Calcified Tissue International (2019) 105:660-669
https://doi.org/10.1007/500223-019-00603-3

ORIGINAL RESEARCH q

Check for
updates

Substrate Strain Mitigates Effects of B-Aminopropionitrile-Induced
Reduction in Enzymatic Crosslinking

Silvia P. Canelon’ - Joseph M. Wallace®?

Received: 16 May 2019 / Accepted: 21 August 2019 / Published online: 3 September 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Enzymatic crosslinks stabilize type I collagen and are catalyzed by lysyl oxidase (LOX), a step interrupted through
B-aminopropionitrile (BAPN) exposure. This study evaluated dose-dependent effects of BAPN on osteoblast gene expres-
sion of type I collagen, LOX, and genes associated with crosslink formation. The second objective was to characterize col-
lagen produced in vitro after exposure to BAPN, and to explore changes to collagen properties under continuous cyclical
substrate strain. To evaluate dose-dependent effects, osteoblasts were exposed to a range of BAPN dosages (0—10 mM) for
gene expression analysis and cell proliferation. Results showed significant upregulation of BMP-1, POST, and COLIAI and
change in cell proliferation. Results also showed that while the gene encoding LOX was unaffected by BAPN treatment,
other genes related to LOX activation and matrix production were upregulated. For the loading study, the combined effects
of BAPN and mechanical loading were assessed. Gene expression was quantified, atomic force microscopy was used to
extract elastic properties of the collagen matrix, and Fourier Transform infrared spectroscopy was used to assess collagen
secondary structure for enzymatic crosslinking analysis. BAPN upregulated BMP-1 in static samples and BAPN combined
with mechanical loading downregulated LOX when compared to control-static samples. Results showed a higher indenta-
tion modulus in BAPN-loaded samples compared to control-loaded samples. Loading increased the mature-to-immature
crosslink ratios in control samples, and BAPN increased the height ratio in static samples. In summary, effects of BAPN
(upregulation of genes involved in crosslinking, mature/immature crosslinking ratios, upward trend in collagen elasticity)
were mitigated by mechanical loading.
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Introduction compressive strength and stiffness while collagen provides

tensile strength and ductility [2—4]. Changes in either phase

As a composite material, bone is made up of an inorganic
hydroxyapatite mineral phase, a proteinaceous organic
phase, and water. Type I collagen is the most abundant
protein in the human body [1] and makes up 90% of the
organic phase. Hydroxyapatite and collagen both contrib-
ute to bone mechanical properties: hydroxyapatite provides
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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. Post-trans-
lationally, collagen fibrils are stabilized within their stag-
gered array by intramolecular and intermolecular crosslinks
[5-7]. Enzymatic crosslinks are initiated by the lysyl oxi-
dase (LOX) enzyme and eventually form covalent chemi-
cal crosslinks between collagen molecules and fibrils [6-8].
Crosslink synthesis can be limited by compounds such as
penicillamine and f-aminopropionitrile (BAPN), resulting in
a crosslink deficiency which characterizes a disease known
as lathyrism [9-11].
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The ability of LOX to initiate enzymatic crosslinking also
depends on direct or indirect interactions with other connec-
tive tissue proteins including bone morphogenic protein-1
(BMP-1), periostin (POST), and fibronectin [12-14]. LOX
is synthesized as an inactive precursor, pro-LOX, and acti-
vated through propeptide proteolytic cleavage carried out
by BMP-1. Maruhashi et al. found POST binds to BMP-1,
enhances proteolytic cleavage of pro-LOX, and promotes
the deposition of BMP-1 onto fibronectin in the extracel-
lular matrix. In addition, their results suggest increased
interactions between POST and fibronectin lead to increased
enzymatic crosslinking [13]. These relationships are further
complicated by interactions with fibronectin which have the
potential to impact the structure and function of type I col-
lagen (Fig. 1).

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 [15]. Because of this role in bone
development and maintenance, 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 [16, 17] and
mechanical loading of diseased bone has been shown to have
compensatory effects on collagen properties in the context of
BAPN-induced lathyrism [18, 19]. The effects of mechanical
loading on the properties of collagen produced in vitro by
osteoblasts have yet to be explored, much less characterized.

