J Chin Med Assoc

ORIGINAL ARTICLE

Topical application of Heparanase-1 facilitates
bone remodeling during the healing of bone
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Abstract \
Background: Although previous studies have suggested a stimulatory role of heparanase in physiological bone turnover, the
potential therapeutic role of heparanase in bone healing has not been elucidated. The purpose of this study was to assess the
effect of topical application of heparanase-1 on bone healing.

Methods: Two different dosages of recombinant mouse heparanase-1 and vehicle control were prepared and delivered via an
osmotic pump to provide continuous topical infusion of the therapeutic reagent in a mouse bone defect model at the distal femoral
metaphysis. The bone healing progress was evaluated by micro-computed tomography and histological examination at 7, 14, and
21 days after the bone defect was created.

Results: The peak of trabecular bone generation was achieved earlier than anticipated with the use of heparanase as measured by
medullary bone volume fraction and trabecular number observed in micro-computed tomography, while the remodeling of trabecu-
lar bone to cortical bone was also achieved earlier than anticipated with the use of heparanase as measured by connectivity den-
sity. Histopathological observation revealed a higher frequency of the presence of cartilaginous tissue in the heparanase-treated
groups. Both bone mineral density and cortical bone volume fraction showed the best healing outcome with low-dose heparanase,
implying a biphasic effect of its mode of action.

Conclusion: These results indicated that with the appropriate dose of topical heparanase-1, the progress of bone healing could

be accelerated in vivo.
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1. INTRODUCTION

Bone tissue is one of the best regenerative tissues in adults, which
is capable of healing with minimal or no scar tissue formation
following a defect or fracture. Immediately after the occurrence
of injury on bone tissue, blood clot and hematoma derived from
the hemorrhage act as a scaffold for callus formation and as
reservoirs trapping various inflammatory cells, cytokines, and
growth factors, such as bone morphogenic protein (BMP)-2.!
These cytokines and growth factors in turn recruit more
inflammatory cells and mesenchymal stem cells (MSCs), which
enhance the accumulation of growth factors and later contribute
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to osteoinduction for the regeneration of the injured bone tissue
via intramembranous ossification or endochondral ossification.!
Subsequently, osteoblasts are recruited to give rise to woven
bones, while chondroclasts transform the fibrous tissue and
chondrocytes into callus.? A final bone remodeling transforms
callus and woven bones into compact lamellar bone at the corti-
ces and restores the marrow cavity in the center.!

Heparan sulfate (HS) proteoglycans (HSPGs) are ubiqui-
tous macromolecules associated with the extracellular matrix
(ECM) and cell membranes in animals. Covalently attached to
the core proteins of HSPGs, HS chains can bind to various pro-
teins including chemokines and growth factors and, in turn, can
modulate the distribution and bioactivity of these molecules.?
Many of these chemokines and growth factors are known to
play a role in the regeneration of bone tissue, including fibro-
blast growth factor-2 (FGF2), BMP-2, and vascular endothelial
growth factor (VEGF).*¢ Accordingly, attempts to apply HS to
facilitate bone repair have been made but with controversial
results.””

Heparanase (HPSE) is an endo-B-D-glucuronidase that can
hydrolyze HS chains at specific sites, and hence, its action
results in the degradation and remodeling of the ECM and base-
ment membrane.'®!" This enzymatic activity can also release
the HS-bound growth factors including FGF2 and VEGF and
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potentiate the distribution of these factors.!>! Transgenic mice
that ubiquitously overexpress HPSE showed markedly increased
trabecular bone mass, cortical thickness, and bone formation
rate, suggesting that HPSE may be favorable in the regenera-
tion of injured bone tissue.'* Marrow MSCs are the stem cells
responsible for the homeostasis and regeneration of bone tis-
sue, and the expression of HPSE1 in these cells plays a role in
the proliferation and migration of marrow MSCs.' It is there-
fore of immense interest to assess the effect of exogenous appli-
cation of HPSE1 on bone healing.

In the present study, we examined the effect of topical appli-
cation of HPSE1 on bone healing in a mouse bone defect model
by the continuous infusion of recombinant HPSE1. Compared
with the conventional fracture model in mice, this model pro-
vides an easy, inexpensive, and reproducible method to access
the bone healing without additional fixation.'” In addition to the
conventional histopathological assay, we also acquired micro-
computed tomographic (uCT) images for three-dimensional
(3D) reconstruction to evaluate bone density and other morpho-
metric changes during the regeneration of the bone defects.

