see that the local composition within the microcrack was altered [205]. We

attributed this composition change with microcrack formation rather than being
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the cause of it. More specifically, we saw a decrease in the carbonate
accumulation within the microcrack. Further, we saw an increase in acid
phosphate content and altered collagen cross-linking within the crack, when
compared with the surrounding undamaged tissue. Mineralization and
crystallinity were not changed within areas of microdamage.

When a microcrack is formed the collagenous matrix of the tissue is
stretched and sometimes broken [219]. When this occurs, mineral crystals
associated with the stretched and broken matrix are displaced [206]. Changes in
mineral composition, as a result of stress and pressure, have been previously
demonstrated in synthetic apatites [224, 233] and bone [225]. Mineral that
contains higher levels of carbonate would be more likely to dissolve in this
microenvironment because it is more soluble [35, 36]. Therefore, the
compositional changes that we observed are likely due to stretching and
breakage of the collagen matrix during crack formation, dissociation of mineral
from the matrix, and dissolution of carbonated apatite.

Our group previously showed that globally BP-treatment does not alter the
chemical composition of damaged bone tissue [121]. However, to date,
compositional analysis of microcracks and the surrounding undamaged bone has
not been undertaken. Further, determining if BP-mediated compositional
changes contribute to microdamage accumulation has not been investigated. For
the first time we have shown that microdamage accumulation causes localized
compositional changes in areas of microcrack formation. These chemical
changes, paired with increased microdamage accumulation with BP-treatment
could have further implications on bone fragility.

Even though microdamage does not appear to be caused by changes in
bone composition, it does lead to localized alterations in bone composition [205].
Therefore, it is still important to understand accumulation of microdamage can
contribute to overall bone fragility. The relationship between microdamage and
reduction in mechanical properties are not directly proportionate [322]. Bone with
low levels of microdamage has been shown to be mechanically similar to non-

damaged tissue, while medium and high levels of damage induced
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disproportionate reductions in post-yield deformation. Additionally, increases in
microdamage accumulation have been shown to decrease bone toughness [122,
235], stiffness [155, 323], and elastic modulus [319]. However, some have
suggested that increased fracture rates and decreased mechanical properties of
BP-treated tissue are associated with increased mineralization, not microdamage
accumulation [324], while still others saw no deterioration in mechanics with
microdamage accumulation [170]. This is relevant from a clinical standpoint, as it
has been suggested that people with low BMD who are being treated with
bisphosphonates also accumulate microdamage [172, 232]. Further, if
microdamage is causing localized compositional changes in the tissue, this could
lead to additional changes in bone mechanics. Because we saw increased
microdamage accumulation with BP-treatment in our animal model, investigation
into the clinical long-term effects of BP-treatment should be undertaken.

The conventional wisdom is that collagen and collagen cross-links are
primarily correlated to the post-yield properties of bone [15, 16]. However, it has
been shown that collagen can also have an effect on the pre-yield properties of
the tissue, such as tensile stiffness and strength, [94, 325, 326], toughness,
ductility, and viscoelasticity [180, 259, 327]. As the collagenous matrix of bone is
deposited, collagen fibrils begin to cross-link. Collagen cross-links may play a
role in mechanical stability of bone tissue [234, 326, 328], as they are thought to
contribute to bones tensile strength and viscoelasticity [296]. Bone toughness
has also been associated with alterations to the collagen network [234]. The
amount of non-reducible:reducible collagen cross-links has been shown to
increase with age [220, 296, 329]. A decreased collagen cross-linking ratio, as
seen here, is associated with reduced and broken cross-links [218] and collagen
denaturation [230].

Further, decreased carbonate accumulation and increased acid phosphate
could lead to increased fragility. Carbonate (COs*) and acid phosphate (HPO4*)
are frequently substituted into the phosphate (PO43') anionic sites within the bone
matrix [291, 330]. Because carbonated apatites are more likely to dissolve when

compared to unsubstituted hydroxyapatite [35-37], carbonate substitutions make
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the bone lattice less stable. The mechanical consequences of carbonate
substitution are not well understood because it has been shown to increase [34,
221], decrease [183, 222], and remain constant [61] during aging. Acid
phosphate is found in immature bone and decreases with age [38-40, 187].
Increased acid phosphate has been shown in osteoporotic tissue, suggesting it
plays a role in increase bone fragility [186]. Therefore, microdamage induced
compositional changes in collagen and mineral, as seen here, could make bone
more fragile.

