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ABSTRACT

Canelén, Silvia P. Ph.D.; Purdue University, May 2018. Characterization of Type I
Collagen and Osteoblast Response to Mechanical Loading. Major Professor: Joseph
M. Wallace.

Bone is a composite material made up of an inorganic (hydroxyapatite mineral)
phase, a proteinaceous organic phase, and water. Comprising 90% of bones organic
phase, type I collagen is the most abundant protein in the human body. Both hy-
droxyapatite and collagen contribute to bone mechanical properties, and because
bone is a hierarchical material, changes in properties of either phase can influence
bulk mechanical properties of the tissue and bone structure.

Type I collagen in bone is synthesized by osteoblasts as a helical structure formed
from three polypeptide chains of amino acids. These molecules are staggered into
an array and the resulting collagen fibrils are stabilized by crosslinks. Enzymatic
crosslinking can be limited by compounds such as -aminopropionitrile (BAPN) and
result in a crosslink deficiency characterizing a disease known as lathyrism. BAPN
acts by irreversibly binding to the active site of the lysyl oxidase enzyme, blocking the
formation of new crosslinks and the maturation of pre-existing immature crosslinks.

Understanding how changes in bone properties on a cellular level transcend lev-
els of bone hierarchy provides an opportunity to detect or diagnose bone disease
before disease-related changes are expressed at the organ or tissue level. This disser-
tation studies the in vitro effect of BAPN-induced enzymatic crosslink reduction on
osteoblast-produced collagen nanostructure, mechanical properties, crosslink ratio,
and expression of genes related to type I collagen synthesis and crosslinking. The
work also explores the effect of mechanical loading via applied substrate strain on

these properties to investigate its potential compensatory impact.



1. REVIEW OF TYPE I COLLAGEN
CHARACTERIZATION

Review of Type I Collagen Characterization

Osteoblast-produced collagen found in the extracellular matrix of skeletal tissues
has been studied in an attempt to determine how its biochemical, structural, and func-
tional properties differ between healthy and diseased tissue and change in response
to external stimuli. Some studies have observed tissue-level changes in collagen in-
duced by mechanical stimulation, others have focused on the osteoblast response to
mechanical stimulation, and a small number of studies have investigated properties of
collagen in witro. In addition, the studies that aim to establish a correlation between
nano-/microscale properties of collagen and macroscale properties of bone have not
consistently shown any trend. To date, there is no clear evidence of how changes in
nano-/microscale collagen properties can transcend bone hierarchy and impact the
macroscale bone phenotype. In order to begin filling this knowledge gap, the proper-
ties of collagen produced by osteoblasts in vitro should be investigated, in particular

as they relate to disease and mechanical stimulation.

1.1 Background

Bone as a type of skeletal tissue is a composite material made up of a hydroxyap-
atite inorganic (mineral) phase, a collagenous/non-collagenous protein organic phase,
and water. The collagen comprising most of the organic phase, type I collagen, is the
most abundant collagen of the human body. It is found not only in bone, but in con-
nective and muscular tissue as well. Hydroxyapatite and collagen contribute to bone
mechanical properties; hydroxyapatite provides compressive strength and stiffness to

the material while collagen provides tensile strength and ductility. Because bone is



a hierarchical structure as indicated in Fig. 1.1, changes in the properties of either
phase can influence bulk mechanical properties of the bone which in some cases can
compromise the bones ability to serve its structural function of bearing dynamic loads
associated with movement. For example, decreased bone strength is characteristic of
osteoporosis and reflects deterioration in bone density and bone quality. Osteogenesis
imperfecta, also known as brittle bone disease, is also characterized by decreased bone

strength, and is caused by disruptions in the structure or amount of type I collagen.

Trabecular Packet //‘
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Fig. 1.1. Hierarchical structure of bone. Image used with permission
from Joseph Wallace.

In response to dynamic loading of the musculoskeletal system, bone undergoes
mechanical adaptation by continually modifying its mass and architecture via two
processes: modeling and remodeling. Modeling shapes bone and increases bone mass,
particularly during skeletal development, while remodeling renews bone. These pro-
cesses are carried out on a cellular level by primarily three cell types: osteoblasts
which synthesize bone matrix, osteoclasts which resorb bone, and osteocytes which
act as mechanical sensors and produce signals to activate osteoblasts, osteoclasts, or

their progenitors.



Understanding how changes in bone properties on a cellular level transcend levels
of bone hierarchy provides an opportunity to detect or diagnose bone disease before
disease-related changes are expressed at the organ or tissue level. Specifically, it
is important to understand which collagen matrix properties are consistent between
early and late stages of development and which are modified in response to an external

stimulus.

1.2 Literature Analysis Approach

The literature analysis was performed using primary publications relating to bone
biology and mechanics using a combination of the following major keywords to narrow
the selection: type I collagen, osteoblasts, mechanical stimulation, in wvitro collagen,
and collagen structure. Articles were found using PubMed and Google Scholar, and
retrieved using the Purdue University and Indiana University-Purdue University at
Indianapolis library journal subscriptions. Mendeley desktop and web tools were
used to store, organize, and reference relevant publications. Literature was organized
into biochemical, structural, and functional collagen analyses sections as well as one

dedicated to mechanical stimulation of osteoblasts.

1.3 Biochemical Analysis

Biochemical properties of collagen can be determined using various assays includ-
ing analysis of al and a2 chain structure and quantity; quantification of procollagen
peptides (N-telopeptides and C-telopeptides); analysis of amino acids such as hy-
droxyproline; among others [1-4]. However, the most widely used method of analysis
involves quantification of collagen crosslinks. This analysis will be the focus of this

review, particularly as it relates to bone material properties.



1.3.1 Collagen crosslinking

In order to evaluate the nanoscale structural aspects of bone across its hierarchy,
the morphometry and organization of its constituents, mainly collagen, must be ana-
lyzed. The procollagen molecule synthesized by the cell is a helical structure formed
from three polypeptide chains of amino acids. Each chain is a left-handed helical
structure with repeating Gly-X-Y triplets where Gly is glycine, X is usually proline,
and Y hydroxyproline [5]. In type I collagen, two of these polypeptide chains are a1l
helices and one is an a2 helix. The N and C terminal ends of these polypetides are
cleaved extracellularly by N and C proteinases, respectively, forming a tropocollagen
molecule with telopeptide ends. These molecules self-assemble in line with one an-
other into microfibrils, then in parallel into quarter-staggered arrays with overlap and
gap regions, and finally into three-dimensional fibrils as shown in Fig. 2.1 at a later
point. These fibrils are stabilized in their staggered array within a fibrillar structure
by intrafibrillar and interfibrillar crosslinks, respectively [6-8].

These enzymatic crosslinks can be categorized into immature and mature crosslinks
where mature crosslinks are formed from immature crosslinks [8]. Enzymatic crosslink
formation begins with telopeptide lysine and hydroxylysine precursors which, through
lysyl oxidase initiation, convert to telopeptide aldehydes, allysine and hydroxyally-
sine, respectively. These aldehydes, in combination with other precursors (i.e. helical
lysine, helical hydroxyline), form immature crosslinks, some of which turn into mature
crosslinks, as shown in Fig. 1.2. Pyrroles and pyridinolines are predominantly found
in bone whereas only pyridinolines are found in cartilage [8]. Immature crosslinks
convert spontaneously into mature crosslinks with aging and can be modified in dis-
ease states [8,9]. Crosslink formation is possible only at specific locations, requiring
the molecules to be positioned in a particular orientation relative to one another. It
is important to quantify collagen crosslinks in bone because they serve as indicators
of new collagen synthesis, such as in bone repair, or lower bone turnover as occurs

with aging [8].
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Fig. 1.2. Chemical pathway of enzymatic collagen crosslink for-
mation in bone. Solid arrows with solid arrowheads indicate reactions,
solid arrows with open arrowheads represent an Amadori rearrangement,
and dashed arrows with open arrowheads represent a borohydride reduc-
tion required to stabilize crosslinks for identification and subsequent quan-
tification. Adapted from Eyre et al. [8] and Saito et al. [10].

Other enzymatic mature crosslinks such as histidinohydroxylysinonorleucine and
non-enzymatic crosslinks such as advanced glycation end-products (i.e. pentosidine)
also play an important role in collagen stability, but will not be addressed in this
review. OI has four main severity levels caused by mutations in the COL1A1 or
COL1A2 genes, and many others sublevels caused by other gene defects [11-13]. The
disease is characterized by brittle bones resulting from decreases in collagen quan-
tity and/or quality within the collagenous matrix [14]. Vetter et al. [15] and, more
recently, Bank et al. [14] studied crosslinking in bones of OI patients with disease
severity levels type I, III, or IV. Vetter et al. found no difference in levels of HP or
LP individually, or as a ratio (HP/LP), between diseased and healthy bone. This



was also true in the Bank et al. study though a higher level of HPD was seen with
diseased bone. In addition, no correlation was found between crosslink levels and
OI phenotypic severity level. The studies were done to determine if lower levels of
crosslinks are responsible for disorganized collagen packing and the results suggested
that the packing geometry of collagen was not altered in the OI bone. These col-
lagen crosslinks, along with mechanical properties, were studied by Silva et al. in
type I diabetic bone with induced osteopenia [16]. Monotonic three-point-bending of
ulnae and femora showed that only structural (rigidity, yield/ultimate moments, and
energy-to-fracture) as opposed to material (modulus and yield /ultimate stress) prop-
erties decreased significantly in the diabetic group relative to the control. Fatigue life
data also showed that diabetic bones were significantly different from control bones
in terms of structural rather than material properties. LP levels were significantly
lower in diabetic bones relative to the control and HP levels did not differ. No direct
correlation between crosslinking and mechanical properties was made, so whether
biochemical properties of diabetic osteopenic bone contributed to its weakened me-
chanical properties remained unclear.

Contrary to Silva et al. [16], Viguet-Carrin et al. attempted to correlate cross-
link concentration to mechanical properties but was unsuccessful [17]. Advanced
glycation end-product formation was induced in wvitro using ribose, and three-point
bending tests were performed on the treated cortical bone samples to extract a vari-
ety of material properties. None of these properties were found to correlate to HP or
LP concentrations. In a previous study, Viguet-Carrin et al. performed compression
tests on human lumbar vertebrae to determine if structural properties were related to
enzymatic crosslink concentrations [18]. The results showed no correlation between
mechanical properties and the concentration of HP or LP. A similar study published
the same year by Garnero et al. was successful at finding this correlation in femoral
bone [19]. Three-point bending data as well as compression data revealed a significant
correlation between HP concentrations and all of the extracted material properties:

negative for bending modulus, bending yield stress, compressive modulus, compres-



sive yield stress, and ultimate stress, and positive for toughness. Correlations were
seen to a lesser extent with LP concentrations. Given the large difference in scale
between molecular crosslinking and whole bone mechanical properties, Hernandez et
al. explored a smaller scale and tested individual trabeculae, from human vertebrae,
in tension [20]. No correlation was found between any material property extracted
from the mechanical test and the concentrations of HP, LP, or their combination.
Overall, no consistent correlation between crosslink concentrations and mechanical
properties has been found.

In addition to mature HP and LP crosslinks, Banse et al. also quantified mature
HPL and immature HLNL and DHLNL crosslinks [21]. Compression tests were per-
formed, as in similar studies [22] to extract material properties (modulus, strength,
and strain-to-failure); however, cored cylindrical samples were tested instead of the
entire vertebral body. Even with this change in methods, no individual concentrations
of immature or mature crosslinks were found to be correlated with any mechanical
property. The ratio of HP to LP (HP/LP), though, was found to be positively cor-
related with modulus and strength to a statistically significant degree. HP, LP, and
HPL, in relation to mechanical properties, were also studied by Knott et al. in avian
humeri and tibiotarsi [23]. Three-point bending failure stress was negatively corre-
lated with HP/LP and HPL in the humerus, while compressive failure was found
to be positively correlated with HPL in the tibiotarsus. A new approach was taken
by Banse et al. in a study investigating the relationship between both immature
and mature enzymatic crosslinks and morphometric measures of bone [24]. Only the
ratio HPL/HP showed any correlation to morphometric measures; it was negatively
correlated to trabecular spacing, trabecular number, and trabecular thickness.

Together, these studies explored the majority of the major immature and mature
bone crosslinks. Crosslinks are examined independently and in combination, and in
relation to a variety of properties including disease phenotypes, structural properties,
material properties, and morphological properties. There is no consistent relationship

between crosslinking at the molecular level and physical properties at the tissue level.



