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Abstract

matrix mineralization.

Objectives: To study effects of the selective TrkA agonist, gambogic amide (GA), on fracture healing in mice and on an
osteoprogenitor cell line in vitro. Methods: Mice were given bilateral fibular fractures and treated for two weeks with vehicle
or 1 mg/kg/day GA and euthanized at 14-, 21-, and 42-days post-fracture. Calluses were analysed by micro-computed
tomography (UCT), three-point bending and histology. For RT-PCR analyses, Kusa O cells were treated with 0.5nM of
GA or vehicle for 3, 7, and 14 days, while for mineralization assessment, cells were treated for 21 days. Results: uCT
analysis found that 2 1-day GA-treated calluses had both decreased tissue volume (p<0.05) and bone surface (p<0.05) and
increased fractional bone volume (p<0.05) compared to controls. Biomechanical analyses of 42-day calluses revealed that
GA treatment increased stiffness per unit area by 53% (p<0.01) and load per unit area by 52% (p<0.01). GA treatment
increased Kusa O gene expression of alkaline phosphatase and osteocalcin (p<0.05) by 14 days as well as mineralization
at 21 days (p<0.05). Conclusions: GA treatment appeared to have a beneficial effect on fracture healing at 21- and 42-
days post-fracture. The exact mechanism is not yet understood but may involve increased osteoblastic differentiation and
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Introduction

Poor bone fracture healing is a common clinical problem
that severely affects the quality of life to patients, particularly
in the case of non-union (i.e., failure to join the broken bone
surfaces) which frequently necessitates surgery'=. Most
fractures heal successfully within 2 months, but delayed
and non-union fractures affect approximately 5-10% of all
patients worldwide®*#. However, there are few non-surgical
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options available to improve patient outcomes and avoid non-
union. One approach for identifying novel therapeutic agents
that improve healing is to investigate biological mechanisms
that underlie proper fracture union; such mechanisms include
re-establishment of adequate blood supply and innervation
of the fracture site!25%, In particular, it is notable that both
sensory and sympathetic innervation during fracture healing
improves both mineral callus composition and mechanical
strength®®. Nerve sprouting rapidly increases in the
periosteum and callus in early stages of fracture healing,
and several studies have shown that reduced fracture site
innervation result in significantly larger calluses that have
low bone mineral content and are consequently mechanically
weaker than calluses in appropriately innervated fractures® .
Accordingly, non-surgical treatments for fracture healing
that increase both bone formation and innervation may
improve bone healing and reduce the chance of delayed union
(or non-union) of fractured bone.
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Nerve growth factor (NGF) is a neurotrophin responsible
for growth and maintenance of sympathetic and sensory
neurons in the peripheral nervous system'?, and exerts its
effects via two receptors: the high-affinity/pro-growth and
survival receptor TrkA, or the low-affinity/pro-apoptotic
receptor, p75NTR'3'4. Several studies in rodents have
identified a beneficial role for NGF treatment in fracture
healing and distraction osteogenesis, showing that topical
administration of NGF increased sympathetic neurite
outgrowth, accelerated the transition of immature woven
bone to mature lamellar bone, increased mineralised bone
within healing callus and improved mechanical properties
of fractures'>'®. Additionally, during fracture healing, both
NGF and TrkA have been detected in skeletal cells, which
include bone-forming osteoblasts and osteoprogenitor cells
(precursor cells of osteoblasts) as well as cartilage-forming
chondrocytes?°22, Osteoblastic MC3T3-E1 cells in an in
vitro study also responded to NGF treatment with increased
migration and greater osteoblastic differentiation, indicated
by expression of alkaline phosphatase (ALP) and type 1
collagen®®. Taken together, these findings suggest that in
addition to promoting re-innervation of the fracture site, NGF
may directly promote bone formation and this may enhance
fracture healing.