While BAPN has been shown to modify nanoscale
properties, morphology, and crosslinking of type I colla-
gen produced by osteoblasts in vitro [20], knowledge of its
direct effects on the osteoblast response is limited [21-23].
BAPN also has not been evaluated for its effect on collagen
mechanical properties nor has mechanical loading been
explored for its potential compensatory effect on diseased
collagen. Finally, BAPN provides an opportunity to take a

mechanistic approach to understanding the effect of enzy-
matic crosslink inhibition on type I collagen properties.
The purpose of 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, and to investi-
gate the influence of mechanical loading on properties
impacted by BAPN treatment. It was hypothesized that
(1) LOX and related genes would be upregulated by BAPN
exposure to compensate for the reduction in enzymatic
crosslinking; (2) osteoblast proliferation would have a
dose-dependent negative response to BAPN exposure; (3)
reduced crosslinking would alter the elastic properties of
type I collagen; and (4) mechanical loading would benefi-
cially influence properties impacted by BAPN treatment.

Materials and Methods
Cell Culture

Calvarial osteoblasts were chosen for this study for their
similarity to periosteal osteoblasts which experience sub-
strate strain induced by mechanical loading. MC3T3-El
Subclone 4 (ATCC® CRL-2593) murine preosteoblasts
were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA) and cultured in prolifera-
tion medium composed of o minimal essential medium
(a-MEM, Life Technologies, Carlsbad, CA), 10% fetal
bovine serum (FBS, GIBCO, Carlsbad, CA), 0.5% peni-
cillin/streptomycin (GIBCO, Carlsbad, CA), and 1% L-glu-
tamine (Hyclone, Logan, UT). MC3T3-E1 differentiation
control medium consisted of proliferation medium supple-
mented with 50 pg/mL ascorbic acid 2-phosphate (Sigma
Aldrich, St. Louis, MO). Differentiation medium was also
supplemented with BAPN (Sigma Aldrich, St. Louis, MO)
for crosslink inhibition experiments.

Collagen
Fibril

1 enzymatic
" T crosslinking
Po-- == 1
POST BMP-1 = pro-LOX LOX BAPN
[ 4
Fibronectin propeptide cleavage

Fig.1 Complex interactions impacting LOX activation and colla-
gen crosslinking. LOX activation is dependent on POST and BMP-1
function and its activated form can be irreversibly bound by BAPN,
preventing intra- and intermolecular enzymatic crosslink formation.
Black boxes and arrows represent the process of LOX activation

leading to enzymatic crosslink initiation, blue links represent bind-
ing between two components, and the red segment between LOX and
BAPN represents the pair’s inhibitory effect on crosslinking. POST,
BMP-1, and pro-LOX all bind to fibronectin
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BAPN Dosage Study

Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)

Cells were seeded into six polystyrene 6-well plates
(500,000 cells per well), one of them a control plate with-
out BAPN and the remaining five each treated with 0.25,
1, 2,5, or 10 mM BAPN (n=35 per group). Media was
changed every 2-3 days. At the end of a 7-day differentia-
tion period, the medium was removed from each culture
dish and replaced with 1 mL of TRIzol reagent (Invit-
rogen, 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 Technolo-
gies, Carlsbad, CA). Primers were chosen for target genes
encoding type I collagen al (COLIAI), type I collagen a2
(COLIA2), LOX, BMP-1, POST, as well as reference gene
18s RNA (/8S) (Table 1) [24].

Each sample/gene combination was run in triplicate and
water was used as the no-template control. mRNA expres-
sion levels of the triplicates were averaged. Following an
efficiency-calibrated mathematical model [25], mRNA
expression levels for each sample/target gene were aver-
aged and compared to the control group using the REST®
program [26]. The program calculates relative expression
ratios using Eq. 1 and employs randomization tests to
obtain a level of significance.

ACT ¢ (Control—Sample)
(ETa:get) Tareet

Ratio = (Egep) ACTg,¢(Control—Sample) M
(S

Emyree and Eggg 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.