This lack of a strong correlation is not surprising given that bone is a hierarchical
structure and the disparity in length scale at which biochemical and physical proper-
ties are studied and quantified. The need for the investigation of collagen properties
at a molecular, nano- and microscale, is evident; the study of collagen synthesized in

its native state would be beneficial in filling this gap.

1.4 Structural Analysis

As mentioned previously, collagen is organized into a quarter-staggered array
where the overlap and gap regions produce an oscillating topography of axially repeat-
ing bands along the fibril length; these bands are called the D-spacing or periodicity
and are generally measured around 67nm as highlighted in Fig. 2.1 [25,26].

Morphometric characteristics of collagen such as the fibril diameter and axial
periodicity have been measured using multiple methods, the most prominent being

AFM which receives primary focus in this review.

1.4.1 D-spacing analysis and fibril diameter

One of the primary ways in which type I collagen is morphologically character-
ized is by measurement of fibril D-spacing and diameter. The comparisons of these
two measurements provide a way to detect differences in collagen structure across
tissue types and disease. Both morphometric characteristics have been visualized us-
ing AFM: some studies only measured fibril diameter [27,28], others measured only
D-spacing [29-33], and a number measured both [28,32,34-40]. Of these studies
that measured both characteristics, the following mainly focused on evaluating fib-
ril morphology and will give an idea of the kind of differences seen between tissues.
Ge et al. used both AFM and TEM to compare collagen fibril morphology of dehy-
drated mineralized and demineralized wild type zebrafish vertebral bone [28]. Areas
of the bone were found to have fibrils with the characteristic D-spacing and larger

fibril diameters were associated with mineralized samples. In this case, samples were



processed for imaging and measurements were made manually by use of software
tools. When examining dehydrated ivory and bovine dentin and bone, Bozec et al.
also made measurements manually, but made use of FT to measure periodicity for
comparison purposes [35]. Periodicity between dentin and cortical bone was com-
parable but fibril diameter was greater in dentin samples. In addition, periodicity
measured by FT was lower than that measured manually, but not significantly so.
Dentin (human) was also studied by Habelitz et al., in order to compare hydrated vs.
dehydrated samples [36]. Interestingly, this study was one of the first to consider pre-
senting the data as a distribution. While both sample groups showed similar diameter
ranges, hydrated samples should narrower diameter distributions compared to those
of dehydrated samples. As for the periodicity, both the range of values and their
distribution were similar between dehydrated and hydrated samples (data summary
provided in Table 2.1). These studies were thorough in making measurements, but it
is important to recognize the limitations of the methods employed. Overall, most of
the studies made D-spacing measurements directly off of the computer screen using
measurement tools of the available software. As with any kind of manual measure-
ment, measurement error is introduced by the user each time boundary points are
selected. This is important to consider when analyzing AFM images because said
boundaries (i.e. gap and overlap bands, fibril borders) are often hard to distinguish.
This becomes particularly difficult when the collagen is mineralized and the mineral
obstructs the underlying collagen fibril, or when neighboring fibrils overlap and their
lateral boundaries are not clearly shown. To help eliminate some of the error intro-
duced with D-spacing measurements, more recent studies (reviewed next) make use
of FT analysis. As far as sample preparation is concerned, studies which fixed and/or
embedded the samples [28] were not able to measure true properties because collagen
is no longer in its native environment once it has been processed. Fibril diameter as
a morphological measure of type I collagen has been studied extensively, but cannot

be reliably measured, let alone be used to detect statistical differences between tis-
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sue types.As evidenced by the studies summarized in Table 2.1, average values for
D-spacing are generally reported without explanation.

[28] [35] [36] Traditionally, distributions in D-spacing have been attributed to
noise and only recently have they have been statistically analyzed and found capable
of detecting differences between tissue types. The sub-section to follow discusses these

recent studies.

D-spacing as distribution

Wallace et al. conducted the first published study looking at type I collagen
D-spacing as a distribution, by analyzing histograms and their corresponding CDF
[41].CDFs show what fraction of the sample is found at each D-spacing value and
can be statistically analyzed with a Kolmogorov-Smirnov or Anderson-Darling test.
Morphology of bone from three different animals was compared: mice (femur), sheep
subjected to an OVX procedure (radius), and sheep subjected to a sham surgery
(radius). The ovariectomy procedure caused an estrogen deficiency which was allowed
to develop over the course of two years, and thus provide an osteoporosis disease state.
Images of collagen were acquired in air and analyzed using 2D-FFT to obtain the
first harmonic of the periodic spectrum (highest peak), which corresponds to the D-
spacing. No significant difference was seen in mean collagen D-spacing between mice
and sham-surgery sheep. In contrast, a significant difference in the mean was seen
between OVX-sheep and sham-sheep collagen. As alluded to earlier, the approach
used in this study has had a strong impact in the field of bone morphology because it
compares D-spacing distributions (in addition to mean values) allowing the detection
of a change or difference in collagen structure. To this point, a significant difference
in D-spacing distribution was also found between collagen of OI and WT mouse
bone in a separate study by Wallace et al. [42] These results were also found to be
true by Kemp et al. when comparing Ol and WT mouse tendon in both hydrated
and dehydrated conditions [43]. These studies pave the way for statistically sound
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analyses of collagen fibril morphology in diseased collagen-based tissues. D-spacing
distributions also serve to detect differences in collagen originating from different
tissues. Wallace et al. compared collagen from mouse tendon, teeth, and femoral bone
and found that while average D-spacing was similar across types, the distribution of D-
spacing measurements from each was statistically different from that of the others [44].
Erikson et al. analyzed D-spacing distributions of hydrated and dehydrated paired
samples of bovine skin [45] and found no significant difference between hydration
states [36]. The 2D-FFT approach was also applied by Erikson et al. to analyze data
from other studies: SEM images of human Achilles tendon [46] and SAXS data from
turkey tendon [47]. A distribution was found in both human and turkey tendon, and
the distribution magnitude found in the turkey tendon was similar to that shown in
the SAXS analysis. D-spacing distributions have proven useful in detecting differences
between healthy and diseased collagen as well as between tissue types but have not
been used to study morphology of in vitro produced collagen. The only studies that
have even looked at D-spacing of collagen in vitro have examined purified or processed

collagen as seen in the following studies.

In vitro collagen assembly and synthesis

In contrast to tissue-level collagen morphology, in wvitro cell-produced collagen
morphology has not been studied in detail and the studies reviewed in this sub-
section only briefly examine morphological properties. Goh et al. conducted a time-
course study of in vitro assembly of purified dermal calf collagen [48].D-spacing was
evident in the AFM images of collagen, though no D-spacing measurements were
made. Another time-course study of in wvitro collagen assembly was performed by
Gale et al. to determine how fibril length and diameter changed by means of axial
or lateral interactions throughout early steps of fibrillogenesis [49]. Fibrils within
the first thirty minutes were 1-2nm in diameter, while those measured within the

following thirty minutes were 2-6nm. D-spacing was measured to be ~67nm and all
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measurements were made manually using available software. Thurner et al. [33] and
Barragan-Adjemian et al. [34] induced in vitro collagen synthesis by preosteoblastic
and preosteocytic cells, respectively, but neither study made any D-spacing or diame-
ter measurements. Moreover, the collagen produced in both of these studies was fixed
prior to AFM imaging. The nature of these studies and the in vitro assembly stud-
ies does not allow for evaluation of collagen in its native state: post- cell secretion,

non-purified, and non-processed.

1.5 Functional Analysis

As mentioned in past sections of this review, mechanical properties are important
metrics in collagen characterization. Mechanical properties at the nano- or micro-scale
level can be extracted using AFM by pushing or pulling collagen fibers. Pushing, or
indenting, is the more well-established method and receives most of the attention
in this section. Pulling is only discussed in terms of mechanical characterization
in vitro. The properties obtained in the following studies include the indentation
modulus, indentation depth, energy dissipation, and adhesion force.

AFM indentation was performed by Grant et al. on hydrated or dehydrated col-
lagen fibrils prepared from bovine Achilles tendon [50]. A three order of magnitude
difference was seen in elastic modulus of the dehydrated vs. hydrated sample; dehy-
dration caused an increase in modulus. The same trend was observed by Kemp et al.
when indenting collagen of hydrated and dehydrated OT and WT mouse tendon [43].
The study used CDFs, as other studies have [41,42,44], to examine differences in
indentation modulus, indentation depth, energy dissipation, and adhesion force. The
adhesion force was found to differ significantly between dry OI and WT tendon, and
a strong positive correlation was found between adhesion force and energy dissipation
for both phenotypes. This was also true of wet tendon, and modulus and indentation
depth were also seen to differ significantly between the two phenotypes. Differences

in mechanical properties of hydrated vs. dehydrated collagen fibrils was confirmed
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by Gautieri et al. using in silico molecular dynamics tests [51]. Results showed that
dehydrated collagen experienced tighter molecular packing.

Similar results were obtained by Cueru et al. when indenting hydrated and dehy-
drated ewe iliac bone [52]. This study attempted to correlate mechanical properties
to mineral content and found a strong positive correlation between indentation mod-
ulus and the degree of bone mineralization, pointing out an important relationship.
Mechanical properties as relating to mineralization were also studied by Nassif et al.
when comparing collagen scaffolds created from rat tail tendon collagen assembled
with or without hydroxyapatite [53]. The indentation modulus of the collagen scaffold
was found to be lower than that of the collagen-apatite scaffold. To study nanoscale
heterogeneity in bone, Tai et al. indented hydrated osteonal bone samples [54]. An
indentation of 5uN resulted in a 40nm indentation depth; indentation modulus map-
ping showed nanoscale heterogeneity among bone samples from five different animals.

In contrast to these studies, Thompson et al. performed in wvitro mechanical
characterization of collagen when pulling individual hydrated purified fibrils from
bovine Achilles tendon [55]. This was done to study energy dissipation as a function
of time delay between successive pulls. When the tip retracted more than 50nm from
the substrate surface, sacrificial bonds would break and reform only when the tip
came within 50nm of the surface. Energy dissipation was seen to decrease more with
an increase in delay between successive pulls of the collagen molecule. Gutsmann et
al., however, pulled on individual hydrated native collagen fibrils from rat tail tendons
and saw no reformation of bonds [56].

In summary, mechanical characterization at the collagen fibril level, has been
completed mostly in tendon using nanoscale forces [43,50,55,56] and to some extent
in bone or bone-like samples using microscale forces [52-54]. The effects of hydration
and mineralization on mechanical properties have shown to be significant in tendon
and bone, respectively, but have not been studied in collagen in its native state.

Mechanical characterization of collagen produced in vitro would not only help bridge
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this gap but also avoid limitations associated with harsh sample preparation and/or

processing [53,55].

1.6 Mechanical Stimulation

Bone adapts to its mechanical environment to optimize its architecture, as well
as heal, through modeling and remodeling processes [57,58]. These are carried out
on a cellular level by osteocytes, osteoblasts, and osteoclasts through mechanotrans-
duction. Mechanotransduction is a mechanism which converts a physical force into
a cellular response and, in bone, consists of four primary stages, as summarized by
Turner et al. [59]: 1) mechanocoupling which is the process of taking a mechanical
force applied to the bone and transducing it into a mechanical signal perceived, on
a local scale, by sensing cells such as osteocytes; 2) biochemical coupling consists of
taking that mechanical signal and converting it into a biochemical response that could
lead to gene expression or protein activation; 3) signal transmission which occurs via
signaling molecules, such as prostaglandin E; (PGE;) and nitric oxide (NO), between
the sensing cells and the effector cells including osteoblasts and osteoclasts, and; 4)
effector cell response which would comprise of either bone formation by osteoblasts
or bone resorption by osteoclasts on a tissue level.

Bone cell in vivo loading conditions can be simulated in vitro by exposing cultured
cells to controlled mechanical inputs [60-64]. These inputs are generally compressive
stress, strain, or shear stress, and can be used alone, or for more complex models, in
combination. Examples of these loading modalities are summarized in Fig. 1.3.