2. METHODS

2.1. Animals

C57BL/6 male mice (BioLasco, Taipei, Taiwan) aged 6 weeks
were housed in a light-controlled (14-hour light/10-hour dark
cycle) and temperature-controlled (25 = 2°C) environment for
2 weeks before the experiments and provided with food and
water ad libitum. All procedures in this study were reviewed and
approved by the Institutional Animal Care and Use Committee
(NTU-102-EL-7).

2.2. Preparation of the recombinant HPSE1

Mouse HPSE1 cDNA with Myc-FLAG tag at the C-terminal end
(OriGene, Rockville, MD, USA) was transfected to HEK293 cells
using TransIT-LT1 Transfection Reagent (Mirus Bio, Madison,
W1, USA) according to the manufacturer’s instructions. The sta-
bly transfected cells were selected and maintained in Dulbecco’s
modified eagle’s medium (Invitrogen, Carlsbad, CA, USA) with
10% fetal bovine serum (Biochrom AG, Berlin, Germany), 100
U/mL penicillin, 100 pg/mL streptomycin (Invitrogen), and 800
pg/mL G418 (A.G. Scientific, San Diego, CA, USA). The culture
medium was collected every 48 to 72 hours and then concen-
trated from >45 to 1mL in Amicon Ultra-15 Centrifugal Filter
Units (30kDa molecular weight cut-off; Millipore, Billerica, MA,
USA). The recombinant mouse HPSE1 was then affinity purified
by adding 200 pL. ANTI-FLAG M2 Magnetic Beads (Sigma-
Aldrich, Buchs, Switzerland) according to the manufacturer’s
instructions. The final elution was carried out using 800 pL of
0.1 M Glycine (adjusted to pH 3 with HCI; Merck, Darmstadt,
Germany) and the buffer was swapped with Amicon Ultra-15
Centrifugal Filter Units into phosphate buffered saline (PBS;
Invitrogen) for the iz vivo study or into 1mL 0.1 M sodium ace-
tate (NaOAc, pH 4.0; Sigma-Aldrich) for enzymatic characteri-
zation. The concentration of purified HPSE1 was determined by
BCA Protein Assay (Thermo Fisher Scientific, Rockford, IL, USA)
according to the manufacturer’s instructions.

The enzymatic activity of purified HPSE1 was characterized
by the dot blot assay.'® Briefly, the cell lysate of mouse mar-
row MSCs, prepared as described previously,'® was mixed with
HPSE reaction buffer (25 mM 4-morpholineethanesulfonic acid,
25mM MnCl,, 25 mM MgCl,, 1.25mM CaCl,, 0.5% Triton X,
0.75 mg/mL BSA, pH 7.1) in 1:1 volume ratio as sample mix.
The sample mix was then mixed with 0.166, 2.04, 4.166, and
8ng/uL of HPSE1 in 1:1 volume ratio as reaction mix and then
incubated at 37°C for 30 minutes. After incubation, 2 pL of
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reaction mix was transferred by spotting onto a polyvinylidene
difluoride membrane (Hybond-p; GE Healthcare Life Sciences,
Marlborough, MA, USA), and the residual intact and frag-
mented HS glycosaminoglycans were evaluated according to the
immunoreactivity against monoclonal antibody 10E4 (1:500;
United States Biological, Salem, MA, USA) and 3G10 (1:500;
United States Biological) (Figure 1).

The drug delivery system used in this study was an implant-
able osmotic pump (ALZET, Cupertino, CA, USA), which con-
tinuously delivered reagents topically through the catheter. To
evaluate the effect of different dosages of HPSE1, 0.083 and
2.08 ng/pL. HPSE solutions were prepared for doses of 0.5 pg/
mouse/d (HPSE1 low-dose group, Low) and 12.5 pg/mouse/d
(HPSE1 high-dose group, High). The vehicle control group
(Control) contained vehicle (1% dimethyl sulfoxide in normal
saline) only without HPSE1.