Table 1 Gene primer sequences

Cell Proliferation Assay

Cells were seeded into three 96-well plates (5000 cells per
well), corresponding to BAPN treatment periods of 24, 48,
and 72 h. Within each plate, cells were seeded into 8 col-
umns, one of them with control wells and the remaining
seven each treated with 0.125, 0.25, 0.5, 1, 2, 5, or 10 mM
BAPN (n=>5 per group). The CellTiter 96° AQ,,,, 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 h. At the end of each treatment period, 20 pL of CellTiter
96® One Solution Reagent was added to each well according
to the manufacturer’s instructions and the plate was incu-
bated for 2 h. The absorbance was then read at 490 nm using
an ELx800 microplate reader (BioTek, Winooski, VT) to
measure the soluble formazan produced from the cellular
reduction of the reagent’s tetrazolium compound, a meas-
urement directly proportional to the number of living cells
in culture.

Mechanical Loading Study

The results from the dose-dependent study informed the
mechanical loading experiments and a concentration of
2.0 mM BAPN was chosen for the remainder of the experi-
ments. All cells were seeded into BioFlex® 6-well culture
plates coated with fibronectin (ProNectin) to enhance adhe-
sion, and cultured in the presence or absence of BAPN. After
seeding, the proliferation medium was replaced with dif-
ferentiation medium to promote collagen synthesis. A total
of four groups cultured simultaneously were considered for
this study to investigate the effects of BAPN treatment and
mechanical loading: control-static, control-load, BAPN-
static, BAPN-load.

Loading Regimen
The BioFlex® plates were specially designed to respond

to cyclic substrate strain in vitro applied by a Flexcell®
FX-4000 computer-regulated vacuum pressure strain unit

Full name

Forward sequence (5'-3")

Reverse sequence (5'-3")

Collagen type I ol (COL1A1)

Collagen type I a2 (COL1A2)

Lysyl oxidase (LOX)

Bone morphogenetic protein-1 (BMP-1)
Periostin (POST)

18s rRNA (18s)

GCAACAGTCGCTTCACCTACA
CAGAACATCACCTACCACTGCAA
TACTCCAGACTCTGTGCGCT
CTTCCCTCAATCACCCAGACT
GGAATTCGGCATTGTGGGAGCCACTACC

GTAACCCGTTGAACCCCATT

CAATGTCCAAGGGAGCCACAT
TTCAACATCGTTGGAACCCTG
GGACTCAGATCCCACGAAGG
TAAAGATTAGGGACACCGGCTA

GGTCGACTCAAATTTGTGTCA
GGACACGGTC

CCATCCAATCGGTAGTAGCG
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(Flexcell® International Corp., Burlington, NC). The unit
applied a defined and controlled mechanical strain to sam-
ples in the control-load and BAPN-load groups by using
sinusoidal negative vacuum pressure to deform the cell sub-
strate. Control-static and BAPN-static samples were simul-
taneously cultured in the same incubator and adjacent to the
strain unit during the loading period.

Cells were cyclically loaded to 5% elongation at 3 cycles/
min (10 s strain, 10 s relaxation; 0.2 Hz frequency) continu-
ously for 7 days with a pause at day 3 to change media. It is
worth noting that a circular loading post (25 mm in diam-
eter) 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 [27]. One
7-day loading experiment was run per assay for this investi-
gation and the manufacturer-recommended drying regimen
was run between each 7-day loading period.

qRT-PCR

Cells were seeded into four 6-well Bioflex® plates (one plate
per experimental group) at a density of 80,000 cells per well.
Cells were cultured with or without mechanical loading in
differentiation media, with or without BAPN supplementa-
tion. Differentiation medium was made by supplementing
media with 50 pg/mL ascorbic acid 2-phosphate (Sigma
Aldrich, St. Louis, MO). Gene expression analysis was car-
ried out as described previously.