Compressive stress has been applied to bone cells seeded two-dimensionally by
using hydrostatic pressure [66,67] or by displacing a flat plate, or platen, onto cells
seeded three-dimensionally [68,69]. Bone cells have been longitudinally stretched
when seeded on a substrate in uniaxial tension [70-72] as well as when seeded onto a

substrate subjected to bending [73,74].
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Fig. 1.3. In wvitro loading models.(a) Hydrostatic pressure, (b) platen
displacement onto cell scaffold, (c¢) uniaxial substrate stretching, (d) sub-
strate bending, (e) positive platen displacement, (f) positive prong dis-
placement, (g) vacuum suction, (h) positive fluid displacement, (i) positive
frictionless platen displacement, (j) positive frictionless platen displace-
ment and vacuum suction, (k) biaxial substrate stretching, (1) cone-and-
plate fluid shear, (m) parallel plate fluid shear. Adapted from Brown [65].

Distention of a circular cell substrate has allowed for out-of-plane deformation by
pressing the bottom of a culture dish against a convex platen [75], displacing a prong
upward into the substrates [76,77], substrate displacement via vacuum suction [78],
or substrate displacement via positive fluid displacement [79]. In-plane deformation
has generally been done by using frictionless platen displacement alone [80] or in
combination with vacuum suction [81-84], and by biaxially stretching the substrate
[85]. Fluid shear stress has been applied to bone cells using a cone-and-plate system
[86] or, more commonly, a parallel plate flow chamber [87]. The latter induces fluid

shear in two dimensions by pumping fluid over a layer of cells, usually by way of a
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parallel-plate fluid flow (PPFF) chamber which houses a slide seeded with adherent
cells. This chamber connects inline to a pumping mechanism and media reservoir
which together allow the delivery of fluid in various profiles and frequencies [88].
Fluid can also be passed through a three-dimensional construct using a similar set-up
with a modified chamber [89]. Recent and more complex in vitro mechanical loading
chamber designs incorporate both fluid flow and substrate deformation [90].

As mentioned in the main introduction to this review, osteoblasts are the cells
responsible for producing type I collagen the primary protein of bones organic phase
which provides bone its tensile strength and ductility. For this reason, it is important
to study the osteoblast response to mechanical loading, in particular as it relates to
the mechanical properties of its extracellular matrix proteins, namely collagen. For
bone formation to occur, osteocytes need to sense a mechanical signal and recruit
osteoblasts to the bone surface. Once attached, the osteoblasts begin synthesizing
the unmineralized organic component of bone known as osteoid, which eventually
mineralizes to form bone [91]. In this environment, osteoblasts are exposed to bone
tissue surface strains and extracellular fluid movement which serve to mechanically
stimulate the cells and trigger specific intracellular signaling events, some of which are
highlighted in the Fig. 1.4 diagram displaying communication between osteocytes,
osteoblasts, and osteoclasts. Osteoblasts have been shown to respond to fluid shear
stress and substrate strain, with PPFF and substrate distention being two of the
most common applications, respectively.

Some applications of PPFF have studied the effect of flow on different types of
bone cells [82,92-94] and have evaluated their response to various loading profiles in
terms of cell metabolism [94], cell signaling molecules [92], and cell signaling pathways
[93,95], but few published studies have examined collagen properties.

Zhou et al. compared levels of NAD+/NADH between Stat3 knockout (diseased)
osteoblasts and WT osteoblasts in response to oscillatory fluid shear stress [94]. While
the study focused on a disease state affecting bone morphology, the opportunity to

study the effect of PPFF on bone matrix or cellular properties/activity was missed.
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Jacobs et al. investigated differences in intracellular Ca®* levels in response to
three different flow profiles (steady, oscillatory, and pulsatile) and frequencies (0.5-
2.0Hz) [88]. Sharp et al. loaded rat bone marrow stromal cells under similar fluid
shear conditions to study the effect of varying pulsatile low on bone ECM proteins
[96]. Gene expression of collagen type I a1, OPN, bone sialoprotein, and OCN were
evaluated in response to steady and pulsatile flow. Other studies examining bone
matrix protein expression in response to fluid shear stress included those conducted
by Wu et al. [97] and Barron et al. [89].

Substrate strain studies commonly use the widely commercially available Flexcell
tension system to apply strain to cells grown in vitro. Osteoblast-like cell response to
substrate strain has mostly focused on short-term outcomes of cyclic loading, includ-
ing cell proliferation, metabolism [98], differentiation [99], and mechanotransduction
pathways [82,100], rather than long-term effects on collagen properties.

Neidlinger-Wilke et al. found a reduction in osteoblast proliferation on the silicone
Flexcell plate substrate compared to plastic dishes, and similar morphology, alkaline
phosphatase activity, and protein levels [98]. Increased alkaline phosphatase activity
as well as matrix mineralization was confirmed in cyclically loaded mesenchymal stem
cells cultures [101] though no matrix properties were assessed. When assessing mul-
tiple strains, Liu et al. determined that gene expression of type I collagen increased
at 5% strain but, again, properties of the collagen produced were not evaluated in
response to cyclic loading [82]. In an effort to elucidate the bone formation process,
other studies showed specific integrins at the cell-ECM interface to respond to sub-
strate strain and play a role in mechanotransduction; however, collagen properties
were not included in the scope [100].

It is clear that the study of osteoblasts in response to loading, particularly relat-
ing to bone disease, and a tie between macroscale phenotypic properties and nano- or
microscale properties is missing. In addition, published data shows inconsistency in
collagenous protein synthesis by osteoblasts in response to loading [89,96,97]. Con-

sistency is seen only with expression/synthesis of non-collagenous OPN protein which
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plays a role in the mineral, rather than organic, phase of bone. In order to determine
how changes in both phases at a cellular level transcend levels of bone hierarchy up to
the tissue level, structural and mechanical characterization of osteoblast-synthesized
collagen is required. Properties of osteoblast-synthesized collagen in response to flow
would also help provide an understanding of the effects of mechanotransduction seen

during bone modeling and remodeling.

1.7 Conclusions

The literature review revealed that attempts to relate collagen properties at a
molecular or cellular level to those on at the tissue level have yielded inconsistent
results. The lack of a strong relationship between these biochemical, structural, and
functional properties on different length scales speaks to the importance of thoroughly
investigating collagen properties on a nano- or microscale. In addition, the study of
the effect of mechanical stimulation has been limited to macroscale properties or else
to non-structural and non-mechanical microscale properties. Biochemical, structural,
and functional characterization of the osteoblast-produced collagen matrix would ad-
dress the knowledge gap of how bone formation processes modify bone properties at
the cellular level before being reflected in higher levels of bone hierarchy and change in
response to mechanical stimuli. Characterization of the osteoblast-produced collagen,
in its native state, can be completed by using various assays to analyze the collagen
secreted by pre-osteoblasts differentiated into osteoblasts. These assays can be used to
detect differences between loaded and non-loaded states as well as disease states (i.e.
osteoporosis, osteogenesis imperfecta, osteolathyrism). Modifications could be made
to the already established methods employed in the studies analyzed in the literature
review to analyze in vitro produced collagen: High performance liquid chromatog-
raphy and mass spectroscopy or Fourier transform infrared spectroscopy to quantify
enzymatic collagen cross-links, atomic force microscopy coupled with Fourier Trans-

form analysis to determine collagen D-spacing, atomic force microscopy indentation
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to extract collagen mechanical properties, and reverse transcription polymerase chain
reaction to examine molecular signaling.

Induced and detected changes in collagen characteristics due to mechanical stim-
ulation as attained by loading cells with fluid shear conditions analogous to those
found in vivo requires investigation. It can be hypothesized that mechanical loading
via fluid flow has the potential to recover biochemical, structural, and functional char-
acteristics of diseased osteoblast-produced collagen at the nano- or microscale and,
thus, prevent propagation disadvantageous properties to macroscale levels of bone
hierarchy. The clinical implications of this understanding include providing an op-
portunity for diagnosis of bone disease before tissue-level function is compromised and

assessing mechanical loading as treatment tool to recover advantageous properties.
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2. f/~AMINOPROPIONITRILE-INDUCED REDUCTION
IN ENZYMATIC CROSSLINKING CAUSES IN VITRO
CHANGES IN COLLAGEN MORPHOLOGY AND
MOLECULAR COMPOSITION

2.1 Abstract

Type I collagen morphology can be characterized using fibril D-spacing, a metric
which describes the periodicity of repeating bands of gap and overlap regions of col-
lagen molecules arranged into collagen fibrils. This fibrillar structure is stabilized by
enzymatic crosslinks initiated by lysyl oxidase (LOX), a step which can be disrupted
using f-aminopropionitrile (BAPN). Murine in vivo studies have confirmed effects of
BAPN on collagen nanostructure and the objective of this study was to evaluate the
mechanism of these effects in vitro by measuring D-spacing, evaluating the ratio of
mature to immature crosslinks, and quantifying gene expression of type I collagen and
LOX. Osteoblasts were cultured in complete media, and differentiated using ascorbic
acid, in the presence or absence of 0.25mM BAPN-fumarate. The matrix produced
was imaged using atomic force microscopy (AFM) and 2D Fast Fourier Transforms
were performed to extract D-spacing from individual fibrils. The experiment was re-
peated for quantitative reverse transcription polymerase chain reaction (QRT-PCR)
and Fourier Transform infrared spectroscopy (FTIR) analyses. The D-spacing dis-
tribution of collagen produced in the presence of BAPN was shifted toward higher
D-spacing values, indicating BAPN affects the morphology of collagen produced in
vitro, supporting aforementioned in vivo experiments. In contrast, no difference in
gene expression was found for any target gene, suggesting LOX inhibition does not
upregulate the LOX gene to compensate for the reduction in aldehyde formation, or

regulate expression of genes encoding type I collagen. Finally, the mature to imma-
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ture crosslink ratio decreased with BAPN treatment and was linked to a reduction in
peak percent area of mature crosslink hydroxylysylpyridinoline (HP). In conclusion,
in wvitro treatment of osteoblasts with low levels of BAPN did not induce changes in
genes encoding LOX or type I collagen, but led to an increase in collagen D-spacing

as well as a decrease in mature crosslinks.

2.2 Introduction

Bone is a composite material made up of an inorganic (hydroxyapatite mineral)
phase, a proteinaceous organic phase, and water. Comprising 90% of bones organic
phase, type I collagen is the most abundant protein in the human body [102] .
Both hydroxyapatite and collagen contribute to bone mechanical properties; hydrox-
yapatite provides compressive strength and stiffness while collagen provides tensile
strength and ductility [22,103,104]. Because bone is a hierarchical material, changes
in the properties of either phase can influence bulk mechanical properties of the tis-
sue and bone structure. In some cases, this can compromise bones ability to serve its
structural function of bearing dynamic loads associated with movement. For example,
decreased bone strength is a characteristic of osteoporosis and reflects deterioration
in bone density and bone quality [105-107]. Osteogenesis imperfecta is also charac-
terized by decreased bone strength and toughness, and is caused by disruptions in
the quality or amount of type I collagen [12,108,109].

Type I collagen in bone is synthesized by mature osteoblasts as a right-handed
helical structure formed from three polypeptide chains of amino acids. Each chain is
a left-handed helix with repeating Gly-X-Y triplets where Gly is glycine, X is usually
proline, and Y hydroxyproline [5,110]. In type I collagen molecules, two of these
polypeptide chains are a1 helices and one is an a2 helix. Once a triple-helical molecule
forms, N and C terminal ends are cleaved by proteinases, leaving mature collagen
molecules. These molecules self-assemble in line with one another into microfibrils,

then in parallel into quarter-staggered arrays with overlap and gap regions, and finally
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into three-dimensional fibrils. The overlap and gap regions produce an oscillating
surface topography of axially repeating bands along the fibril length, referred to
as the D-spacing or periodicity of the fibril [26] (Fig. 2.1). This D-spacing is a
morphometric characteristic of collagen fibrils and exists as a distribution of values
near the theoretical 67nm [25]. Changes in mean D-spacing or its distribution of values
can be used to detect differences in collagen structure, tissue origin, and hydration

state [41-45].
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Fig. 2.1. Collagen structure and organization. Collagen molecules
self-assemble in a quarter-staggered array into microfibrils to form collagen
fibrils with characteristic periodic D-spacing. Adapted with permission
from Canelén and Wallace [111]

Post-translationally, collagen fibrils are stabilized within their staggered array
by intramolecular and intermolecular crosslinks [6,7,112]. Enzymatic crosslink for-
mation begins when telopeptide lysine and hydroxylysine precursors, through lysyl

oxidase (LOX) initiation, convert to telopeptide aldehydes, allysine and hydroxyally-
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sine, respectively [7,10]. The allysines, in combination with other precursors (i.e.
helical lysine or hydroxylysine) form covalent chemical crosslinks. Some of these
crosslinks mature to their trivalent form as pyridinolines and pyrroles. Crosslink syn-
thesis can be limited by compounds such as penicillamine and [-aminopropionitrile
(BAPN), resulting in a crosslink deficiency which characterizes a disease known as
lathyrism [113-115]. BAPN is found in the seeds of the lathyrus odoratus plant, grown
as a famine crop, and acts by irreversibly binding to the LOX active site. This bind-
ing prevents LOX from catalyzing aldehyde formation and subsequently blocks the
formation of new crosslinks and the maturation of pre-existing immature crosslinks.