We have shown that BPs induce changes to the chemical composition of
bone through the accumulation of microdamage. These changes could lead to
further decreased mechanical stability in osteoporotic patients. Because bone
formation is coupled to resorption and compositional changes were observed in
existing bone as a result of BP-treatment, it was feasible to hypothesize that BPs

would have an effect on bone formation as well.

V.III RIS-treatment delays the collagen deposition and mineralization of

osteoblasts in vitro

It has been previously shown that BP-treatment can have an effect on the
collagen deposition and mineralization rate of osteoblasts in culture, and so we
hypothesized that RIS-treatment would have a similar effect. We have shown
that while the time line of collagen and mineral deposition of osteoblasts is
interrupted by RIS-treatment at 14 and 21 days of treatment, the lag in matrix
development is only temporary [236]. It is likely that uptake of RIS from culture
caused increased amounts of unprenylated proteins within the osteoblasts, which
slowed the deposition of the collagen matrix. A collagenous matrix is required for
mineralization to occur, so when the collagen deposition is disrupted, so is
mineralization [243]. These results are in agreement with previous in vivo studies
where BPs have been shown to slow the occurrence of new bone formation sites
[131, 136, 331-333], as well as inhibit further bone formation at pre-existing
bone-forming surfaces [137]. In vivo changes in mineralization are possibly due

to osteoblasts internalizing the BPs which directly alters their function [136]. Or
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osteoblast function could be indirectly regulated through exposure of osteoclasts
to BPs [131]. Regardless, the long term consequences of remodeling
suppression on chemical composition, caused by BP-treatment, and their impact
on mechanical properties of the tissue are incompletely understood.

While the intended cellular target of BPs is osteoclasts and their activity, it
has recently been demonstrated that BPs also have an effect on osteoblast cells.
BPs have been shown to stimulate osteoblasts, promoting osteoblast
proliferation [133 , 237, 334] and increasing production of osteoblast-
differentiation markers like ALP [133-135, 335] and OCN [133, 203, 335].
Additionally they have been shown to further increase type | collagen synthesis
[133, 135, 203, 334, 336, 337] and mineral production [134, 135, 203]. These
increases, caused by BPs, would eventually lead to an increase in mineralized
matrix.

Similar to our findings, BPs have also been shown to have inhibitory
effects on osteoblasts. Specifically, decreasing cell viability [202, 204],
proliferation [135, 200, 254], causing apoptosis and inhibition of protein
prenylation [202, 275]. Decreased collagen synthesis [204], ALP production [254]
and mineral deposition [193, 200, 201, 203, 338] have also been demonstrated.
While these actions would lead to decreased mineralization and bone formation it
is difficult to make general conclusions about the affect BPs have on osteoblasts,
because of such contradictory results.

Conflicting affects of BPs on osteoblast cells is likely due to the varied
binding affinity of different BPs [113, 293] as well as their anti-resorption
capabilities. Additionally, varied doses of BPs cause differing affects on
osteoblasts [134, 202, 237, 334, 335]. For example, higher doses of ALN have
been shown to suppress osteoblast mineralization while lower doses promote it
[203]. Differences in cell type (i.e. animal versus human derived osteoblasts)
could also play a role in the varied affects BPs have on cell proliferation and
differentiation. The affect of BPs on new bone formation is only beginning to be
investigated because recent studies have suggested in addition to their actions

on osteoclasts BPs may also affect osteoblasts.
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Although results from previous studies has been contradictory, this work
was designed to specifically examine the effects of RIS on osteoblasts and
determine how newly formed bone composition was altered by this specific BP-
treatment. While many groups have investigated the effects of BPs on
osteoblasts, most have indirectly quantified collagen deposition and
mineralization through measurements of markers of these processes. For
example, mineralization can be correlated with OCN and ALP production.
Further, collagen synthesis can be estimated via hydroxyproline measurements.
To our knowledge, the chemical composition of mineralizing osteoblasts, treated
with BPs, has not been previously probed using FTIRI. Further, deposition of
collagen and mineral has not been spatially correlated in untreated and BP-
treated cultures.