Fourier Transform Infrared Spectroscopy (FTIR)

Using the same experimental methods described above,
another experiment was performed to analyze the secondary
structure of type I collagen using FTIR. Cells were seeded
into four BioFlex plates, as described in the qRT-PCR meth-
ods above, and cultured in differentiation media with or
without BAPN. Following 7 days of mechanical loading, the
plates were cultured for 21 additional days under static con-
ditions to allow time for collagen deposition and maturation.
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 to allow the matrix to
lift off the substrate. Matrix samples were carefully trans-
ferred 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 microscope (Thermo Fisher Sci-
entific, Waltham, MA). A water vapor background was
collected and subtracted from sample data as they were
acquired. Data were collected from the samples at room
temperature at a spectral resolution of 4 cm~!. The amide
I and amide II regions (~ 1400-1800 cm™!) were baseline

corrected according to published standards [28, 29] 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 Scien-
tific, Waltham, MA). The results from the converged peak
fitting were expressed as peak position, percentage area of
the peak relative to the area underneath the fitted curve,
and peak height. This investigation focused on peaks cor-
responding to positions at ~ 1660 cm™! and ~ 1690 cm™!,
shown to be correlated to mature (HP, hydroxylysylpyri-
dinoline) and immature crosslinks, respectively [22, 23,
30, 31].

Atomic Force Microscopy (AFM)-Based Indentation

In order to analyze elasticity of the type I collagen matrix,
cells were seeded in four BioFlex plates as described in the
gRT-PCR methods above. The loaded groups were loaded
as described earlier for a period of 7 days. The cells were
then cultured for an additional 7 days under static condi-
tions and in differentiation medium prior to data collec-
tion. Prior to indentation, one well/sample per group was
prepared by 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 60-mm petri
dish. PBS was then added to the 60-mm dish in order to
keep the sample hydrated during indentation. After one
sample from each group was indented, another set of sam-
ples from each group 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 (Novas-
can Technologies, Boone, TA). This gold-coated silicon
nitride probe had an attached borosilicate glass bead (5 pm
in diameter and spring constant of 0.065 N/m). Before
indenting, the probe was pushed onto a glass surface and
the cantilever deflection was used to measure the probe’s
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 0.5 Hz and force—sepa-
ration 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 fit for each
unloading curve for roughly 15-70% of the maximum
force using the Hertz model of elastic contact as reported
by our group elsewhere [32].
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Statistical Analysis
BAPN Dosage

Differences in mRNA expression between control and
BAPN-treated samples were assessed for statistical signifi-
cance in group means by using a Pair Wise Fixed Allocation
Random Test®in the REST® program.

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 comparisons 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.

Mechanical Loading

Differences in mRNA expression between control-static
samples and each of the other three groups (control-load,
BAPN-static, BAPN-load) were assessed for statistical sig-
nificance using the REST® program as described above.
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 ver-
sion 7.04 for Windows (GraphPad Software, La Jolla, CA).
Anderson—Darling tests were used to detect indentation
modulus distribution differences between each group.

Results
BAPN Dosage Study
gRT-PCR of Cellular Gene Expression

Significant upregulation of BMP-1, POST, COLIAI,
COLIA2 was observed with exposure to various BAPN con-
centrations. Significant upregulation was noted at all con-
centrations for BMP-1, concentrations greater than 0.25 mM
for POST, and 1.0 mM, 2.0 mM, and 10.0 mM BAPN for

COLIAI and COLIA2 (Table 2). LOX was upregulated at
1.0, 5.0, and 10.0 mM though not to a statistically significant
degree.

Cell Proliferation Assay

The cell proliferation results showed a trend of increased
proliferation with increasing BAPN concentration at all
three time points followed by a decline in proliferation at
10.0 mM. The decline in proliferation was more pronounced
at the 48-h and 72-h time points (Fig. 2).

After 24 h of exposure to BAPN, a significant increase
in proliferation relative to the 0 mM BAPN control was
found for 1 mM (p=0.0240), 2 mM (p=0.0095), and 5 mM
(p=0.0231) concentrations. The same was true for 5.0 mM
BAPN (p=0.0276) at the 48-h time point, and for 0.25 mM
(»=0.0315) and 1.0 mM (p=0.0218) at the 72-h time point.

Mechanical Loading Study
Gene Expression Analysis

All mRNA expression data were 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 significantly increased with
BAPN treatment when comparing BAPN-static and control-
static groups (p =0.029, Table 3).