2.3. Bone defect model and the implantation of osmotic
pump

The bone defect model was created as previously described.!”
Briefly, general anesthesia was induced with 4% to 5% isoflurane
and maintained with 1.75% to 2% of isoflurane. After appro-
priate preparation for the operation, a skin incision was made
on the lateral side of the distal thigh. The muscles were incised
to expose the lateral aspect of the distal femur. A 1.5-mm-deep,
1-mm-diameter cylindrical bone defect was created by a 1-mm
drill bit through a single layer of cortical bone and cancellous
bone of the metaphysis of the distal lateral femur. To implant the
osmotic pump for drug delivery, another small skin incision was
made on the lateral hip region. The subcutaneous space on the
back was bluntly dissected from the hip incision, and the osmotic
pump was implanted. A 25-gauge needle was used to guide the
osmotic pump catheter to pass through the submuscular tunnel
from the hip region to the bone defect region. After securing the
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Fig. 1 Recombinant mouse heparanase-1 prepared from stably transfected
HEK293 cells is enzymatically active. The dot blot assay showed that
recombinant heparanase-1 decreased the immunoreactivity of bone marrow-
derived mesenchymal stem cell lysate against 10E4 antibody (intact HS),
while increasing the immunoreactivity against 3G10 antibody (fragmented HS)
in a dose-dependent manner. HS = heparan sulfate.
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pump and catheter, the catheter was cut to allow the opening at
the level of the defect. A small quantity of cefazolin (250 mg/mL)
was spread onto the subcutaneous region of the surgical wound
after closing the muscles. The skin was closed with surgical sta-
ples. Gentamicin (1 mg/mL, 0.1 mL/mouse/d, subcutaneous) was
administered for 3 days after the surgical procedures. Mice were
sacrificed at 1, 2, and 3 weeks post-injury (wpi) (n = 6/group/
time point). The right femurs were collected and fixed in 10%
formaldehyde for 72 to 96 hours. Before conducting the experi-
ments, all surgical techniques, including surgical approach, the
bone defect model, implantation of the osmotic pump, and tis-
sue harvesting, were practiced to standardize conditions. During
the experiments, surgical procedures for mice at the same time
point were conducted over 2 to 3 continuous days, to further
reduce the difference among groups with respect to surgical
performance.

2.4. Micro-computed tomography

The collected femurs were scanned at 50kV/140 pA/3300 ms
using the SkyScan 1076 Micro-CT System (Bruker, Billerica,
MA, USA) at a pixel size of 9 pm and an acquisition of 225 pro-
jections per 180°. The volume of the trabecular bone (BV), tissue
volume (TV), trabecular thickness (Tb. Th), trabecular separa-
tion (Tb. Sp), trabecular number (Tb. N), connectivity density
(Conn.D), and bone mineral density (BMD) were determined
by running the CTAn software (Bruker) for evaluation at the
region of the defect. The BV/TV ratio indicates the bone vol-
ume fraction in the medullary cavity. Tb. Th shows the mean
diameter of trabecular bones. Tb. Sp indicates the mean distance
between trabecular bones. Tb. N is defined as the number of
trabecular bones per unit length. Conn.D measures the degree of
connectivity of trabeculae normalized by TV, demonstrating the
redundancy of trabecular connections. BMD is calculated from
the average attenuation value of the region.'®

2.5. Histology and histomorphometry

The collected femurs were rinsed with PBS (pH 7), decalcified in
10% EDTA for 3 days, dehydrated, and then embedded in par-
affin. Longitudinal 5-pm-thick sections were acquired every 120
pm through lateral-medial orientation and stained with hema-
toxylin and eosin. The sections were examined and documented
under a light microscope (DM2500, Leica Microsystems,
Wetzlar, Germany). The section including the center region of
the defect was chosen for histomorphometric analysis to evalu-
ate the cortical bone volume fraction by using Image]."”

2.6. Statistics

All data are expressed as the mean =+ SEM. The differences
between groups were analyzed with two-way analysis of vari-
ance (ANOVA) followed by Bonferroni post-tests. A p value
<0.05 was considered statistically significant.

3. RESULTS

Purified recombinant HPSE1 could degrade HS in a dose-
dependent manner as shown by the dot blot assay. The reac-
tivity of cell lysates of mouse marrow MSCs against 10E4
(intact HS as the epitope) decreased with the increased level
of HPSE1, while the reactivity of cell lysates of marrow MSCs
against 3G10 (fragmented HS as the epitope) increased with
the increased level of HPSE1 (Fig. 1). All operated mice sur-
vived through the experimental period without any signs of
infection, and the operated legs could begin to bear their body
weight within 24 hours. Lameness was not observed at 7 days
in all subjects, and no apparent difference among groups was
observed.
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The 3D reconstruction models from the pCT images enabled
the observation of the structural changes in injured bone tissue
at 1,2, and 3 wpi (Fig. 2). The boundaries of the defects could
clearly be observed at 1 wpi, and the complex spiny texture
within the injury areas reflected the formation of the trabecu-
lar bones, indicating the middle stage of the bone healing pro-
cess (Fig. 2, dotted circles). This spiny texture within the injury
regions was more prominent in the vehicle control group at 2
wpi compared with both the HPSE1-treated groups (Fig. 2). At
3 wpi, the surface of the injury areas was largely restored and
became smooth, indicating the end stage of remodeling and the
reestablishment of cortical bone, while the trabecular bone and
dented wound area could still be observed in the control group
(Fig. 2).