While BAPN has been shown to affect macroscale bone properties and nanoscale
properties of type I collagen in vivo in rabbit, rat, and mouse models [116-118],
knowledge of its direct effects on the morphology, expression, and crosslinking of col-
lagen produced in vitro by osteoblasts is limited [119,120]. Evidence in the literature
shows LOX mRNA expression increases with low levels of BAPN exposure, and de-
creases at higher concentrations as the differentiation process is impaired [120-122].
At low concentrations, as bioavailability of LOX is decreased, the cells may possess
the ability to upregulate LOX expression to bring the level of available LOX back
within a normal range. Few studies have investigated BAPN inhibition of LOX to
block crosslink formation in vitro [119-121], and fewer still specifically attribute the
effect to a change in immature or mature crosslinks [120]. The purpose of this study
was to modify a key step in post-translational collagen synthesis to observe alter-
ation to type I collagen in its native state. It was hypothesized that BAPN-induced
inhibition of collagen crosslinking would (1) alter the D-spacing morphology of col-
lagen produced in vitro by osteoblasts (2) drive upregulation of the LOX gene to
compensate for the reduction in aldehyde formation, leading to an observed increase
in mRNA expression and (3) inhibit the formation of mature crosslinks, specifically

hydroxylysylpyridinoline.



25

2.3 DMaterials and Methods
2.3.1 Cell culture

MC3T3-E1 Subclone 4 (ATCC" CRL-2593) murine preosteoblasts were obtained
from the American Type Culture Collection (ATCC, Manassas, VA) and cultured in
proliferation medium composed of aminimal essential medium (a-MEM, Life Tech-
nologies, Carlsbad, CA), 10% fetal bovine serum (FBS, GIBCO, Carlsbad, CA),
0.5% penicillin/streptomycin (GIBCO, Carlsbad, CA), and 1% L-glutamine (Hy-
clone, Logan, UT). MC3T3-E1 differentiation control medium consisted of prolif-
eration medium supplemented with 50ug/ml ascorbic acid (Thermo Fisher Scien-
tific, Waltham, MA) and differentiation experimental medium was additionally supple-
mented with 0.25mM BAPN-fumarate (Sigma Aldrich, St. Louis, MO) for crosslink

inhibition experiments.

2.3.2 Collagen synthesis for analysis of collagen morphology

MC3T3-E1 cells were cultured in T75 flasks and allowed to proliferate for 3 days
until reaching 80% confluence. Once confluent, the cells were seeded into 60mm
dishes at a density of 500,000 cells per dish. Cells were seeded into eight dishes,
four of them control dishes without BAPN and four treatment dishes with 0.25mM
BAPN-fumarate. After seeding, the medium was replaced and supplemented with

ascorbic acid for 14 days to allow differentiation and promote collagen synthesis.

2.3.3 Atomic force microscopy (AFM)

Following 14 days of differentiation, the cultures were rinsed with phosphate-
buffered saline (PBS) and treated with 10mM ethylenediaminetetraacetic acid (EDTA,
Life Technologies, Carlsbad, CA). Experiments in bone and tendon have shown that
EDTA has negligible effects on collagen fibril morphology (data not shown) and was

here used to encourage cellular detachment from the extracellular matrix (ECM) in
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order to expose the newly synthesized collagen matrix for AFM imaging. After treat-
ment with EDTA, the matrix was rinsed with ultrapurified water (Milli-Q, EMD
Millipore, Darmstadt, Germany) and allowed to dry. Five locations within each dish
were imaged with a Bioscope Catalyst Atomic Force Microscope (Bruker, Santa Bar-
bara, CA) in peak force tapping mode using ScanAsyst Fluid+ probes (Bruker, Santa
Barbara, CA). Within each location, a 30um x 30um scan area was performed to find
areas where collagen was exposed by treatment with EDTA. A 10um x 10um scan
was then performed to find suitable areas for closer examination followed by a final
3.5um x 3.5um scan of collagen fibrils appropriate for analysis. A 2 Dimensional
Fast Fourier Transform (2D-FFT) was performed to extract D-spacing from approxi-
mately 10 individual collagen fibrils at each location, as previously described [45,123].
D-spacing analysis was performed on a minimum of 50 fibrils per dish and 200 fibrils

per experimental group.

2.3.4 Quantitative reverse transcription polymerase chain reaction

An additional set of experiments was run for gene expression analysis by qRT-
PCR. Cells from a single flask were seeded into ten dishes (five control and five
supplemented with 0.25mM BAPN-fumarate). At the end of a 7 day differentiation
period, the medium was removed from each culture dish and replaced with 1mL of
TRIzol reagent (Invitrogen, CA). RNA isolation was performed using TRIzol reagent
and reverse transcription (RT) was carried out using a High Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA). PCR was performed using an
ABI 7500 Fast PCR machine under the 9600 Emulation thermal cycling mode with
SYBR Green primers and Power SYBR Green PCR master mix (Life Technologies,
Carlsbad, CA). Primers were chosen for target genes encoding type I collagen ol
(COL1A1), type I collagen a2 (COL1IA2) and LOX as well as reference gene [-
actin (BACT) [124,125]. Each sample/gene combination was run in triplicate and

water was used as the no-template control. mRNA expression levels of the triplicates
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were averaged. Following an efficiency-calibrated mathematical model [126], mRNA
expression levels for each sample/target gene were averaged and compared to the
control group using the REST® program [127]. The program calculates relative
expression ratios using Equation 1 and employs randomization tests to obtain a level

of significance.

ACTrarget(Control—Sample)

Ratio = (ETarget)
= (ERef)ACTREf (Control—Sample)

(2.1)
Etarget and Eger are the qRT-PCR efficiencies of a target gene and reference gene
transcript, respectively; and ACT is the difference in control and sample cycle thresh-

olds for the respective gene transcript.

2.3.5 Fourier transform infrared spectroscopy (FTIR)

Following the experimental methods described above, a third set of experiments
was run to analyze collagens secondary structure using FTIR. Cells were seeded into
twelve dishes (six control and six supplemented with 0.26mM BAPN). After 14 days
of differentiation the dishes were rinsed three times with PBS and three times with
water. Samples were then directly transferred onto barium fluoride windows and
air-dried.

FTIR spectroscopic analysis was performed using a Nicolet iS10 spectrometer
(Thermo Fisher Scientific, Waltham, MA). A water vapor background was collected
and subtracted from sample data as they were collected. Data were collected from

the samples under nitrogen purge at a spectral resolution of 4cm™!.

A minimum
of three spectra were collected per sample and they were averaged and treated as
technical replicates. The amide I and amide IT regions (~1400-1800cm~!) were base-
line corrected according to published standards [128,129] using OriginPro (Origin-
Lab, Northampton, MA). Underlying peaks within these regions were resolved as

Gaussian peaks using second derivative analysis and each spectrum was curvefit us-

ing GRAMS/AI (Thermo Fisher Scientific, Waltham, MA). The results from the
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converged peak fitting were expressed as peak position and percentage area of the
peak relative to the area underneath the fitted curve. The investigation focused on

and ~1690cm~!, shown to be cor-

peaks corresponding to positions at ~1660cm™
related to mature (HP, hydroxylysylpyridinoline) and immature crosslinks, respec-

tively [120,121,130,131].

2.3.6 Statistical analysis

All statistical analyses were performed using Statistical Analysis System (SAS
Institute, Cary, NC) and a value of p<0.05 was considered significant for all experi-
ments.

To investigate difference in collagen fibril morphology due to the presence of
BAPN, D-spacing values measured from each culture dish were averaged to yield
a single value. These mean D-spacing values from control (n=4) and treated (n=4)
samples were then compared using a Mann Whitney U test. This nonparametric test
was chosen due to the low sample size. To explore differences in the distribution of
D-spacing values, the histogram and cumulative distribution function (CDF) of each
group was generated. The distributions of the control (n=217) and treated groups
(n=251) were compared using a k-sample Anderson-Darling (A-D) test as previously
described [132].

Differences in mRNA expression between control and BAPN-treated samples were
assessed using the REST® program in group means for statistical significance by using
a Pair Wise Fixed Allocation Random Test ©. The peak percentage area ratios for
the FTIR experiment, were compared between the control and BAPN groups using

a Students t-test.
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2.4 Results
2.4.1 Atomic force microscopy

Collagen produced in vitro by MC3T3-E1 preosteoblasts was assessed in 60mm
culture dishes. 5 distinct locations were identified and analyzed in each dish using
3.5pum x 3.5um images (Fig. 2.2). A minimum of 10 collagen fibrils were imaged from
each of 5 locations, amounting to at least 50 fibrils per dish, and totaling 217 fibril
measurements for the control group and 251 for the BAPN-treated group.

Fig. 2.2. Representative 3.5um x 3.5um collagen AFM image.
AFM images of collagen in its native state were coupled with Fourier
transform analysis to measure the periodic collagen fibril D-spacing.

For each dish, fibril D-spacing measurements were pooled to produce the mean D-
spacing for that dish, and mean values ranged from 65.8nm to 66.8nm for the control
group and from 66.6nm to 67.6nm for the BAPN-treated group. The mean D-spacing
for the 4 samples was 66.4nm=+0.4nm for the control group and 67.1nm=0.4nm for
the BAPN-treated group (p = 0.060) (Fig. 2.3(B)). When all fibrils in a group were

analyzed together, there was a distribution of D-spacing values ranging from 60.2nm
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to 72.9nm for the control group and 61.7nm to 71.1nm for the BAPN-treated group
(Fig. 2.3(a)). These distributions were significantly different from one another with
the treated population shifted to higher D-spacing values over most of its range (A-D
test, p<0.0001) (Fig. 2.3(b)).

35 100 Control
’ Control ontro.
~ 90 _
30{ - BAPN-treated S <0 BAPN-treated
S 25 £ 70
b =
= a2 60
= 20 H Mean = 66.4nm + 0.4nm
£ & 301 (n=4, 217 fibrils) +
& 15 e 40 $
& & Mean = 67.1nm + 0.4nm
S 10 & 30 (n=4, 251 fibrils)
© g 20
5 5 10 A-D Test
0 < 0.0001
585960616263 64656667 6869707172737475 5859 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75
Periodic D-Spacing (nm) Periodic D-Spacing (nm)
(a) Histogram (b) Cumulative Distribution Function

Fig. 2.3. Collagen D-spacing obtained from the D-spacing mea-
surements in each group (n=4). A clear shift towards higher D-
spacing values in the BAPN-treated group is evident in the (a) histogram,

(b) cumulative distribution function (CDF), and mean, indicated by the
diamond marks on the CDF.

2.4.2 Quantitative reverse transcription polymerase chain reaction

No significant difference was observed in the mRNA expression of any target gene

in the BAPN-treated samples relative to controls (Table 2.1).

2.4.3 Fourier transform infrared spectroscopy

Peak fitting resulted in consistent peaks around 1654cm~! and 1680cm™! as op-
posed to the expected 1660cm™! and 1690cmtlocations. However; a positive spec-
tral shift of ~10cm~! would result in positions closely matching those reported else-

where [121,133], therefore peaks found in this study are considered to be represen-



31

Table 2.1.
Fold changes in mRNA expression of BAPN-treated samples relative to
controls (n=>5)

Target Gene Fold Change Std. Error 95% Confidence Interval p-value

COL1A1 1.011 0.759 - 1.452 0.540 - 1.562 0.966
COL1A2 1.123 0.787 - 1.447 0.616 - 1.738 0.471
LOX 1.094 0.655 - 1.931 0.448 - 2.569 0.756

tative of HP and immature crosslinks (Fig. 2.4). The spectral shift may be due to
interactions with water still present in the samples after air-drying [134-136]. Treat-
ment with BAPN resulted in a decrease in the collagen crosslink ratio driven by a
significant reduction in the HP crosslink peak percent area (p<0.05). There was

no statistical difference in the percent area of the peak corresponding to immature

crosslinks (Table 2.2).