If RIS had the same effect on osteoblasts in vivo as it did in our in vitro
study, decreased amounts of collagen and mineral could lead to decreased
toughness and rigidity, respectively. Bone with low collagen content tends to be
less ductile and have a lower tensile strength because of a reduction in cross-
links [296]. Low collagen content has also been associated with more brittle bone
[339]. Bone with low levels of mineral tends to have lower stiffness and strength
[320].

Additionally, if protein prenylation is being slowed within the osteoblasts,
this could lead to inactivation of the proteins required for the cell to function. This
could cause osteoblast apoptosis, which would also lead to decreased collagen
synthesis and mineralization. Because the mineralization and collagen
deposition of control and RIS-treated cells is eventually similar, it is unlikely that
the temporary lags seen here would influence the long term mechanics of newly
formed bone, if the same trend was followed in vivo.

We have shown that RIS temporarily delays the collagen deposition and
matrix mineralization of MC3T3-E1 cells. BPs are known to bind to HAP inhibiting
its formation and dissolution [113, 116, 202, 203, 270], and may biologically
affect HAP crystals. Additionally, they may have an effect on the interaction of

the collagenous matrix and the mineral produced by osteoblasts [296]. Therefore,
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it is possible that the temporary deposition delays we saw are caused by

changes in the mineral and collagen morphology caused by BP-treatment.

V.IV The morphology of newly deposited mineral is not changed by RIS-
treatment

BPs have been shown to bind to mineral and so we hypothesize that
mineral structure could be altered in RIS-treated osteoblasts. Further we believed
that the collagen fibril orientation of the matrix formed by MC3T3-E1 osteoblasts
will not be altered by RIS-treatment. However, this study we showed that the
morphology of the mineral formed by MC3T3-E1 osteoblasts was not altered by
BP-treatment. Further, the mineral that the cells formed had a similar appearance
to poorly crystalline HAP found in bone (Chapter IV). Alterations to mineral
structure have been previously shown with BP-treatment [296, 314, 340, 341].
Specifically, BP-treatment has been shown to be correlated with both a decrease
[314] and an increase [340, 341] in mineral crystal size. Additionally, they have
been shown to arrest increases in crystallinity that normally occur with age [296]
and increase the homogeneity of mineral crystals [340]. In our study we did not
measure changes in mineral crystal size, and so we were unable to correlate our
results with those previously reported. BPs have also been shown to bind to HAP
[113] which could also lead to alterations in the morphology of the mineral
crystals as they form.

While x-ray diffraction has been utilized to characterize the type and size
of mineral MC3T3-E1 mouse osteoblasts form [40, 51, 55], the nanoscale
morphology of the mineral has not been investigated. Further, it appears that
nanoscale imaging of the interaction of the collagen fibers and mineral nodules
has not previously been attempted. While we weren’t able to image the collagen
fibers, we were still able to visualize the poorly crystalline morphology of the
mineral the MC3T3-E1 cells formed. Additionally we were able to demonstrate
that the nanoscale crystal morphology of the mineral was not altered by BP-
treatment.

A clear relationship between decreased bone microarchitecture and

increased fracture has recently been demonstrated, showing the importance of
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bone structure on fragility [79]. In normal bone, mineral crystals range in size
from 5-60 nm [11, 19, 342, 343], have plate-like geometry [19, 20, 268], and are
closely packed and parallel to one another [19-21]. As tissue ages, mineral
crystal size and perfection increase [12, 188]. However, in any individual, there
will be a broad distribution of mineral crystal sizes, because of ongoing
remodeling [314]. Bone tissue will contain newly deposited and older mineral that
will lead to variations in crystal size. This is in line with our finding; we saw that
mineralization began (day 11) as areas of nanometer-sized (~1000 nm) granules,
which aggregated together to form micrometer-sized nodules

Due to changes in ion substitutions, mineral crystal size and perfection are
known to increase as bone matures [38, 183, 187, 290]. Changes in mineral
morphology can be linked to decreased mechanical stability and increased
fragility [226]. Alterations to mineral crystal size and shape could have lead to
decreased elastic modulus and strength [226]. Larger and more crystalline
minerals have been shown in osteoporosis [71-73, 178], demonstrating larger
crystals are associated with more brittle tissue. Larger crystals would also tend to
reduce the stiffness of the bone [284]. Further, in diseased states (such as
osteogenesis imperfecta), mineral shape has been shown to change [21].
Further, elastic modulus has been significantly correlated to tissue crystallinity in
maturing mouse tissue [188]. Therefore, had our studies shown that the mineral
morphology was altered by BP-treatment, changes to the mechanical integrity
and fragility of the tissue could have also been expected.