While NGF has shown promise in pre-clinical studies, it
shows poor pharmacokinetic properties, which severely
limit its potential as a therapeutic agent. NGF is susceptible
to proteolytic degradation and has a short elimination half-
life (~2 h) following systemic administration®42¢. Therefore,
use of small, non-peptide neurotrophic mimetics may be a
superior approach. Gambogic amide (GA) is a non-peptide
molecule that has been shown to have selective high affinity
for TrkA receptors and is tolerated in vivo?2°, Systemic
administration of 2 mg/kg/day of GA in mice selectively
induced TrkA activation in hippocampal neurons, reduced
infarct size in a model of ischemic stroke and increased
neurite outgrowth in PC12 cells?”3°, However, to date, no
studies have investigated the potential of GA treatment on
fracture healing. Accordingly, we investigated the effects
of GA on the structural and mechanical features of healing
fractures in mice, and on osteoprogenitor cell differentiation
and mineralization in vitro.

Methods

Animals

Eighty C57BL/6 male mice were used throughout this
work and were supplied by the La Trobe University animal
breeding facility. Mice were sixteen weeks of age at time of
experimentation, were housed in groups of 4-5 during the
experiment under a 12 h light/dark cycle and had access to
food and water ad libitum. All experimental procedures were
approvedby the La Trobe University Animal Ethics Committee
(AEC-13-03 and AEC 15-73), were within the guidelines
of the Australian code of practice for the care and use of
animals for scientific purposes by the Australian National
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Health and Medical Research Council, and in compliance with
the ARRIVE guidelines for how to report animal experiments.

Experimental groups

All mice received bilateral fibular fractures. To assess the
effects of GA (1 mg/kg/day) on fracture healing, mice were
randomly assigned to receive DMSO-vehicle (controls) or GA
treatment. Treatment was subcutaneously delivered via mini-
osmotic pumps at a rate of 0.25 pl/h for 14 days. It has been
previously shown that intraperitoneal injections of GA at
doses ranging from 0.35-4 mg/kg/day resulted in increased
TrkA phosphorylation in both central>®*3' and peripheral®?
neural tissues. We found that the maximum possible soluble
dose of GA suitable for osmotic pump delivery was 1 mg/
kg/day. Animals from treated and control groups were
euthanized via carbon dioxide asphyxiation at 14-, 21-, or
42-days post-fracture.

Bilateral fibular fractures and pump insertion

Bilateral fibular fractures were conducted using previously
described standard protocols®334, In brief, under isoflurane
anaesthesia, a 5 mm skin incision was made over the fibula.
Using microtenotomy scissors, mice received a bilateral
transverse and non-comminuted fibular fracture at the
midpoint of the fibula approximately 12 mm proximal to the
calcaneal tuberosity. Skin incisions were closed using skin
glue (3M™ Vetbond™ Tissue Adhesive, St. Paul, MN, USA).
Immediately post-fracture, a 10 mm incision was made on
the dorsal surface of mice in between the scapulae. Mini-
osmotic pumps (ALZET® Model 1002, DURECT Corporation,
CA, USA) were then subcutaneously inserted and incisions
were closed using Reflex wound clips.

Micro-computed tomography (uCT)

Fracturedfibulae (8-11/group) were immersedin fixative
(4% paraformaldehyde in 0.1 M sodium cacodylate buffer)
for 48 h and then stored in 10% sucrose in 0.1 M sodium
cacodylate buffer at 4°C until use. Scanning of fibulae
was performed using SKYSCAN 1076 in vivo X-ray micro-
computed tomography (Bruker-microCT) in 70% ethanol
with acquisition parameters of 9 um voxel resolution,
0.5 mm aluminium filter, 48 kV voltage, 100 pA current,
2,400 ms exposure, rotation 0.5° across 180°, frame
averaging of 1. Images were reconstructed using NRecon
(V1.6.3.1) with the following parameters: smoothing factor,
1; ring artefacts, 6; beam-hardening correction; 35%,
pixel defect mask, 5%; C.S rotation, O; and misalignment
compensation, <3. Images were realigned and orientated
using Dataviewer (V1.4.4) to obtain transaxial datasets for
calluses. Analysis of the transaxial datasets was performed
using CTAn (V1.11.8.0) and the region of interest (ROI)
was identified as a 2 mm longitudinal region of callus (i.e.
1 mm proximal and distal to the fracture line of the callus);
the border of the callus was manually traced. Thresholds
used for parameter quantification were determined using
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the automatic “otsu” algorithm within CTAn and visual
examination of unreconstructed x-ray images. A grayscale
adaptive threshold of 42-255 was used for structural
analysis of calluses 14-, 21- and 42-day post-fracture.
2D and 3D data, and 3D models were generated, and the
following parameters were used for structural analysis of
callus: total callus volume (TV); new mineralized tissue
(BV), bone fractional volume (BV/TV) and bone surface
(BS).