Table 2.2.
Information on underlying FTIR peaks located at ~1660cm™' and
~1690cm ™!

Mean Peak Mean Peak Mean Area
Position (cm™') Percent Area Ratio
~1660 cm™'  1654.37304+0.7289 16.2868+4.1089

Control 3.906841.6353
~1690 cm™!  1681.0301+1.5651  4.796342.2037

~1660 cm™  1653.4087+0.9959  8.2149+3.4959

BAPN 1.9865+0.6145
~1690 cm™'  1678.8092+1.0640  4.4880+2.3100

~1660 cm™1 0.0048
p-value 0.0338
~1690 cm™? 0.8177
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Fig. 2.4. Representative mature and immature crosslink peak
fittings underneath the FTIR spectral curve. A decrease in the
1654cm ™! peak area is evident in the BAPN-treated sample relative to
control. The BAPN-treated and control samples were plotted on differ-
ent axes to visually highlight this difference.The black solid dashed lines
correspond to the full spectra of control and BAPN-treated samples, re-
spectively.
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2.5 Discussion

It was hypothesized that BAPN treatment would cause partially differentiated
MC3T3-E1 cells to synthesize a collagen matrix that was morphologically different
from that produced by non-treated cells. Our data indicate that a distribution of D-
spacing values, rather than a single value, exists for Type I collagen produced in vitro
by osteoblasts. The results demonstrate that inhibition of enzymatic crosslinking via
BAPN binding of lysyl oxidase causes the D-spacing distribution to shift towards
higher values. D-spacing and its distribution provide information on the state and
internal structure of collagen and can reflect structural defects in its a-chains or
changes due to alterations in post-translational collagen synthesis. The inhibition of
enzymatic crosslinking via lysyl oxidase inhibition was confirmed by the significant
reduction in the mature/immature crosslink ratio and decrease in the peak percent
area corresponding to HP, as a result of BAPN treatment. While analysis of D-spacing
values showed a significant difference between groups, no difference was found between
the control and BAPN-treated groups when comparing gene expression levels. The
data showed that treatment of osteoblasts with BAPN does not induce a significant
change in expression of any of the genes targeted in this study for their involvement
in collagen synthesis. These results contrast those using higher BAPN concentrations
in which COL1A1 was upregulated [121] and LOX was downregulated [120,121] with
BAPN treatment, and challenges the hypothesis that BAPN would drive upregulation
of LOX as a response to the decrease in aldehyde formation. Results of this study
highlight the effects of post-translational collagen modifications on collagen structure
while demonstrating that these changes occurred in the absence of altered collagen
or LOX gene expression.

The D-spacing distribution has been shown to be capable of reflecting differences
in disease states, such as osteoporosis [41] and osteogenesis imperfecta [42,43], as well
as tissue types, namely dentin, bone, and tendon [44]. The present study confirms

that the D-spacing measure can capture aspects of collagen fibril structure which
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may relate to the state and internal structure of individual molecules. Data revealed
a significant upward shift in the D-spacing distribution between control and treatment
groups. The difference in mean D-spacing had a marginally significant p value of 0.06.
The low sample size (n=4) necessitated the use of a nonparametric statistical test.
Given the data from the current study, a post-hoc sample size analysis indicates that a
sample size of n=6 would be needed in order to detect a statistical difference between
the two groups at 80% power.

The introduction of BAPN, and its binding effect on lysyl oxidase, inhibits the
enzymatic crosslinking pathway preventing the formation of aldehyde products. This
reduction in aldehyde products has been shown in other osteoblast studies to limit the
formation of immature covalent and mature multivalent collagen crosslinks [31,39)].
In addition, lysyl oxidase inhibition by a lower in vivo BAPN-fumarate concentration
of 0.025mM was found to cause a significant shift in D-spacing in mouse bone from
another study completed by our group [137]. After compensating for the added fu-
marate salt, this concentration corresponds to 0.0137mM BAPN, as compared with
the 0.137mM BAPN concentration used in the current study. Given that this tenfold
higher 0.137mM BAPN concentration corresponded to five times the half-maximal
inhibitory BAPN concentration in vivo [138,139], we expected greater lysyl oxidase
inhibition to be induced in wvitro. In other words, the quantitative analysis of collagen
synthesized in vitro reflects a direct rather than systemic effect of lysyl oxidase inhibi-
tion by BAPN. The upward shift in D-spacing distribution seen in the BAPN-treated
group of this study suggests that crosslinking may be responsible for compression
of fibrils under normal conditions. The same trend was observed in non-mineralized
collagen from mouse tail tendon in a study examining the effect of chemical fixation
on mouse tail tendon [140]. In contrast, the D-spacing distribution was found to shift
toward lower values in mineralized mouse bone collagen with BAPN treatment in
vivo [137]. These differences in collagen morphology emphasize the complexity of a

crosslink formation process in which in vivo/in vitro lysyl oxidase inhibition, bone/de
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novo collagen synthesis, and presence/absence of mineral in the collagen matrix all
play a role in allowing decompression of the collagen fibril.

Quantitative RT-PCR was used to amplify gene sequences found in RNA isolated
from control and BAPN-treated osteoblasts, and to quantify mRNA expression levels.
RNA was isolated from osteoblasts after seven days when collagen mRNA expression
and synthesis levels were highest [141]. When comparing the two groups, the analysis
of fold change in expression showed no difference in LOX, COL1A1, or COL1A2
expression. These data indicate that inhibition of the LOX enzyme by 0.25mM
BAPN-fumarate does not drive a significant upregulation of the LOX gene nor does
it have a significant effect on the regulation of genes encoding the ol and a2 helices
that form collagen molecules. This supports other BAPN osteoblast studies in which
genes encoding LOX were not found to be regulated at similar BAPN concentrations
[120,121]. This lack of a significant effect suggests that a 0.25mM BAPN-fumarate
concentration is too low to induce osteoblasts to compensate for the lack of aldehyde
formation and, consequently, collagen matrix formation and stabilization.

FTIR has been used to obtain information about protein secondary structures
[128,129], specifically as pertaining to enzymatic collagen crosslinks [134,142]. The
use of second derivative methods to locate and fit peaks underlying the FTIR spec-
tral curve has shown a correlation between peaks at 1660cm™'/1690cm™! and ma-
ture/immature crosslinks [130]. Using this technique, the current study characterized
the secondary structure of collagen synthesized in vitro by osteoblasts. Peaks were
consistently found in the 1654cm™' and 1680cm™! regions, corresponding to mature
HP and immature crosslinks, respectively. BAPN treatment resulted in a signifi-
cant reduction in the HP crosslink peak percent area and decrease in the mature to
immature crosslink ratio. The peak percent area of immature crosslinks was not sig-
nificantly affected. Collectively, these data suggest that a 0.25mM BAPN-fumarate
concentration did not inhibit the total amount of available lysyl oxidase enzyme be-
cause immature crosslinks were still present. However, the 0.25mM concentration

was sufficient to prevent the maturation of divalent immature crosslinks to triva-
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lent HP crosslinks. Results from this study were similar to another in which higher
BAPN concentrations also caused an HP crosslink decrease [121] and differed from
others which showed no change in the crosslink ratio at comparable BAPN concen-
trations [120]. These differences in the observed effect of lysyl oxidase inhibition on
collagen secondary structure are indicative of a dose-dependent response in enzymatic
crosslink formation for both immature and mature crosslinks, particularly relating to
HP.

A more thorough investigation of a dose-dependent response to BAPN would
elucidate the effect of lysyl oxidase inhibition on collagen gene expression and the
single dosage used is considered a limitation of the present study. Consideration of
other LOX isoforms such as LOXLI1-4 could also provide valuable information in the
context of this study given that their expression could differ from that of LOX. Future
studies will be aimed at assessing these questions and how they relate to osteoblast

signaling, collagen production, and post-translational modification.

2.6 Conclusions

In conclusion, collagen synthesized in vitro by pre-osteoblastic cells was found to
be fibrillar and organized in a manner to produce natural variation in its periodic
D-spacing. Although there were no differences in the expression of genes relating to
collagen synthesis or enzymatic crosslink initiation, partial lysyl oxidase inhibition at
low levels of BAPN still resulted in significant morphological and crosslinking changes
in collagen. Collagen fibrils of the BAPN-treated group were found to be morpholog-
ically different from those of the control group as seen by the significant increase in
the D-spacing distribution of the BAPN-treated collagen fibrils. In addition, the ratio
of mature to immature crosslinks was found to decrease with BAPN treatment, asso-
ciated with a reduction in peak percent area of mature crosslink HP. These findings

were made possible by in vitro treatment with BAPN and analysis of collagen synthe-
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sized entirely under direct inhibition of lysyl oxidase and, thus, enzymatic crosslink

formation.
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3. DOSE-DEPENDENT EFFECTS OF
S—AMINOPROPIONITRILE ON OSTEOBLAST
PROLIFERATION AND GENE EXPRESSION

3.1 Abstract

Enzymatic crosslinks are responsible for stabilizing the fibrillar structure of type
I collagen, and are catalyzed by lysyl oxidase (LOX), a step which can be interrupted
using the lathyritic agent S-aminopropionitrile (BAPN). A previous study confirmed
the effects of BAPN on in vitro collagen nanostructure and crosslink composition at a
low BAPN concentration but did not demonstrate a coupled effect on the expression of
genes encoding type I collagen or LOX. The objective of this study was to quantify the
dose-dependent effect of BAPN on osteoblast gene expression of type I collagen and
LOX as well as genes associated with crosslink formation including bone morphogenic
protein-1 (BMP-1) and periostin (POST). The effect on cell proliferation was also
evaluated in relation to a broad range of BAPN concentrations.

Osteoblasts were cultured in complete media, and differentiated using ascorbic
acid, in the presence or absence of 0.25, 1.0, 2.0, 5.0, or 10.0 mM BAPN for gene ex-
pression analysis using quantitative reverse transcription polymerase chain reaction.
A second experiment investigated the effect of a broader range of BAPN concentra-
tions (including 0.125 and 0.5mM BAPN) on osteoblast cell proliferation. Results
showed significant upregulation of BMP-1, POST, and COLI1A1 at 1.0, 2.0, and
5mM BAPN and no significant effect of any concentration on the expression of LOX
or COL1A2. We also found that 1.0, 2.0, and 5.0mM produced a significant change
in cell proliferation while the lower BAPN concentrations of 0.125, 0.25, and 0.5mM
had no effect at the timepoints investigated. The results confirm a dose-dependent

osteoblast response to BAPN and show that while the gene encoding LOX remains
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unaffected by BAPN treatment, other genes related to LOX activation and matrix
production including BMP-1 and POST, are upregulated.

3.2 Introduction

Mature osteoblasts are responsible for synthesizing type I collagen in bone as a
right-handed helical structure formed from three polypeptide chains of amino acids.
Post-translationally, collagen fibrils are stabilized within their staggered array by
intramolecular and intermolecular crosslinks [6, 7, 112]. Enzymatic crosslinks are
initiated by the lysyl oxidase (LOX) enzyme and eventually form covalent chemi-
cal crosslinks between collagen molecules and fibrils [7,10,112]. Crosslink synthe-
sis can be limited by compounds such as penicillamine and [S-aminopropionitrile
(BAPN), resulting in a crosslink deficiency which characterizes a disease known as
lathyrism [113,114,143]. BAPN irreversibly binds to the LOX active site preventing
LOX from initiating enzymatic crosslinking and thus blocking not only the formation
of new crosslinks but also the maturation of pre-existing immature crosslinks.

The ability of LOX to initiate enzymatic crosslinking also depends on direct or in-
direct interactions with other connective tissue proteins including bone morphogenic
protein-1 (BMP-1), periostin (POST), and fibronectin [144-146]. LOX is synthe-
sized as an inactive precursor, pro-LOX, and activated through propeptide proteolytic
cleavage carried out by BMP-1. Maruhashi et al. found POST binds to BMP-1, en-
hances proteolytic cleavage of pro-LOX, and promotes the deposition of BMP-1 onto
the fibronectin matrix. In addition, their results suggest increased interactions be-
tween POST and fibronectin lead to increased enzymatic crosslinking [145]. These
relationships are further complicated by interactions with fibronectin which have the
potential to impact the structure and function of type I collagen (Fig. 3.1).