Amide I Crosslinking from FTIR Spectra

Areas of interest for crosslinking analysis were identified
using the infrared microscope and data were 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 per sample. Spectra were collected from
as many samples as possible though challenges arose dur-
ing sample preparation and some samples became sub-
optimal 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

Table 2 Fold changes in mRNA expression of BAPN-treated samples relative to controls

Target gene  0.25 mM 1.0 mM 2.0 mM 5.0 mM 10 mM

LOX 0.737 (0.625-0.969) 1.138 (0.880-1.508) 0.934 (0.716-1.255) 1.402 (1.065-1.761) 1.469 (1.178-1.809)
BMP-1 2.072 (1.506-2.902)*  2.705 (2.120-3.529)*  2.622 (1.861-3.814)*  2.212 (1.700-2.992)* 2.299 (1.762-3.093)*
POST 1.207 (0.616-2.274) 3.443 (1.716-6.963)*  4.407 (2.165-8.833)*  6.058 (3.328-11.738)*  10.468 (5.079-20.207)*
COLI1A1 1.327 (0.907-1.991) 1.835(1.202-2.892)*  2.179 (1.495-3.448)*  1.724 (1.056-2.736) 1.897 (1.311-2.988)*
COL1A2 1.517 (0.967-2.189) 1.652 (1.096-2.462)*  1.944 (1.335-3.075)*  1.395 (0.871-2.421) 1.892 (1.239-2.892)*

Fold changes reported with 95% confidence interval (n=3 for LOX, n=5 for all other targets)

*Indicates statistically significant changes (p <0.05)
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Fig.2 Cell proliferation as a function of BAPN dosage (n=5). Proliferation after a 24 h, b 48 h, and ¢ 72 h. Statistically significant changes rela-
tive to 0 mM BAPN controls indicated by *p <0.05 and **p <0.01

Table 3 Fold changes in mRNA
expression in all samples
relative to the control-static

Target gene

Control-load

BAPN-static

BAPN-load

0.743 (0.523-1.012)
1.17 (0.915-1.437)

1.639 (1.029-2.664)
1.162 (1.055-1.398)

0.707 (0.547-0.966)
1.334 (1.053-1.626)*
1.15 (0.725-1.661)
1.052 (0.908-1.243)

0.593 (0.440-0.777)*
1.264 (1.021-1.577)
1.272 (0.774-2.249)
0.978 (0.832-1.164)

LOX
group BMP-1
POST
COL1A1
COL1A2

1.1 (0.899-1.301)

1(0.812-1.221) 1.075 (0.867-1.414)

Fold changes reported with 95% confidence interval (n=4)

*Indicates statistically significant changes (p <0.05)

in the amide I region resulted in consistent peaks around
1661 cm™" and 1688 cm™! and were considered to be repre-
sentative 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 1660 cm™! peak area (p=0.0014) and post hoc anal-
ysis found a significant increase in control-load relative
to control-static samples (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 sig-
nificant interaction was also detected (p =0.0006). Post hoc
analyses indicated a significant increase in both control-load
(p=0.0135) and BAPN-static (p=0.0012) samples com-
pared to control-static samples (Fig. 3).

While a treatment—load interaction was discovered dur-
ing analysis of the 1660 cm™! and 1690 cm™! peak heights
(p=0.0074), the post hoc test did not reveal any significant
differences in peak height comparisons across groups. How-
ever, there was a trend towards an increased 1660 cm™! peak
height in the control-load group compared to the control-
static group (p=0.0827).

3...
L
=
&~ —1
5o 2- oFe
[<P]
an .
(]
A
g 11 p=00012 60135
= Control
BAPN
0 L] 1
e Static o Loaded

Fig.3 Scatter plot of height ratio data (mean +standard deviation).
An increase in the ratio of 1660-1690 cm™' peak height is evident
in control-static and BAPN-load relative to control-static. Significant
differences are indicated by black bars between groups accompanied
by p values

Elastic Modulus from AFM Indentation

Indentation was performed in each sample at as many
locations as possible but identifying areas and acquiring
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indentation data from BAPN samples proved more chal-
lenging than with control groups. This was likely due to a
difference in adhesion 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 +0.031 kPa and
BAPN caused a significant increase relative to control-load
samples at 0.239 +0.032 kPa (p =0.0499, Fig. 4). Mechani-
cally loaded control samples had a mean modulus value of
0.216+0.025 kPa, which trended downward relative to static
control samples resulting in a population distribution shift

towards lower modulus values (p =0.0882, Fig. 5). There
was no discernible difference between control-static and
BAPN-load groups (0.231+0.011 kPa).