Biomechanical assessment of fracture calluses

A three-point mechanical bending test was used to assess
the effects of GA on the mechanical properties of 42-day
calluses as described previously*4. Briefly, whole fibulae with
intact callus (18-20 fibulae/group) that were dissected at
autopsy were stored in silicone oil at -20°C. On the day of
assessment, samples were equilibrated to room temperature
for 1 h. Each fibula was mounted onto the three-point bending
apparatus with the callus lying centrally under the fulcrum;
this ensured peak stress was applied directly in an anterior-
posterior direction to the centre of each callus. A 10 N force
transducer descended at a constant rate of 1.67 mm/sec and
loaded each callus. Load and deflection data were recorded
continuously, which plotted an x-y (load-displacement)
graph. Biomechanically disrupted fracture callus ends were
imprinted onto dental wax and magnified images were taken
of each imprint using Leica DFC420 light microscope (Leica
Microsystems Ltd., Heerbrugg, Switzerland) connected to
Leica IM50 imaging software (Leica). Cross-sectional areas
were obtained for each callus by averaging the total area
values traced with software Leica Qwin V3 Standard (Leica).
Differences in peak force to failure, load per unit area,
stiffness and stiffness per unit area were calculated from the
deflection data.

Histology

MCT scanned calluses were processed in LR White Resin
Hard Grade Acrylic (London Resin Company, Reading,
UK). Sections of un-decalcified calluses, 5 um thick, were
made longitudinally at the mid-point of the callus using a
Leica RM 2155 Rotary Microtome (Leica Microsystems,
Nussloch, Germany). Sections (4 per callus, 4-7 calluses/
group) were histochemically stained to detect tartrate-
resistant acid phosphatase (TRAP; a universal cytochemical
marker for osteoclasts). Sections of callus were viewed
and photographed under a Leica DFC420 light microscope
(Leica). To identify whether GA treatment influenced bone
resorption during fracture healing, the percentage of TRAP
was measured as the total area of callus stained positive for
TRAP activity divided by total callus area using Leica Qwin
software (Leica) as previously described?s.

Cell culture

Kusa O cells were derived from multi-potential
bone marrow stromal cells3®® and have previously been
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characterised as cells with osteogenic potential suitable for
investigations on osteoblastic differentiation®”. Cells were
cultured in a-MEM (Gibco® Life Technologies™, Auckland,
NZ), supplemented with 10% Australian Premium Foetal
Bovine Serum (FBS) (Australian Ethical Biologicals Pty. Ltd.,
Coburg, AU),andusedbetweenpassages 11-19. All cultures
were maintained in an incubator at 37°C in 5% CO, and
95% O,. For proliferation studies, cells were subcultured
at a density of 3000 cells/ml in a-MEM supplemented
with 10% FBS (a-MEM+10% FBS) for 3 h, after which
medium was aspirated and replaced with a-MEM+2%
FBS. Cells were treated with various concentrations of GA
(0.05nM, 0.1nM, 0.5nM, 1nM, 5nM, 10nM, 50nM, 100nM,
500nM, 1uM, 5uM, 10uM) for 72 h, negative control was
a-MEM only and positive controls was a-MEM+10% FBS,
a-MEM + 100 ng/ml IGF (Life Technologies™, Scoresby,
AU). Cell proliferation (n=4/group) was measured using
CellTiter 96® AQ .. One Solution Cell Proliferation
Assay kit (Promega Corporation, Madison, USA) as per
manufacturer’s instructions with absorbance read at 490
nm. Data was normalized to controls. For studies that
required Kusa O cell differentiation, including Western
blotting, RT-PCR and mineralization studies, cells were
subcultured at a density of 3000 cells/ml in a-MEM +
10% FBS for 3 days, after which medium was aspirated
and replaced with osteoblastic differentiation medium,
which contained a-MEM+10% FBS supplemented with
50 pg/ml ascorbate and 10mM B-glycerophosphate3”32,
Medium was replenished three days a week.