While BAPN has been shown to modify nanoscale properties, morphology, and
crosslinking of type I collagen produced by osteoblasts in wvitro [111], knowledge of
its direct effects on the osteoblast response is limited [119-121]. The purpose of
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Fig. 3.1. Complex interactions impacting LOX activation and col-
lagen crosslinking. LOX activation is dependent on POST and BMP-1
function and its activated form can be irreversibly bound by BAPN, pre-
venting intra- and intermolecular enzymatic crosslink formation. Black
boxes and arrows represent the process of LOX activation leading to enzy-
matic crosslink initiation, blue links represent binding between two com-
ponents, and the red segment between LOX and BAPN represents the
pairs inhibitory effect on crosslinking. POST, BMP-1, and pro-LOX all
bind to fibronectin.

this study was to expose osteoblasts to a range of BAPN concentrations to evaluate
their temporal proliferation response and the expression of genes related to collagen
synthesis and crosslinking. It was hypothesized that (1) LOX and related genes would
be upregulated with increasing BAPN dosage to compensate for the reduction in
enzymatic crosslinking and (2) osteoblast proliferation would have a dose-dependent

negative response to BAPN exposure.

3.3 Material and Methods
3.3.1 Cell culture

MC3T3-E1 Subclone 4 (ATCC® CRL-2593) murine preosteoblasts were obtained
from the American Type Culture Collection (ATCC, Manassas, VA) and cultured in
proliferation medium composed of « minimal essential medium (a-MEM, Life Tech-
nologies, Carlsbad, CA), 10% fetal bovine serum (FBS, GIBCO, Carlsbad, CA),
0.5% penicillin/streptomycin (GIBCO, Carlsbad, CA), and 1% L-glutamine (Hy-
clone, Logan, UT). MC3T3-E1 differentiation control medium consisted of prolif-
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eration medium supplemented with 50ug/ml ascorbic acid (Thermo Fisher Scien-
tific, Waltham, MA) and differentiation experimental medium was additionally sup-
plemented with 0.125, 0.25, 0.5, 1, 2, 5, or 10mM BAPN (Sigma Aldrich, St. Louis,
MO) for crosslink inhibition experiments. The cells were cultured in T75 flasks and
allowed to proliferate until reaching 80% confluence. Once confluent, the cells were
seeded into 6-well plates for the qRT-PCR assay and 96-well plates for the cell prolifer-
ation assay. After seeding, the medium was replaced and supplemented with ascorbic
acid to allow for differentiation and to promote collagen synthesis. BAPN-treated
wells were additionally supplemented with one of seven BAPN dosages while those

left untreated served as control wells.

3.3.2 Quantitative reverse transcription polymerase chain reaction (qRT-

PCR)

Cells from a single flask were seeded into eight 6-well plates (500,000 cells per
well), one of them a control plate without BAPN and the remaining seven each treated
with a different BAPN dosage (n=5 per group). At the end of a 7 day differentiation
period, the medium was removed from each culture dish and replaced with 1mL of
TRIzol reagent (Invitrogen, CA). RNA isolation was performed using TRIzol reagent
and reverse transcription (RT) was carried out using a High Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA). PCR was performed using an
ABI 7500 Fast PCR machine with SYBR Green primers using the Standard cycling
mode modified for the PowerUp SYBR Green PCR master mix (Life Technologies,
Carlsbad, CA). Primers were chosen for target genes encoding type I collagen ol
(COL1A1), type I collagen a2 (COL1A2), LOX, BMP-1, POST, as well as reference
gene 18s RNA (18S) (Table 3.1) [125].

Each sample/gene combination was run in triplicate and water was used as the
no-template control. mRNA expression levels of the triplicates were averaged. Fol-

lowing an efficiency-calibrated mathematical model [126], mRNA expression levels
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for each sample/target gene were averaged and compared to the control group using
the REST® program [127]. The program calculates relative expression ratios using

Equation 3.1 and employs randomization tests to obtain a level of significance.

(ETarget ) ACTrqrget(Control—Sample)

Ratio = (ER f)ACTREf(Control—Sample)
e

(3.1)

Erarget and Egey are the qRT-PCR efficiencies of a target gene and reference
gene transcript, respectively; and ACT is the difference in control and sample cycle

thresholds for the respective gene transcript.

3.3.3 Cell proliferation assay

Cells from a single flask were seeded into three 96-well plates (5,000 cells per well),
corresponding to BAPN treatment periods of 24, 48, and 72 hours. Within each plate,
cells were seeded into 8 columns, one of them with control wells and the remaining
seven each treated with a different BAPN dosage (n=5 per group). The CellTiter
96" AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI) was
used as a colorimetric method to determine the number of viable cells after BAPN
treatment periods of 24, 48, or 72 hours. At the end of each treatment period, 20uL
of CellTiter 96" AQuecous One Solution Reagent was added to each well according to
manufacturer instructions and the plate was incubated for 2 hours. The absorbance
was then read at 490nm using an ELx800 microplate reader (BioTek, Winooski, VT)
to measure the soluble formazan produced from the cellular reduction of the reagents
tetrazolium compound, a measurement directly proportional to the number of living

cells in culture.

3.3.4 Statistical analysis

Differences in mRNA expression between control and BAPN-treated samples were
assessed using the REST® program in group means for statistical significance by using

a Pair Wise Fixed Allocation Random Test ©.
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The cell proliferation absorbances were tested for a main effect of BAPN dosage
using a one-way ANOVA for each time point followed by Dunnett’s multiple compar-
isons test using GraphPad Prism version 7.04 for Windows (GraphPad Software, La
Jolla, CA).

A value of p<0.05 was considered significant for all experiments.

3.4 Results
3.4.1 qRT-PCR of cellular gene expression

Significant upregulation of BMP-1, POST, COL1A1, COL1A2 was observed with
exposure to various BAPN concentrations. Significant upregulation was noted at
all concentrations for BMP-1, concentrations greater than 0.25mM for POST, and
1.0mM, 2.0mM, and 10.0mM BAPN for COL1A1 and COLIA2 (Table 4.2). LOX
was upregulated at 1.0, 5.0, and 10.0mM though not to a statistically significant

degree.

Table 3.2.
Fold changes in mRNA expression of BAPN-treated samples relative to
controls (n=3 for LOX, n=>5 for all other targets). *Indicates statistically
significant changes (p<0.05).

Target Gene 0.25mM 1.0mM 2.0mM 5.0mM 10mM

LOX 0.737 1.138 0.934 1.402 1.469
COBMP1 2072 2705%  2.622%  2212%  2209%
- posT 1207 3443%  4407F  6.038*  10.468%
 COLIAT 1327 1835%  2179% 1724 1897%

COL1A2 1.517 1.652%* 1.944* 1.395 1.892%*




45

3.4.2 Cell proliferation assay

The cell proliferation results showed a trend of increased proliferation with increas-
ing BAPN concentration at all three time points followed by a decline in proliferation
at 10.0mM after 48 and 72 hours. The decline in proliferation was more pronounced

at the 48 and 72 hour time points (Fig. 3.2).
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(a) 24 Hours (b) 48 Hours (c) 72 Hours

Fig. 3.2. Cell proliferation as a function of BAPN dosage (n=5).
Proliferation after (a) 24 hours, (b) 48 hours, and (c¢) 72 hours. Statisti-
cally significant changes relative to 0OmM BAPN controls indicated by *
(p<0.05) and ** (p<0.01).

After 24 hours of exposure to BAPN, a significant increase in proliferation relative
to the 0OmM BAPN control was found for 1mM (p=0.0240), 2mM (p=0.0095), and
5mM (p=0.0231) concentrations, while the cellular response at all other BAPN con-
centrations was not significantly different. The same was true for 5.0mM BAPN
(p=0.0276) at the 48 hour time point, and for 0.25mM (p=0.0315) and 1.0mM
(p=0.0218) at the 72 hour time point (Table 3.3).
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Table 3.3.
Significant mean differences in absorbance relative to 0OmM BAPN controls
(n=5). Statistically significant changes indicated by * (p<0.05) and **
(p<0.01)

Concentration (mM) 24 Hours 48 Hours 72 Hours

0.125 0.0954 -0.0246 0.2194
””””””””” 025 02028 00546 0.2742%
””””””””” 05 01852 01042 02454
””””””””” 10 030125 00962 0.2884%
””””””””” 20 03374%* 01808 01926
””””””””” 50 0.3028% 02200 02008
””””””””” 100 01246 00750 01740

3.5 Discussion

It was hypothesized that LOX and related genes would be upregulated with in-
creasing BAPN dosage to compensate for the reduction in enzymatic crosslinking.
The results indicated this was true for multiple genes across many BAPN concentra-
tions. BMP-1, POST, COL1A1 and COL1A2 were upregulated at most dosage levels
greater than 0.25mM. In particular, POST expression increased in a dose-dependent
manner. LOX was unaffected even at 10.0mM BAPN which was roughly 70x higher
than the concentration used in prior in vitro studies showing changes in collagen
morphology and crosslinking [111]. This confirmed the idea that factors other than
expression of LOX were regulating the structural changes in response to BAPN. Su-
perficially it would appear that BAPN upregulation of POST could have influenced
the upregulation of BMP-1, as part of the LOX activation process, however Maruhashi
et al. revealed no significant difference in BMP-1 expression between wild type (WT)

and periostin =/~ calvarial osteoblasts [145]. This supports the idea that exposure to
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BAPN rather than specifically the upregulation of POST was the driving force for
BMP-1 regulation in the present study.

The structural and biochemical changes reported by Canelén and Wallace [111]
may have originated from a difference in extracellular availability of activated LOX
versus the pro-LOX precursor. Low levels of BAPN in the present study resulted
in significant upregulation of BMP-1 at 0.25mM BAPN relative to the control sug-
gesting a compensatory effect to increase BMP-1-mediated processing of pro-LOX
in response to BAPN exposure. This effect is further supported by the significant
upregulation of genes encoding type I collagen, COL1A1 and COL1A2, in the pres-
ence of BAPN. The low BAPN concentration in this study was roughly twice that of
the concentration used in Canelén and Wallace, so it is unclear whether the changes
in collagen morphology and crosslinking occurred regardless of any compensatory
mechanism.

The second hypothesis of this study predicted osteoblast proliferation would have
a dose-dependent negative response to BAPN exposure. We observed the opposite
effect with proliferation increasing with BAPN concentration and declining at the
highest concentration of 10.0mM, particularly after 48 and 72 hours. In addition
to the BAPN concentrations included in the gene expression analysis, 0.125mM and
0.5mM were also investigated for their effects on cell proliferation. MC3T3-E1 cells
are known to actively replicate during the initial development phase between 1 and 9
days of culture [147]. Observation of the BAPN effect on cell proliferation was limited
to a culture period of three days at the end of which proliferation trended downward,
particularly at the highest concentration. This suggests a temporary effect possibly
caused by BAPN-mediated upregulation of early osteogenic genes not considered
in this study, and the potential for a greater decline in proliferation over a longer
exposure period. The absence of a negative impact of BAPN on cell proliferation
further supports the more complex mechanism-driven theory alluded to above in the

discussion of mRNA expression responses to BAPN treatment.



48

The gene expression findings coupled with the cell proliferation data encourage
exploration of how these effects translate to type I collagen protein properties at con-
centrations higher than those previously investigated [111]. The gene expression data
would suggest 1.0, 2.0, or 10.0mM BAPN for the significant upregulation of collagen-
related genes, namely COL1A1, COL1A2, BMP-1, and POST. Cell proliferation data
would caution against exposure to 10.0mM BAPN for risk of a continued decrease
in cellular metabolic activity with longer culture periods required for type I colla-
gen accumulation. For these reasons, characterization of type I collagen produced
in vitro with exposure to 1.0mM or 2.0mM BAPN would be advantageous in future
studies. Future protein level expression studies would also help elucidate the corre-
lation between the mRNA expression response found in this study and translation

outcomes.