Morphometric analysis of pCT showed significantly higher
trabecular bone volume fraction (BV/TV) in the medullary cav-
ity in the HPSE1 low-dose group at 1 wpi compared with the
control and HPSE1 high-dose groups, while the BV/TV ratio was
significantly higher in the control group compared with both the
HPSE1-treated groups after 2 wpi (Fig. 3A). A similar trend of
dynamic changes could be observed in the Tb. N (Fig. 3B).

In the morphological evaluation of the trabecular bones, the
dynamic change in Tb. Th as the bone healing progressed was
similar to that in the Tb. N (Fig. 3C). The Tb. Sp showed an
inverse trend where the HPSE1 low-dose group showed signifi-
cantly higher value at 3 wpi compared with the other groups
(Fig. 3D). The Conn.D in the control group clearly showed that
the complexity of the trabecular bones gradually increased at
the early stage and then reduced later as the healing progressed
during the remodeling stage (Fig. 3E). Interestingly, the Conn.D
of the HPSE1 low-dose group was significantly higher than that
of the HPSE1 high-dose group at 1 wpi, while this value was
significantly higher in the control group compared with both
the HPSE1-treated groups at 2 wpi (Fig. 3E), suggesting that the
dynamic change seemed accelerated in both the HPSE1-treated
groups. Notably, the BMD was significantly lower in the HPSE1
high-dose group than in the low-dose HPSE1-treated group
(Fig. 3F).

A typical histological appearance could be observed in the
control group where the fibrous, disorganized, and less stained
woven bones (Fig. 4A; concave arrow) filled in the medullary
cavity with a few calcified trabecular bones (Fig. 4A; concave
arrowhead) at 1 wpi (Fig. 4A). As bone healing progressed,
the trabecular bone appeared more abundantly in the medul-
lary cavity and also partially in the cortical defect area with
occasional cartilage tissues at the periosteal area, indicating the
occurrence of endochondral ossification (Fig. 4B) (Table). Later
in the healing process, the newly generated cortical bone bridged
the defect area at 3 wpi, while the trabecular bones in the medul-
lary cavity were markedly reduced (Fig. 4C) (Table).

When compared with the control group at 1 wpi, fibrous
tissue was more abundant in the HPSE1 low-dose groups and
trabecular bone was considerably more abundant in the HPSE1-
treated groups, especially in the high-dose group (Fig. 4D, G).
At 2 wpi, the trabecular bones filled the cortical defect in both
the HPSE1-treated groups, indicating a cortical bridging in the
injury region (Fig. 4E, H) (Table). In some cases, cartilage tis-
sues (Fig. 4H; arrowhead) were also observed adjacent to the
defect (Table). At 3 wpi, the morphology of the cortical bridging
was more complete in both the HPSE1-treated groups compared
with the control (Fig. 4F, I). Although cartilage tissues were
observed in all groups at 2 and 3 wpi, the occurrence was higher
in both the HPSE1-treated groups compared with the control
group (Table).

We further morphometrically analyzed the cortical bone vol-
ume fraction as an estimation of the cortical bone regeneration.
Compared with the control group, the cortical bone volume
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Fig. 2 Three-dimensional reconstruction of pCT images of different treatment groups at 1, 2, and 3 wpi. A cylindrical bone defect could easily be identified at 1
wpi in all three groups with trabecular bones within the region of injury as shown by the grainy texture in the images. As the healing progressed, the boundary of
the defect (dotted circles) was not as clear at 2 wpi. Note the smooth surface in both the heparanase-treated groups, suggesting the completion of the cortical
bone remodeling, while the injury region in the control group was markedly more dented at 3 wpi. uCT = micro-computed tomographic; HPSE = heparanase;

wpi = weeks post-injury.

fraction was significantly higher at both 2 and 3 wpi in the
HPSE1 low-dose group and at 3 wpi in the HPSE1 high-dose
group (Fig. 5). With respect to time-dependent changes, the cor-
tical bone volume fraction increased significantly between 2 and
3 wpi in both the HPSE1-treated groups but not in the con-
trol group (Fig. 5). There was no significant difference detected
between the two HPSE1-treated groups (Fig. 5).