Western blotting

Lysate was isolated from undifferentiated Kusa O cells
and 14 days differentiated (ascorbate/glycerophosphate
exposed) Kusa O cells to analyse TrkA expression (n=6/group).
Mouse brain lysates (n=2) were used as a positive control for
TrkA. Briefly, cells were washed three times in PBS and then
lysed in RIPA-EDTA buffer (150mM NaCl, 1% Triton X, 0.5%
sodium deoxycholate, 0.1% SDS, 50mM Tris, 0.5mM EDTA)
with added protease and phosphatase cocktail inhibitors.
Protein sample concentration was determined using Pierce™
BCA™ Protein Assay Kit (Pierce Biotechnology, Rockford,
USA), supernatant protein concentration was mixed [1:1 (v/v)
ratio] with Laemmli x2 loading buffer. Samples were boiled
for 5 min, centrifuged, and then stored at -20°C. Protein (10
pg) was loaded into each well and protein was separated using
Precast Mini-PROTEAN® TGX™ gel (Bio-Rad Laboratories
Inc., Hercules, USA). Protein bands were transferred onto
polyvinyl difluoride (PVDF) membranes. The membrane
was probed with anti-TrkA (1:1000, Abcam, Waterloo, NSW).
Signal detection was developed with chemiluminescence
(Immuno-Star™ HRP kit, Bio-Rad Laboratories Inc., Hercules,
USA). Immunoreactive bands were digitally imaged using
Molecular Imager® Chemidoc™ XRS+ (Bio-Rad) and results
were quantified using Image Lab™ Software (Bio-Rad).
Values were normalised for protein loading using a-tubulin
as a loading control.
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Real-time Polymerase Chain Reaction (RT-PCR)

Kusa O cells were daily cultured in osteoblastic
differentiation media and treated with 0.5nM of GA or vehicle
for 3, 7, and 14 days (n=5-8/group). Total RNA was prepared
using PureZOL™ (Bio-Rad Laboratories Inc., Hercules, USA).
RT-PCR was performed as described previously*4°, Briefly,
reverse transcription was performed from 1 pg of total
RNA using iScript™ cDNA Synthesis Kit (Bio-Rad). B-actin
was used as an internal control gene. PCR was performed
in triplicate using SsoFast™ EvaGreen® Supermix (Bio-Rad)
and specific oligonucleotide primers (Table 1) on an iQ 96-
well PCR system (Bio-Rad). Each amplification reaction
contained 1 pl of cDNA and 300nM of primer. Thermal
cycling conditions included initial denaturation at 95°C for
30 s, followed by 40 cycles of 95°C for 5 s and 55°C for 5 s.
Melt curve analysis was performed post-cycling to confirm
specificity of the amplified products. Relative quantification
of genes of interest mMRNA expression was determined using
the 2722t method.

Mineralization analysis

Kusa O cells were cultured in osteoblastic differentiating
medium and treated with 0.5nM of GA or vehicle daily (n= 4/
group) for 21 days®"4'. For mineralization area analysis, Kusa
O cells were washed three times in PBS, fixed in ice cold 70%
ETOH for 30 min, and then stained with 0.5% Alizarin Red
stain (pH 4.2) for 30 min. Cells were then washed five times
in PBS and scanned images were taken. Mineralized areas
were quantified using ImageJ software (National Institutes of
Health, Bethesda, USA).

Statistical analysis

All outcomes were analysed using GraphPad Prism 6
software (GraphPad Software, Inc., La Jolla, USA). All data
was subject to Shapiro-Wilk normality tests. All animal
data outcomes and in vitro mineralization analysis were
analysed with Mann-Whitney U tests. In vitro proliferation
assays were analysed using reqular one-way ANOVA, RT-
PCR was analysed with a two-way ANOVA. Bonferroni post-
hoc comparisons were carried out when appropriate. In all
analyses, statistical significance was defined as p<0.05.

Results

There were no apparent behavioural changes, side effects,
or changes in the weight gain pattern of GA treatment in mice.

ucCt

Representative uCT reconstructions of longitudinal mid-
point hemi-calluses are shown in Figure 1(a-f). Bony union
was reached in all calluses by 21 days in both the GA-treated
and control groups. For all uCT parameters, no effects of GA
were found at either 14- or 42-days post-fracture. In contrast,
analyses revealed that calluses from 21-day GA-treated mice
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Table 1. Oligonucleotide name and sequence (5-3’) used in Real-
Time PCR.