3.6 Conclusions

In conclusion, genes encoding type I collagen and enzymatic crosslinking steps
were upregulated with exposure to BAPN suggesting a mechanism of compensation
in response to the reduction in active LOX available to initiate enzymatic crosslinking.
The unpredicted positive influence of BAPN dosage on cell proliferation early in the
osteoblast differentiation process highlighted the need for more thorough study of
influences on osteogenic markers in the presence of the BAPN compound and its

complex interactions with LOX, BMP-1, and POST.
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4. EFFECTS OF SUBSTRATE STRAIN ON TYPE I
COLLAGEN PROPERTIES AND CROSSLINKING IN
THE PRESENCE OF f~AMINOPROPIONITRILE

4.1 Abstract

Enzymatic crosslinking stabilizes the fibrillar structure of type I collagen and can
be interrupted by irreversible binding of the lysyl oxidase (LOX) enzyme by the lath-
yritic agent beta-aminopropionitrile (BAPN). Results from the dose-dependent study
described in chapter 4 demonstrated a dose-dependent effect on genes encoding type
I collagen, COL1A1 and COLI1A2, and those involved in collagen crosslinking includ-
ing LOX, bone morphogenetic protein-1 (BMP-1), and periostin (POST'). Mechanical
loading is known to impact osteoblast behavior and even compensate for changes in
type I collagen morphology resulting from BAPN-mediated enzymatic crosslinking
inhibition [137]. The objective of the present investigation was to characterize the
collagen produced in vitro after MC3T3-E1 exposure to 2.0mM BAPN and explore
changes to its properties under continuous cyclical loading using applied substrate
strain. The impact of mineralization was also evaluated for its influence on mature
and immature enzymatic crosslinking.

Osteoblasts were cultured in complete media and differentiated using ascorbic
acid 2-phosphate in the presence or absence of 2.0mM BAPN. Cells used in crosslink-
ing experiments were further differentiated using mineralization media containing
10mM p-glycerophosphate. The study design included four groups to compare the
effects of BAPN treatment and mechanical loading: (1) control-static, (2) control-
load, (3) BAPN-static, (4) BAPN-load. Atomic force microscopy (AFM) was used to
execute AFM-based nanoindentation to extract elastic properties of the collagen ma-

trix, Fourier Transform infrared spectroscopy was used to assess collagen secondary
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structure for enzymatic crosslinking analysis, and quantitative reverse transcription
polymerase chain reaction was used to quantify mRNA expression. Results showed a
higher indentation modulus in samples treated with BAPN and loaded compared to
control samples under load. Mechanical loading increased the 1660cm~! to 1690cm—*
peak area ratio (mature and immature crosslinks, respectively) and peak height ratio
in control samples, and BAPN treatment increased the height ratio in static samples.
BAPN upregulated BMP-1 in static samples and BAPN combined with mechanical

loading downregulated LOX when compared to control-static samples.

4.2 Introduction

As a composite material, bone is made up of an inorganic hydroxyapatite min-
eral phase, a proteinaceous organic phase, and water. Type I collagen is the most
abundant protein in the human body [102] and makes up 90% of the organic phase.
Hydroxyapatite and collagen both contribute to bone mechanical properties: hydrox-
yapatite provides compressive strength and stiffness while collagen provides tensile
strength and ductility [22,103,104]. Property changes in either phase can impact bulk
mechanical properties of the tissue and bone structure and can compromise structural
and functional integrity.

Mature osteoblasts are responsible for synthesizing type I collagen in bone as a
right-handed helical structure formed from three polypeptide chains of amino acids.
Each chain is a left-handed helix with repeating Gly-X-Y triplets where Gly is glycine,
X is usually proline, and Y hydroxyproline [5,110]. Two of these polypeptide chains
are a1 helices and one is an a2 helix forming a triple-helix type I collagen molecule.
Once formed, N and C terminal ends are cleaved by proteinases, leaving mature
collagen molecules. These molecules self-assemble in-line into microfibrils, then in
parallel into arrays, and finally into three-dimensional fibrils.

Collagen fibrils are stabilized within their staggered array by intramolecular and

intermolecular crosslinks [6,7,112]. Enzymatic crosslink formation is initiated by
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lysyl oxidase (LOX) when telopeptide precursors convert to telopeptide aldehydes
which in combination with other precursors form covalent chemical crosslinks [7,10].
Some of these crosslinks mature to their trivalent form as pyridinolines (i.e. HP,
hydroxypyridinoline) and pyrroles. Compounds like S-aminopropionitrile (BAPN)
limit crosslink formation by irreversibly binding to the LOX active site and preventing
LOX from catalyzing aldehyde formation necessary to form new crosslinks and mature
pre-existing immature ones.

In addition to synthesizing collagen, osteoblasts also interact with osteoclasts and
osteocytes to carry out bone modeling and remodeling processes in response to their
mechanical environment [59]. Because of this role in bone development, it is important
to examine the osteoblast response to mechanical loading, and its effects on structural,
biochemical, and mechanical properties of the secreted collagen matrix. Exercise has
been found to have positive effects on bone structure and strength [148, 149] and
mechanical loading of diseased bone has been shown to have compensatory effects
on collagen properties [116,137]. The effects of mechanical loading on the proper-
ties of collagen produced in wvitro by osteoblasts have yet to be explored, much less
characterized.

BAPN has been shown to modify nanoscale properties, morphology, and crosslink-
ing of type I collagen produced by osteoblasts in vitro [111], but has not been evalu-
ated for its effect on collagen mechanical properties nor has mechanical loading been
explored for its potential compensatory effect on diseased collagen. It was hypoth-
esized that BAPN-mediated inhibition of collagen crosslinking would (1) alter the
elastic properties of type I collagen, (2) inhibit the formation of mature enzymatic
crosslinks, and (3) upregulate BMP-1, POST, COL1A1, and COL1A2. Mechanical
loading was hypothesized to influence properties impacted by BAPN treatment.
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4.3 Materials and Methods
4.3.1 Cell culture

MC3T3-E1 Subclone 4 (ATCC" CRL-2593) murine preosteoblasts were obtained
from the American Type Culture Collection (ATCC, Manassas, VA) and cultured in
proliferation medium composed of & minimal essential medium (a-MEM) (Life Tech-
nologies, Carlsbad, CA), 10% fetal bovine serum (FBS) (GIBCO, Carlsbad, CA),
0.5% penicillin/streptomycin (GIBCO, Carlsbad, CA), and 1% L-glutamine (Hy-
clone, Logan, UT). MC3T3-E1 differentiation control medium consisted of prolifera-
tion medium supplemented with 50ug/ml ascorbic acid 2-phosphate (Sigma Aldrich,
St. Louis, MO) and differentiation experimental medium was additionally supple-
mented with 2.0mM BAPN (Sigma Aldrich, St. Louis, MO) for crosslink inhibition
experiments. For collagen crosslinking analysis, mineralization medium was made
by supplementing both the control and BAPN differentiation media with 10mM f-
glycerophosphate (EMD Millipore, Danvers,MA).

The cells were cultured in T75 flasks and allowed to proliferate until reaching
80% confluence. Once confluent, the cells were seeded into 6-well plates with flexible
silicone bottoms coated with fibronectin to enhance adhesion for all of the experiments
presented here. After seeding, the medium was replaced and supplemented with
ascorbic acid to allow for differentiation and to promote collagen synthesis. A total
of four groups were considered for this study to investigate the effects of BAPN
treatment and mechanical loading: control-static, control-load, BAPN-static, BAPN-

load.

4.3.2 Mechanical loading

All cells were cultured in BioFlex® ProNectin 6-well culture plates coated with fi-
bronectin and specially designed to respond to cyclic substrate strain in vitro applied

by a Flexcell® FX-4000 computer-regulated vacuum pressure strain unit (Flexcell®
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International Corp., Burlington, NC). The unit applied a defined and controlled me-
chanical strain to samples in the control-load and BAPN-load groups by using si-
nusoidal negative vacuum pressure to deform the cell substrate. Control-static and
BAPN-static samples were simultaneously cultured in the same incubator and adja-
cent to the strain unit during the loading period.

Cells were cyclically loaded to 5% elongation at 3 cycles/min (10 seconds strain,
10 seconds relaxation; 0.2Hz frequency) continuously for 7 days with a pause at day 3
to change media. It is worth noting that a circular loading post (25mm in diameter)
was used to apply tension to the cell culture well which has been shown to result in
biaxial strain across the surface directly over the post and a relatively large radial
strain in the region in contact with the outer edge of the post [150]. One 7 day
loading experiment was run per assay for this investigation and the manufacturer-

recommended drying regimen was run between each 7 day loading period.

4.3.3 Quantitative reverse transcription polymerase chain reaction (qRT-

PCR)

Cells were seeded into four 6-well Bioflex plates (100,000 cells per well) and cul-
tured in differentiation media with or without BAPN. At the end of a 7 day loading
period, the media was removed from each well and replaced with 1mL of TRIzol
reagent (Invitrogen, CA). RNA isolation was performed using TRIzol reagent and
reverse transcription (RT) was carried out using a High Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA). An ABI 7500 Fast PCR ma-
chine was used to perform PCR with SYBR Green primers and under the Standard
thermal cycling mode modified for PowerUp SYBR Green PCR master mix (Life
Technologies, Carlsbad, CA). Primers were chosen for target genes encoding type I
collagen ol (COL1A1), type I collagen o2 (COL1A2), LOX, BMP-1, POST, as well
as reference gene 18s RNA (185).
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Each sample/gene combination was run in triplicate and RNAse-free water was
used as the no-template control. mRNA expression levels of the triplicates were aver-
aged. Following an efficiency-calibrated mathematical model [126], mRNA expression
levels for each sample/target gene were averaged and compared to the control group

using the REST® program [127].

4.3.4 Fourier transform infrared (FTIR) spectroscopy

Using the same experimental methods described above, another set of experiments
was performed to analyze the secondary structure of type I collagen using FTIR. Cells
were seeded into four 6-well BioFlex plates (one per experimental group) at a density
of 80,000 cells per well and cultured in mineralization media with or without BAPN.
Following 7 days of mechanical loading, the plates were cultured for another 21 days
under static conditions to allow time for collagen deposition and mineralization. In
preparation for FTIR data collection, media was removed and plates were rinsed four
times with sterile milli-Q water. Samples were left hydrated overnight for the matrix
to lift off of the substrate. Matrix samples were carefully transferred from their wells
to barium fluoride windows using a cell scraper and rubber-coated tweezers, and
air-dried.

FTIR spectroscopic analysis was performed using a Nicolet iN 10 infrared mi-
croscope (Thermo Fisher Scientific, Waltham, MA). A water vapor background was
collected and subtracted from sample data as they were acquired. Data were col-
lected from the samples at room temperature at a spectral resolution of 4cm~!. The
amide I and amide IT regions (~1400-1800cm ™) were baseline corrected according to
published standards [128,129] using OriginPro 2018 (OriginLab, Northampton, MA).
Second derivative analysis was used to resolve underlying peaks within these regions
and each spectrum was curvefit with Gaussian peaks using GRAMS/AI (Thermo
Fisher Scientific, Waltham, MA). The results from the converged peak fitting were

expressed as peak position, percentage area of the peak relative to the area underneath
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the fitted curve, and peak height. This investigation focused on peaks corresponding
to positions at ~1660cm™—! and ~1690cm ™!, shown to be correlated to mature (HP,

hydroxylysylpyridinoline) and immature crosslinks, respectively [120,121, 130, 131].

4.3.5 Atomic force microscopy (AFM)-based indentation

In order to analyze elasticity of the type I collagen matrix, cells were seeded in
four 6-well BioFlex plates (one per experimental group) as described in the FTIR
methods above. The loaded groups were loaded as described above for a period of 7
days. The cells were then cultured for an additional 7 days under static conditions and
in proliferation medium prior to data collection. Prior to indentation, one well /sample
per group was prepared through rinsing three times with phosphate-buffered saline
(PBS). At this point the PBS was aspirated and the well’s silicone membrane was cut
out using a disposable scalpel blade and carefully transferred to a 60mm dish. About
3mL of PBS was then added to the 60mm dish in order to maintain sample hydration
during indentation. After one sample from each group was indented, another set of
samples was prepared.

Multiple locations within each dish were indented in fluid and at room temperature
(~24°C) with a Bioscope Catalyst AFM (Bruker, Santa Barbara, CA) in contact
mode using a single calibrated bead AFM probe (Novascan Technologies, Boone, TA).
This gold-coated silicon nitride probe had an attached borosilicate glass bead (5um in
diameter and spring constant of 0.065N/m). Before indenting, the probe was pushed
onto a glass surface and the cantilever deflection was used to measure the probes
deflection sensitivity (nm/V). The AFM is mounted on a Leica DMI3000 inverted
microscope (Leica Biosystems Inc., Buffalo Grove, IL) which allowed collagenous
areas of interest to be identified. Indentations were made to a trigger force of 1nN at
a speed of 0.5Hz and force-separation curves were acquired. On average, 7-10 areas
were indented per sample for a total of 22-39 indents per group. A linear baseline

correction was applied to the retraction curve and the reduced elastic modulus was
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fit for each unloading curve for roughly 15% to 70% of the maximum force using the

Hertz model of elastic contact as reported by our group elsewhere [43].