Further, solubility, hardness, brittleness, and thermal stability of the tissue
can be changed when ion substitutions occur [291, 292], ultimately affecting the
overall fragility of the bone tissue. For example, when carbonate (CO3%) replaces
phosphate (PO,*) [291, 330] the bone lattice becomes less stable, because
carbonated apatites are more likely to dissolve when compared to unsubstituted
HAP [35-37]. Additionally when fluoride was used to treat osteoporosis, crystal
structure was altered [344, 345], decreasing elasticity and bone strength and

thereby increasing fracture risk, [43-45].
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Changes to collagen fibril organization can also contribute to mechanical
instability. Disorganized and altered collagen structure has been shown in
osteoporotic tissue [14, 17, 280]. Variations in collagen fibril orientation are linked
to variations in bone elastic modulus [278]. For example less longitudinally
oriented collagen fibrils leads to decreased strength [346]. Therefore, it is clear
that the organization of the bone matrix plays a significant mechanical role in
bone fragility [15, 16]. Alterations to the collagen fibril organization could also
have implications on the mechanics of newly formed mineral. Additional studies,
where visualization of the collagen fibril organization are necessary in order to
rule out this mechanism as a possible long term effect of BP-treatment.

While BPs have been shown to have many effects on the mechanics of
bone tissue, which could be related to alterations in mineral morphology, we saw
no such evidence in our studies (Chapter IV). While a temporary lag in new
mineral formation was seen with RIS-treatment, this was not permanent and did
not appear to be a result of morphological changes in mineral. While BP-
treatment did not appear to alter the structure of newly forming tissue, it does
cause increased damage and compositional changes to existing tissue that could

compromise mechanical stability and lead to increased fragility.

V.V Summary
The concept that bone composition and structure can alter mechanical

properties of the tissue becomes important in assessing the overall positive
effects of this current treatment for osteoporosis. We have shown that BP-
treatment does not affect the chemical composition of existing or newly formed
bone tissue, which could have lead to compromised mechanical properties.
Further, the structure of newly forming mineral is not altered by RIS-treatment.
However, the structure of existing tissue is afflicted in that microdamage
accumulation is increased which, if not paired with increases in mineralization,
could lead to compromised mechanical properties and increased fragility with

long term BP treatment.
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Chapter VI: Conclusion
VLI Limitations
Existing Bone

While microdamage accumulation has been demonstrated in patients
undergoing BP-treatment [232], the dose that was administered in the
microdamage studies was 5-6 times the clinical daily dose. This was done so that
assessment of long term microdamage accumulation could be performed.
However, similar levels of microdamage accumulation may not be seen in
humans because of lower administered doses. Additionally, while we
hypothesized that compositional changes were attributed to microcrack formation
and not the cause of it, we were unable to confirm that this was precisely the

case.

Newly Formed Mineral
Outcomes of BP-treatment in vitro and even in vivo in animals are hard to

extrapolate to effects that would occur within the human body. In the body, bone
formation is coupled to bone resorption through interactions of osteoblasts,
osteoclasts, and the surface of bone undergoing remodeling. In vivo, osteoclasts
are exposed to higher amounts of BP than osteoblasts [276], and even then
osteoblasts are only exposed to BPs that have been released from the bone
surface by the action of osteoclasts. Therefore it is hard to determine what effect
BPs would have on osteoblasts within the body, when only studied as a one
component system.

Additionally, it is difficult to determine what concentration of BPs
osteoblasts and other cells are exposed to in vivo because each BP has a
different binding affinity for bone. The skeletal retention of BPs is very long and at
any given time various concentrations of BPs could be in the blood stream
depending on whether bone resorption is occurring in areas of the tissue that
have bound BPs.