Oligonucleotide Sequence (5-3")

name
. Sense - GCTGTGCTATGTTGCTCTAG
mBeta actin -
Anti-sense - CGCTGCTTGCCAATAGTG
. Sense - TATGCTCCGACCTCCTCAAC
mOsterix -
Anti-sense - AATAAGATTGGGAAGCAGAAAG
S Sense - AGCAACAGCAACAACAGCAG
Anti-sense - GTAATCTGACTCTGTCCTTG
mAlkaline Sense - AAACCCAGACACAAGCATTCC
phosphatase Anti-sense - TCCACCAGCAAGAAGAAGCC

Sense - TCTCTCTGACCTCACAGATCCC
Anti-sense - TACCTTATTGCCCTCCTGCTTG
Sense - CGCCGATAAGGAGGATGATG
Anti-sense - GTGTGGTGTCTGTGGAGTC
Sense - ATCAGAAGACAGCACTCACT
Anti-sense - ATCTAGGACATCCATGCTAATGT
Sense - TGACCACTCTTATACGGACAG
Anti-sense - GCCCTTCCTCACACTCAC

mOsteocalcin

mDMP-1

mRANKL

mOsteoprotegrin

(Figure 1g-j) had significantly reduced tissue volume (Figure
1g; p<0.05) which suggested a smaller callus. The measured
bone surface in calluses (Figure 1j; p<0.05) was also lower
compared to 21-day vehicle-treated mice, which suggested
more consolidated bone was present in these calluses.
Consistent with these observations, at 21 days post-fracture,
calluses from GA-treated mice also showed increased BV/TV,
i.e. bone volume fraction corrected for tissue volume (Figure
1i; p<0.05) compared to vehicle-treated mice.

Biomechanical analyses

A three-point bending test was used to assess the
biomechanical properties of 42-day fibular calluses. The
average cross-sectional area of the fracture callus at its
breaking point was significantly smaller in samples from GA-
treated mice (36%, Table 2, p<0.001) compared to vehicle-
treated mice. Calluses from GA-treated mice showed and
increased load per unit area (52%) and stiffness per unit area
(53%) (Table 2, p<0.01) compared to vehicle-treated mice.
However, the peak force to failure and stiffness of calluses
were not significantly different between vehicle-treated and
GA-treated mice.

Histological assessment

A TRAP histochemical stain was used to assess
osteoclastic density on the bone surface in calluses at 14,
and 21 days post-fracture. Quantitative assessment revealed
less dense TRAP histochemical staining; this was calculated
as the proportion of TRAP staining/total callus surface area,
in 21-day calluses compared to 14-day calluses (p<0.01). No
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Figure 1. The effects of GA treatment on callus structural parameters using uCT. Longitudinal mid-point images representative of uCT
reconstructions of hemi-calluses (a-f). UCT analysis found that GA-treated decreased callus tissue volume (g; TV) and bone surface area
(j; BS) at 21 days post-fracture (*p<0.05) compared to vehicle-treated mice. There was a trend that GA increased bone fractional volume
of calluses (i; W p=0.05) compared to vehicle-treated mice. No differences were seen at 14-, and 42-days post-fracture between GA-
treated and vehicle-treated mice. Bars are mean + SEM, n = 8-11/group.
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Table 2. Mechanical properties of control and GA-treated calluses at 42 days post-fracture.

Treatment Peak Force (N) Stiffness (x 10* Nm?) CSA (x 107 m?) LPA (x 10” Nm2) SPA (x 10° Nm)
VEEE =) 3.92 + 0.20 5.41 + 0.30 5.22 * 0.30 1.45 + 0.13 415 * 0.63
Mean = SEM

GA (n =+17) 3.76 £ 0.28 5.09 = 0.38 3.59 + 0.28 2.72 £ 0.43 8.63 £ 1.53
Mean = SEM

p-value 0.39 0.38 <0.001 <0.01 <0.01

CSA, cross sectional area; LPA, load per unit area; SPA, stiffness per unit area. Values are means ~ SEM.

differences in the percentage of TRAP staining in calluses
were found between GA-treated and vehicle-treated mice,
both at 14- and 21-days post-fracture (Results not shown).