4.3.6 Statistical analysis

Anderson-Darling tests were used to detect indentation modulus distribution dif-
ferences between each group.

The amide I peak area ratios, peak height ratios, and peak heights were tested for
main effects of BAPN treatment and mechanical loading using a two-way ANOVA
followed by a Tukey multiple comparisons test using GraphPad Prism version 7.04
for Windows (GraphPad Software, La Jolla, CA).

Differences in mRNA expression between control-static samples and each of the
other three groups (control-load, BAPN-static, BAPN-load) using the REST® pro-
gram in group means for statistical significance by using a Pair Wise Fixed Allocation
Random Test .

A value of p<0.05 was considered significant for all experiments.

4.4 Results
4.4.1 qRT-PCR of cellular gene expression

All mRNA expression data was analyzed with respect to the control-static group.
LOX was significantly downregulated in the BAPN-load group with respect to the
control-static group (p=0.019). BMP-1 was seen to significantly increase with BAPN
treatment when comparing BAPN-static and control-static groups (p=0.029)(Table
5.1).
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Table 4.1.
Fold changes in mRNA expression in all samples relative to the control-
static group (n=4). *Indicates statistically significant changes (p<0.05).

Target Gene Control-Load BAPN-Static BAPN-Load

LOX 0.743 0.707 0.593*
BMP1 s L3 1264
posT 1639 s 1272
coLiAl e 1032 0978
coLiaz R o 1075

4.4.2 Amide I crosslinking from FTIR spectra

Areas of interest for crosslinking analysis were identified using the infrared mi-
croscope and data acquired from a minimum of five locations per sample. These
five spectra were fit for underlying peaks and the results averaged to equal an n of
1. Spectra were collected from as many samples as possible though challenges arose
during sample preparation and some samples became suboptimal for data collection.
This resulted in sample size variation among groups: control-static, n=6; control-
load, n=4; BAPN-static, n=6; BAPN-load, n=>5. Peak fitting in the amide I region
resulted in consistent peaks around 1688cm~! and 1661cm~! and were considered to
be representative of HP and immature crosslinks, respectively.

Statistical analysis found a significant interaction between treatment and loading
(p=0.0244) for the 1660:1690 peak area ratio (data not shown). Post-hoc analysis
showed a significant increase in control-load versus control-static samples (p=0.0188).
An interaction was also found for the 1660cm™! peak area (p=0.0014) and post-hoc
analysis found a significant increase in control-load relative to control-static sam-
ples (p=0.0132), and a decrease in BAPN-load compared to control-load samples
(p=0.0163). In analyzing the ratio between amide I peak heights, a significant in-
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teraction (p=0.0006) was also detected. Post-hoc analyses indicated a significant
increase when comparing control-static samples to both control-load (p=0.0135) and

BAPN-static (p=0.0012) samples (Fig. 4.1).
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Fig. 4.1. Scatter plot of height ratio data (mean + standard devi-
ation). An increase in the ratio of 1660cm™" to 1690cm™! peak height is
evident in control-static and BAPN-load relative to control-static. Signif-
icant differences are indicated by black bars between groups accompanied
by p-values.

While a treatment-load interaction was discovered during analysis of the 1660cm ™1
and 1690cm ™! peak heights (p=0.0074), the post-hoc test did not reveal any signifi-
cant differences in peak height comparisons across groups. However, there was a trend
towards an increased 1660cm ' peak height in the control-load group compared to

the control-static group (p=0.0827).

4.4.3 Elastic modulus from AFM indentation

Indentation was performed in each sample at as many locations as possible but
identifying areas and acquiring indentation data from BAPN samples proved more

challenging than with control groups. This was likely due to a difference in adhesion
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due to the presence of BAPN, and led to differences in sample size and number of
indents: control-static, n=5; control-load, n=4; BAPN-static, n=4; BAPN-load, n=3.
The BAPN-static group was found to have the highest mean indentation modulus at
0.251 £ 0.031kPa and caused a significant increase relative to control-static samples
at 0.239 £ 0.032kPa (p=0.0499) (Fig. 4.2). Mechanically loaded control samples
had a mean modulus value of 0.216 £+ 0.025kPa, which trended downward relative
to static control samples (p=0.0882) (Fig. 4.3). There was no discernible difference
between control-static and BAPN-load groups (0.231 + 0.011kPa).
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Fig. 4.2. Boxplot representation of the spread of indentation mod-
ulus data. An increase in mean indentation modulus is evident in the
BAPN-static samples relative to control-load samples, as is the similar-
ity between the control-static and BAPN-load groups. Mean values are
marked by the diamond marks on the boxplots.
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Fig. 4.3. Cumulative distribution function representation of in-
dentation modulus data. There is a clear shift towards a (a) higher
indentation modulus in the BAPN-static group relative to the control-
load group and (b) lower indentation modulus in the control-load group
relative to control-static.

4.5 Discussion

It was hypothesized that BAPN would upregulate BMP-1, POST, COL1A1, and
COL1A2 in accordance with results from the dose-dependent BAPN study described
in chapter 4. This trend was consistent in this study when comparing the BAPN-
static group to the control-static group; however, upregulation of BMP-1 was the
only significant outcome. This upregulation of BMP-1 in the presence of BAPN sup-
ports a compensatory mechanism to increase the conversion of the LOX precursor
to its active form capable of initiating enzymatic crosslinking. Mechanical loading
was also found to upregulate BMP-1 in both control and BAPN groups, though not
significantly. However, loading did appear to mitigate the effect of BAPN on BMP-1
expression, as evidenced by the lack of an effect in the BAPN-load group. The ef-
fect of loading was also clearly seen in the significant downregulation of LOX with
BAPN treatment relative to static controls, as it caused more pronounced downregu-
lation than its BAPN-static counterpart. In addition, loading alone did not produce

an effect on the gene regulation as evidenced by no differences in mRNA expres-
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sion between control-load and control-static samples. This decrease in LOX, under
loaded conditions, suggests that the strain experienced by the osteoblasts negatively
impacted the availability of the LOX precursor, thereby limiting the availability of
activated LOX and potential for enzymatic crosslinking.

Second derivative analysis of the type I collagen FTIR spectra revealed underlying
peaks corresponding to HP and immature crosslinks. Part of our hypothesis stated
that BAPN would inhibit the formation of mature enzymatic crosslinks. Treatment
with BAPN increased the mature/immature peak height ratio in static samples and
caused a decline in HP peak area in loaded samples. This BAPN-mediated decrease
in mature crosslinking was consistent with a past study [111] although in loaded
rather than static conditions. Taking both of these cases together, BAPN inhibition
of enzymatic crosslinking via LOX inhibition was confirmed by the decrease in the
peak area corresponding to mature crosslink HP, regardless of mechanical loading.
When considering the effect of loading on collagen crosslinking, loading was found to
increase the mature/immature peak area ratio in control samples, a change driven by
a significant increase in the HP peak area. It also was shown to mitigate the effects
seen with BAPN-control samples. Under normal circumstances (absent BAPN LOX
inhibition), mechanical loading has a positive influence on enzymatic crosslinking
verified through increases in the HP peak area, mature/immature area ratio, and
mitigative effects on BAPN inhibition.

Our hypothesis also stated that BAPN-mediated inhibition of collagen crosslinking
would impact the elastic properties of type I collagen. An upward trend in modulus
for BAPN samples compared to controls led to a significant increase in modulus in
BAPN-static conditions relative to control-load conditions. Because of the interac-
tion between both BAPN and loading, interpretation of the influence of either effect
would benefit from further exploration. However, we can conclude that BAPN did not
have a similar significant effect relative to the Control-Load under Loaded conditions
which points to loading having a mitigative effect on BAPN-mediated changes to
elastic modulus. While BAPN did not have a clear broad effect on collagen elasticity,
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it impacted enzymatic crosslinking as noted above, suggesting that crosslinking along
the length of the collagen fibril may not be as influential to the elastic modulus as
measured here using AFM-based indentation. This possibility could be explored in
future studies by using alternative and perhaps creative methods. One might involve
modifying the Flexcell loading regimen to hold a defined well pressure for a deter-
mined period of time and calculate the substrate strain applied at that pressure. The
indentation data showed a downward trend in modulus for loaded samples compared
to static samples suggesting the cyclic strain applied to the cell substrate began to
hinder formation of a stabilized collagen matrix. While the change was not signif-
icant, the proposed mechanism is substantiated by the observed decrease in LOX
described above. Future experiments might consider a decreased applied substrate

stretch, modified loading frequency, or decreased loading period.

4.6 Conclusion

In conclusion, BAPN-mediated lysyl oxidase inhibition impacted mRNA expres-
sion of BMP-1 and LOX, influenced mature collagen crosslinking under static condi-
tions, and had an interactive effect with loading on indentation modulus. Changes to
the BMP-1 expression appeared compensatory in nature and likely impacted the ac-
tivated lysyl oxidase available to initiate enzymatic crosslinking. Mechanical loading
increased mature/immature peak area ratios and BAPN increased mature/immature
peak height ratios in static controls. Finally, an interaction between loading and
BAPN treatment influenced collagen elasticity warranting further investigation. In
each characterization, mechanical loading was found to have a mitigative effect on

BAPN-mediated inhibition.
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5. SUMMARY

This dissertation has highlighted the importance in understanding changes to the
type I collagen matrix as a result of disease or in response to mechanical loading as
it performs multiple functions critical to the musculoskeletal system while manifest-
ing complex properties that transcend levels of bone hierarchy. In wvitro osteoblast
cultures were exposed to the S-aminopropionitrile (BAPN) compound introduced in
order to prompt a reduction in enzymatic crosslinking of the synthesized type I col-
lagen matrix. This reduction results from irreversible binding of BAPN to the lysyl
oxidase enzyme responsible for catalyzing enzymatic crosslink formation. Alteration
of this post-translational modification step was studied for its effect on structural,
biochemical, and mechanical properties. In addition, this dissertation evaluates the
potential for mechanical loading, via substrate strain, to influence properties affected
by reduced enzymatic crosslinking.

Type I collagen was synthesized in the Chapter 2 study under osteoblast exposure
to a low concentration of BAPN. This concentration was found to affect type I collagen
morphology as well as secondary structure. Reduced enzymatic crosslinking led to an
increase in collagen D-spacing and decrease in the proportion of mature to immature
crosslinks. These changes occurred despite no response in expression of genes related
to type I collagen synthesis, which prompted the investigation described in chapter
3.

Chapter 3 evaluated the potential for a dose-dependent response to BAPN, as-
sessed by gene expression quantification and a cell proliferation assay. Osteoblast
proliferation over a three day period increased as BAPN concentration increased, and
multiple genes involved in lysyl oxidase activation and collagen synthesis were up-

regulated in the presence of high BAPN concentrations. These results encouraged



64

further characterization of collagen at a high BAPN concentration as described in
chapter 4.

Along with further characterization of osteoblast-synthesized collagen, chapter
4 also aimed to introduce mechanical loading via substrate strain to explore its po-
tential for altering the effects seen by the BAPN-mediated inhibition of enzymatic
crosslinking. The higher BAPN concentration used for this investigation caused a
decrease in the ratio of mature to immature crosslinking in static samples much like
the low concentration did in the chapter 2 study. Mechanical loading was found to
increase this ratio in the absence of BAPN. Finally, the lysyl oxidase gene was down-
regulated while the gene encoding its activator, bone morphogenetic protein-1, was
upregulated in response to BAPN. BAPN-mediated enzymatic crosslink reduction
and mechanical loading were found to have an interactive effect on elastic modulus
of the collagen matrix which motivates future studies. Mechanical loading was found
to lessen the extent of any BAPN-mediated changes to enzymatic crosslinking, bone
morphonenetic protein-1 expression, and collagen elasticity.

While the work in this dissertation contributed to addressing the gap of knowledge
surrounding the translation of type I collagen properties through bone hierarchy,
much remains to be explored. The purpose of continuing this work with the intent
to connect basic research to a clinically relevant application would be to highlight

opportunities for bone disease diagnoses before tissue-level function is compromised.
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