Discussion

It was hypothesized that LOX and other genes relating to
collagen synthesis would be upregulated with increasing
BAPN dosage to compensate for the reduction in enzy-
matic crosslinking. Results confirmed this hypothesis for
multiple genes across a range of BAPN concentrations.

Fig.4 Boxplot representation of 0.45
the spread of indentation modu- p=0.0499
lus data. An increase in mean 0.40 4
indentation modulus is evident '
in the BAPN-static samples E
relative to control-load samples, 2 0.35
as is the similarity between the ]
control-static and BAPN-load = 030
=]
groups. Mean values are marked S
by the diamond marks on the = 0.25 | r'3
= O
boxplots ° 4
~—
]
= 020 4 J
D
<=
=
= 0.15 A
0.10 -
0.05
Control-Static Control-Load BAPN-Static BAPN-Load
(n=5, 33 indents) (n=4, 39 indents) (n=4, 22 indents) (n=3, 34 indents)
~ 100 —— 100
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g 80 :,- 80
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Indentation Modulus (kPa)

Fig. 5 Cumulative distribution function representation of indentation
modulus data. There is a clear shift towards a (a) higher indentation
modulus in the BAPN-static group relative to the control-load group
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BMP-1, POST, COLIAI, and COLIA2 were upregulated
at most dosage levels greater than 0.25 mM consistent
with findings elsewhere [23], POST expression specifically
increased in a dose-dependent manner. LOX remained
unaffected even at 10.0 mM BAPN which was roughly
70 x higher than the ~0.137 mM BAPN concentration used
in prior in vitro studies showing changes in collagen mor-
phology and crosslinking [20]. This indicates that factors
other than LOX expression regulated the structural changes
in response to BAPN noted in that study. It appears that
POST upregulation in the presence of BAPN could have
influenced BMP-1, as part of the LOX activation process.
However, Maruhashi et al. revealed no significant differ-
ence in BMP-1 expression between wild type (WT) and
periostin™'~ calvarial osteoblasts [13]. This supports the
theory that BAPN exposure rather than the POST upregu-
lation was the driving force for BMP-1 regulation in the
present study.

These regulatory effects on BMP-1 expression may have
caused the difference in extracellular availability of acti-
vated LOX versus the pro-LOX precursor responsible for
the structural and biochemical changes reported previously
[20]. Low levels of BAPN (0.25 mM) in the present study
caused significant upregulation of BMP-1 relative to control,
suggesting a compensatory effect to increase BMP-1-me-
diated processing of pro-LOX in response to BAPN expo-
sure. This effect is substantiated by the significant upregu-
lation of type I collagen genes, COLIAI and COLIA2, in
the presence of BAPN. The lowest BAPN concentration in
this study was roughly twice that previously used [20], so
further work would help determine whether the changes in
collagen morphology and crosslinking occur regardless of
any compensatory mechanism.

The second hypothesis of this study predicted osteoblast
proliferation would have a dose-dependent negative response
to BAPN exposure. The opposite effect was observed: pro-
liferation increased with BAPN concentration and declined
at the highest concentration of 10.0 mM, particularly after
48 and 72 h. These observations were not statistically sig-
nificant relative to 0 mM controls, which align with low
BAPN dose results found by Fernandes et al. [21]. Data col-
lection was also limited to a culture period of 3 days at the
end of which proliferation trended downward, particularly
at the highest concentration. MC3T3-E1 cells are known
to actively replicate during the initial development phase
between 1 and 9 days of culture [33], which suggests the
possibility of a temporary effect caused by BAPN-mediated
upregulation of early osteogenic genes not considered in this
study. The absence of a negative impact of BAPN on cell
proliferation supports the more complex mechanism-driven
theory alluded to earlier in the discussion of gene expres-
sion changes in response to BAPN treatment. More in-depth
analysis of dose-dependent relationships between different

BAPN dosages could help elucidate some of the underlying
complexity of the mechanisms involved.