Cell culture

Western blot analysis of high-affinity receptor, TrkA,
was assessed in undifferentiated Kusa O cells and 14 day
differentiated Kusa O cells. TrkA receptor protein expression
was absent in undifferentiated Kusa O cells, however, TrkA
expression was detected in 14 day differentiated Kusa O
cells (Figure 2a). Proliferation assays were used to assess
GA influence on Kusa O cell proliferation. At 72 h following
treatment, Kusa O cell proliferation was not affected in
response to daily GA-treatment ranging from O to 100nM.
However, daily GA-treatment ranging from 500nM to 10uM
significantly reduced Kusa O cell proliferation (Figure 2b,
p<0.001) suggesting toxic effects at these doses.

RT-PCR

A pilot study on the effect of GA treatments on Kusa O
differentiation in vitro revealed that a daily GA dose of 0.5nM
appeared to increase expression of osteoblast-associated
genes to a greater extent than for GA doses ranging from
1-10nM (data not shown). As such, a dose 0.5nM of GA was
chosen for all further in vitro studies.

Kusa O cells differentiated and treated daily with 0.5nM of
GAfor 3, 7,and 14 days were analysed for expression of genes
associated with early osteoblasts (osterix and runx2; data
not shown), mature osteoblasts (ALP and osteocalcin; Figure
2c,d), osteocytes (DMP-1; Figure 2e) and osteoclastogenesis
(OPG and RANKL; Figure 2f,g). Significant main effects of
time and treatment, as well as an interaction were present
for Kusa O expression of ALP, osteocalcin and DMP. Post-
hoc analysis revealed that daily GA treatment increased the
expression of ALP (Figure 2c; p<0.01), osteocalcin (Figure 2d;
p<0.01) and DMP-1 (Figure 2e; p<0.0001) in 14-day, but not
3- and 7-day differentiated Kusa O cells compared to vehicle-
treated Kusa O cells. Daily GA treatment did not influence
expression of either osterix or runx2 (Data not shown). Gene
expression of markers associated with osteoclastogenesis,
OPG and RANKL, in Kusa O cells did not alter at 3, 7, and 14
days of differentiating or in response to daily GA treatment
(Figure 2f,g).
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Mineralization in vitro

Kusa O cells formed mineralised matrix during 21 days
of incubation with ascorbate and B-glycerophosphate. Daily
treatment of 0.5nM of GA increased mineralization area
in Kusa O cells compared to control cultures (Figure 2h,i;
p<0.05). There was no mineralisation evident in negative
control cultures that employed undifferentiated Kusa O cells.

Discussion

In this study, we analysed the influence of GA, a small
molecule TrkA receptor agonist during fracture healing of
murine fibulae and found strong evidence that suggests GA
acts in a similar manner to previously reported actions of
NGF on fracture healing. GA treatment resulted in fracture
calluses that were smaller in size and mechanically stronger
per unit area. We showed that systemic treatment with 1 mg/
kg/day GA delivered for 14 days to mice with fibular fractures
decreasedtissue volume of callus at 21 days post-fracture and
increased the mechanical properties; load per unit area and
stiffness per unit area of fractures at 42 days. Additionally,
GA increased mRNA expression of markers associated with
osteoblastic and osteocytic differentiation. Consistent with
a direct action of GA on osteoblasts, we also found that
osteoblastic differentiation and in vitro mineralisation was
increased in osteoprogenitor Kusa O cells. Our data therefore
suggests that GA, like NGF, may promote fracture healing
through promoting both osteoprogenitor differentiation and
mineralisation.