While we anticipated being able to view the collagen fibers, using phase

contrast nano-TXM, within our system, density similarities between air and the
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matrix made this difficult. And so we were also unable to determine if the mineral
we were studying was supported by a collagenous matrix. This is a significant
limitation of the x-ray study, as it was possible we were examining ectopic
mineral and not matrix-associated mineral. Only mineral supported by a

collagenous matrix is representative of woven bone.

VLIl Future Work
Future work in understanding how BPs affect the whole remodeling

process are important to determine how long term osteoporosis treatment could
alter bone mechanics and fragility.

Bone remodeling is a process that involves the coupled action of
osteoclasts and osteoblasts. Therefore a system where active remodeling is
occurring would be more relevant to understand how BPs affect the overall
physiology, composition, and quality of the resulting tissue. Future work should
be performed in an in vitro system of osteoblasts, osteoclasts and a remodeling
surface, to more accurately depict what is occurring in the human body. This
would lead to a clearer and more precise understanding of how BPs would affect
each step of the remodeling process. Additionally we did not study the effects of
BPs on human osteoblast cells. Repeating the current study, using a human
osteoblasts cell line, may yield different results that are more applicable to clinical
outcomes.

We were only able to postulate why RIS-treatment slowed the mineral and
collagen deposition timeline in the cells. The ability to see the location of the BPs
in vitro and even in vivo could help determine how treatment affects existing
bone and bone formation. Fluorescently and near infrared labeled BPs have
recently been created and experiments with these tagged BPs would be helpful
to understand how BPs bind to bone and interact with bone remodeling cells.
This could ultimately lead to an understanding of the mechanism by which BPs
affect bone composition and structure.

Additionally, as we were not able to view the collagen within the
mineralizing osteoblasts, it would be helpful to examine ways in which the phase

contrast of the collagen within the culture could be viewed using nano-TXM. One
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option would be to find a way to tag the collagen fibers with gold nanoparticles.
The particles would have a high phase contrast and would therefore highlight
where the collagen fibers were located.

Lastly, in vivo animal studies need to be carried out, using clinical doses of
BPs to determine how new bone formation is affected by treatment. The use of
tagged BPs, as mentioned above, help to determine how the drugs interact with
osteoblasts and what role they play in new bone formation. Fluorochrome labels,
such as oxytetracyline, calcein alizarin and xylenol, could also be used so that
bone composition and structure can be examined as a function of age and drug-

treatment.

VLI Summary
The major goal of this thesis was to determine if BP-treatment had any

effect on the chemical composition or morphology of existing and newly formed
bone tissue. This was achieved through two specific aims; one examining the
chemical composition and structure of existing bone treated with ALN or RIS and
comparing it to control tissue, and the other determining how the collagen and
mineral deposition of osteoblasts was affected by treatment. Results of this
research can help to understand how BPs, which are designed to help combat
bone fragility, might alter bone mechanics through chemical and structural
changes during long term treatment.

We have shown that ALN and RIS treatment do not alter the chemical
composition of existing bone, changing its mechanical properties and making it
more fragile. However, chemical composition is altered due to the accumulation
of microdamage within treated tissue. Microdamage leads to collagen breakage
and dissolution of mineral within the crack and could ultimately lead to bone with
decreased toughness, stiffness and elastic modulus.

Additionally, RIS-treatment causes a temporary lag in the deposition of
collagen and mineral, by osteoblast cells. Because the delays were seen in both
the collagen deposition and mineralization, it appears that the RIS altered the
activity and function of the osteoblasts. Collagen deposition, which is needed for

mineralization to occur, could have been slowed by a build up of unprenylated
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proteins within the osteoblast. Further a lack of a collagenous-matrix would delay
the release of osteoblast marker genes and slow mineralization. This lag could
lead to decreased mechanical stability of the tissue and increased fragility if
similar trends are followed in vivo. While the structure of newly formed mineral is
not affected by BP-treatment, accumulation of microdamage in existing tissue,
along with compositional changes that occur as a result of microdamage, could
eventually lead to mechanical instability and fragility in the tissue.

While it is hard to directly extrapolate these results to the clinical setting, it
does suggest that further studies need to be carried out to determine if BP-
treatment, designed to specifically decrease fracture risk, could eventually lead to

tissue with increased fragility.
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