The gene expression findings coupled with the cell pro-
liferation data encouraged exploration of how these effects
translate to type I collagen protein properties at concentra-
tions higher than those previously investigated [20]. The
gene expression data suggested the greatest changes in
collagen-related genes, namely BMP-1, POST, COLIAI,
and COLIA2, occur with exposure to 1.0, 2.0, or 10.0 mM
BAPN. Cell proliferation data cautioned against exposure to
10.0 mM BAPN for risk of a continued decrease in cellular
metabolic activity with longer culture periods required for
type I collagen accumulation. For these reasons, a BAPN
concentration of 2.0 mM was chosen for the mechanical
loading characterization experiments.

In the mechanical loading experiments, BAPN was
expected to upregulate BMP-1, POST, COLIAI, and
COLIA?2 in accordance with results from the dose-depend-
ent BAPN study. This trend was seen when comparing
the BAPN-static group to the control-static group, though
upregulation of BMP-1 was the only significant outcome.
This BMP-1 upregulation with BAPN exposure supports a
compensatory mechanism to increase conversion of the pro-
LOX precursor to its active LOX form capable of initiating
enzymatic crosslinking. BMP-1 was also upregulated by
loading in both control and BAPN groups, though not signif-
icantly. Loading did, however, 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 effect of loading
was also present in the significant downregulation of LOX
with BAPN treatment relative to static controls, as it caused
a more pronounced effect than its BAPN-static counterpart.
Loading alone was not found to regulate LOX because no
differences in mRNA expression were seen between control-
load and control-static samples. The downregulation of 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 the potential for enzymatic crosslinking. The focus
of this study was on LOX and future studies would benefit
from exploring these trends in other members of the family
of LOX and LOXL genes as well.

Second derivative analysis of the type I collagen FTIR
spectra revealed underlying peaks corresponding to mature
(HP) and immature crosslinks. Treatment with BAPN
increased the mature/immature peak height ratio in static
samples, consistent with similar findings elsewhere [22], and
caused a decline in HP peak area in loaded samples. This
BAPN-mediated decline in mature crosslinking was consist-
ent with a past study [20] although in loaded conditions of
this study 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
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peak area corresponding to mature crosslink HP, regard-
less of mechanical loading. Part of the hypothesis was that
mechanical loading would influence properties impacted
by BAPN treatment and 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.
Loading also appeared to mitigate the effects seen in 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.

To further evaluate the effect of mechanical loading on
collagen properties impacted by BAPN treatment, BAPN-
mediated inhibition of collagen crosslinking was assessed
for its potential to affect the elastic properties of type I colla-
gen. An upward trend in elastic modulus for BAPN samples
compared to controls was revealed along with a significant
increase in modulus in BAPN-static conditions relative to
control-load conditions. Because of the interaction between
both BAPN and loading, interpretation of the influence of
either effect would benefit from further exploration. How-
ever, we can conclude that BAPN did not have a similar
significant effect on modulus under loaded conditions,
which suggests loading has a mitigative effect on BAPN-
mediated changes to elastic modulus. While BAPN did not
have a clear broad effect on collagen elasticity, it impacted
enzymatic crosslinking as noted earlier, suggesting that
crosslinking along the length of the collagen fibril may not
be as influential to the transverse elastic modulus measured
using AFM-based indentation in this study. Furthermore,
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 significant, the proposed mechanism is substantiated
by the observed decrease in LOX discussed earlier.

As with any two-dimensional cell culture model of any
cellular environment, including that of osteoblasts, the
model used in this study is unable to fully capture the com-
plexity of its three-dimensional counterpart, much less the
hierarchical intricacies of in vivo bone formation. For this
reason, the investigation was approached from a mechanistic
perspective to elucidate the effect of enzymatic crosslink dis-
ruption on collagen properties and explore mechanical load-
ing via substrate strain for potential compensatory effects.

In conclusion, BAPN treatment resulted in significant
upregulation of genes involved in the enzymatic crosslink-
ing process, a dose-dependent response in osteoblast pro-
liferation, and an upward trend in collagen elasticity, while
mechanical loading was found to mitigate its effects, par-
ticularly relating to BMP-1 expression, mature/immature
peak height, and elastic modulus. Future experiments might

@ Springer

consider a decreased applied substrate stretch, modified
loading frequency, a decreased loading period, or less con-
stant loading with rest periods incorporated.
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