MCT analysis was used to determine the influence of
GA on bone content of calluses at various stages during
fracture healing. Of the three time-points analysed; 14, 21,
and 42 days after fracture, we found significant differences
in callus architecture only in the 21-day group. At 21 days
post-fracture, while there was no change in the amount
of bone volume, calluses of GA-treated mice had overall
reduced tissue volume and elevated bone fractional volume
in comparison to mice treated with vehicle, which suggests
that GA treatment influenced bone remodelling of healing
fractures. This finding is similar to that previously reported
with NGF treatment in rats with rib fractures; where after 14
days with NGF treatment, fractured bone had smaller calluses
at 21 days post-fracture'®, with enhanced bony content within
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Figure 2. TrkA expression and the effects of GA treatment in the mesenchymal stem cell line, Kusa O. Western blotting (a) revealed that
differentiated but not undifferentiated KusaO cells expressed TrkA. GA did not increase proliferation after 72 h of treatment, however,
GA was cytotoxic at concentrations =500 nM (b; ****p<0.0001). Gene expression markers of mature osteoblasts (c,d), early osteocytes
(e), and osteoclast formation (f,g), were analyzed at 3-, 7-, and 14-days of differentiation. GA treatment increased alkaline phosphatase
(c; **p<0.01), osteocalcin (d; **p<0.01), and DMP-1 (e; ****p<0.0001) gene expression of Kusa O’s at 14 days compared to vehicle.
Time or GA had no effect on OPG or RANKL expression (f,g). Kusa O cells formed mineral after 21 days of incubation. GA increased
mineralization of Kusa O cells compared to vehicle (h,i; *p<0.05). GA, gambogic amide; DMP-1, dentin matrix acidic phosphoprotein 1;
OPG, osteoprotegrin; RANKL, receptor activator of nuclear factor kappa-B ligand. Bars are mean + SEM, n=6-8/group.

calluses compared to vehicle-treated fractures. It is unclear
whether this smaller callus trait reflected achangein cartilage
formation or endochondral bone formation, however it would
be consistent with a more rapid maturation of the fracture
site. Several other studies involving distraction osteogenesis
have also reported that NGF treatment enhanced both bone
formation and callus development during the consolidation
phase (28 days) of healing compared to vehicle-treated
calluses'®'®'°, One possible mechanism by which GA, like NGF,
resulted in smaller calluses is likely through the stimulation of
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nerve growth in and around the fracture site. The periosteum
of bone is densely lined with TrkA positive nerve fibres*2. NGF
treatment increased nerve growth and activity in healing
rat rib calluses by uprequlating catecholamine synthesis'®,
which has been directly linked to stimulate both blood vessel
and sensory nerve sprouting through TrkA signalling in
developing endochondral bone*3. Innervation of bone is
important for angiogenesis and bone formation, which are
two factors that mediate both ossification** and fracture
healing rate*4. It has been documented that both sensory
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and sympathetic nerves within callus contribute positively
in regard to fracture callus remodelling®, with numerous
studies reporting that removal of sensory and sympathetic
neural input results in the formation of larger, disorganised
fracture calluses®®. GA, similarly to NGF, may have indirectly
facilitated fracture healing by stimulating sensory and
sympathetic nerve growth within the callus via TrkA, which in
turn may have assisted in co-ordinating vascularisation and
ossification of fractured bone to produce smaller calluses by
21 days.

Whilst our uCT data showed no differences in either tissue
or bone volume of calluses by 42 days post-fracture, fracture
sites from mice treated with GA had increased stiffness per
unit area and load per unit area compared to vehicle-treated
mice. These outcomes are identical to a previous study in
our lab where NGF treatment to healing rat rib fractures
improved these mechanical properties of calluses at 42 days
post-fracture's. Nonetheless, it is important to note that GA
treatment in the current study, as well as NGF treatment in
the previous study'®, did not alter the mechanical properties
of peak force to failure and stiffness. Mechanical strength of
healing fractures is highly dependent on callus structure and
degree of mineralization*®, and whilst there may not be an
overall difference in the amount of bone present, there may
be a difference in the quality of bone present in the callus.
Our findings may indicate that there may have been a higher
portion of mature, mechanically stronger lamellar bone than
immature woven bone in the calluses of the GA-treated mice
compared to vehicle-treated mice at 42 days, however, we
were unable to distinguish the two types of bone in our uCT
analysis. We postulate that this may explain why there was
no difference in the amount of bone in calluses between
treatments at 42 days via uCT analysis, despite the fact that
biomechanically, the calluses of the GA-treated group were
stronger per unit area compared to controls. Furthermore,
MCT findings indicated that when compared to 21 days post-
fracture, calluses at 42 days were at a substantially more
advanced stage of healing in both vehicle and GA-treated
groups; as such, it is possible that mechanical testing at
an earlier time-point of healing (i.e. when healing was less
advanced and the structural effects of GA treatment were
apparent) may have yielded different findings.

Given the aforementioned findings of reduced callus size
and enhanced mechanical properties, it was apparent that
GA treatment caused changes to callus remodelling. TRAP
staining was used to assess whether GA treatment influenced
osteoclastic cell density during fracture healing, but we
observed no differences in this parameter. This suggests
that GA may have not influenced remodelling through bone
resorption and is consistent with our in vitro data that showed
that GA does not affect gene expression of osteoblastic OPG
or RANKL, factors which together regulate osteoclastic
formation and activity. Our results are supported by a recent
study that reported TRAP staining density and osteoclastic
number was not affected during endochondral ossification
of TrkA-variant mouse pups, whereas bone formation
was severely impacted, which was presumably due to the
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lack of NGF-TrkA signalling*®. Additionally, other studies
using immunofluorescence analysis did not find TrkA on
osteoclasts, nor was this receptor found on osteoclastic
precursors in callus tissue during fracture healing?®2'.
Therefore, it appears from our data that GA may not influence
remodelling of calluses via osteoclastic activity and is more
likely to affect bone mass in callus through promotion of
osteoblastic differentiation and bone mineralisation.

To determine whether GA exerted an effect on osteoblasts
and mineralisation, we utilised Kusa O cells, a murine, multi-
potential bone marrow stromal cell line*¢. Undifferentiated
Kusa O cells (day O) do not contain mature osteoblasts and
display a phenotype that is osteoprogenitor-like*”+'. However,
by 14 days of differentiation, Kusa O cells contain many
mature osteoblasts®’#!. Through Western blotting analysis
we found that the osteoblast-like Kusa O cells expressed
TrkA receptors, but the undifferentiated Kusa O cells did not,
which suggests that TrkA activation is more likely to occur in
osteoblasts rather than osteoprogenitors in bone. This data
is supported by previous reports using in vivo rodent models,
which localised TrkA receptors in mature osteoblasts and not
pre-osteoblasts during fracture healing?°2? and suggests
that TrkA signalling may be conducted viamature osteoblastic
populations in bone. NGF does not influence proliferation of
the murine osteoblastic precursor cell line, MC3T3-E123,
which is consistent with our Kusa O data. Additionally, in Kusa
O cells we found that GA did not influence gene expression
of markers associated with early osteoblasts maturation,
i.e., osterix and runx2, however, GA did increase the gene
expression of markers of mature osteoblasts, namely ALP
and osteocalcin, as well as the osteocytic marker, DMP-1, as
well as matrix mineralisation*¢4?. Again, this is consistent
with earlier studies of NGF treatment in MC3T3-E1 cells
which increased ALP levels in vitro®*. Furthermore, both NGF
and TrkA receptor have been localised in osteoblasts during
bone healing?®?2 and NGF has been shown to be important
during bone formation by directly stimulating osteoblasts to
synthesize bone'"2343,

Our findings provide evidence that GA treatment stimulated
osteoblastic differentiation and mineralisation in vitro and
improved fracture callus strength in vivo. The improvement
in callus strength may have been, in part, due to the direct
action of GA on osteoblasts, however, the possible direct
action of GA on stimulating local nerves around the callus,
cannot be dismissed, and this may have also contributed to
improving fracture healing.

This study had some limitations. Firstly, although our
findings indicate that GA had mild, positive effects on fracture
healing. Due to solubility issues with osmotic pump delivery,
our study was limited to use of a dosing regimen of 1 mg/kg/
day. It is possible that higher doses of GA may have a more
profound effect on fracture healing. Previous studies have
utilised doses up to 4 mg/kg/day of GA using intraperitoneal
injection2, however osmotic pump delivery was chosen to
ensure constant systemic delivery of GA. In addition, our
in vitro findings indicate that GA may increase osteoblastic
differentiation and mineralization, however quantification of

101



M.R. Johnstone et al.: Gambogic amide improves fracture healing in mice

other osteoblast-associated markers and additional time-
points of mineralization analysis in future studies are likely to
provide further insights.

Conclusions

Our study showed that systemic administration of GA at
1 mg/kg/day for 14 days via mini-osmotic pumps in mice
that were given fibular fractures had mild positive effects
on fracture healing. GA treatment resulted in smaller
fracture calluses with some enhancement of mechanical
properties, without any detrimental side effects to the
animals. Additionally, in vitro analysis implied that GA may
act directly on osteoblasts to stimulate mineralisation. These
results complement previous research and the concept that
neurotrophin signalling can influence skeletal maintenance
and healing.
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