4. DISCUSSION

In the present study, we aimed to assess the therapeutic potential
of HPSE in bone healing. The therapeutic principles to enhance
bone healing include increasing osteogenic cell populations,

www.ejcma.org

augmenting osteoinductive stimulus, elevating osteoconductive
matrix scaffolds, improving mechanical stability, and enrich-
ing vascularization.?®*' HPSE is a multifunctional molecule that
cleaves the HS chain at specific sites and, in turn, may remodel
the ECM and adjust the release of HS-binding growth factors
such as FGF2, BMP-2, and VEGF to modulate the inflammatory
reaction, angiogenesis and osteoblast proliferation, migration,
and differentiation.>**** Therefore, this enzyme may play multi-
ple roles in enhancing bone healing.

Various parameters such as the generation and the complex-
ity of the trabecular bone elevate in the early stage of bone heal-
ing while decline as remodeling process in the late stage.!” In our
study, results in Fig. 3 reflected the progress of bone healing was
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Fig. 3 Morphometric and densitometric analysis of uCT. The generation of trabecular bone increased early in the bone healing process and decreased at the
later stage as measured by medullary BV/TV (A) and trabecular number (B). Trabecular thickness (C) and trabecular separation (D) represent the morphology
of the trabecular bone. The overall complexity of trabecular bone decreased as the remodeling progressed during the later stage of bone healing as measured
by connectivity density (E). Bone mineral density (F) usually correlates with the strength of the bone. (p < 0.05, *p < 0.01, **p < 0.001, n = 6). uCT = micro-
computed tomographic; BV/TV = trabecular bone/tissue volume; wpi = weeks post-injury.

different between groups. The results of bone volume fraction in
the medullary cavity, Tb. N, Tb. Th, and Conn.D peaked within
the first 7 days for both the HPSE1 treatment groups but not for
the control group. The bone volume fraction in the medullary
cavity and Tb. N, both of which represent the generation of tra-
becular bones, remained at its peak value at 1 and 2 wpi in the
control group, while showing a marked decreased trend after 1
wpi in both the HPSE1-treated groups (Fig. 3A, B). A similar
trend could also be observed in the Conn.D (Fig. 3E), which
represents the complexity of the trabecular bones. Moreover, the
highest values of Tb. N and Conn.D are at comparable levels
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in the low-dose HPSE1-treated group and the control group,
although at different time points. Collectively, these data indi-
cated that the progress of bone healing was accelerated by the
presence of HPSE1. Interestingly, these values showed the same
pattern in both the HPSE1-treated groups throughout the study
period but were significantly lower in the high-dose group than
in the low-dose group at 1 wpi, implying that the peak value in
the high-dose group was attained within 7 days after the injury.

Although bone healing progress is accelerated by the pres-
ence of HPSE1, the overall healing results in the HPSE1 high-
dose group were not superior to the low-dose group and fared
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1wpi

Control

Fig. 4 Representative micrographs of bone defect in the control group

(Control) and heparanase-treated groups (High and Low) at 1, 2, and 3 wpi. Typical

histological changes include the generation of fibrous woven bones (concave arrows) and trabecular bones (concave arrowheads) in the medullary cavity at the
early healing stage (1 wpi; A, D, G), ossification and remodeling at the mid-stage (2 wpi; B, E, H), and the restoration of cortical bones at the late stage (3 wpi;
C, F, ). The markedly enriched trabecular bone (concave arrowheads) in the low-dose HPSE1 group at 1 wpi (D) and hypertrophic chondrocytes (arrowhead) in
the high-dose HPSE1 group at 2 wpi could be easily observed (H). At 3 wpi, the cortical bone in the low-dose HPSE1-treated group (F) appeared thicker than in
the other groups (G, I). Scale bar = 500 pm. HPSE = heparanase; wpi = weeks post-injury.

Histological features of bone healing progress in different treatment groups

Control HPSE1-Low HPSE1-High
7 14 21 7 14 21 7 14 21
Medullary bone fraction ++ ++ + ++ ++ +/— o + +/—
Cortical bridging - +/— + - + ++ - + ++
Cartilage tissue 0/6 3/6 2/6 0/6 5/6 2/6 0/6 6/6 2/6

HPSE = heparanase.

even worse as measured by BMD on pCT (Fig. 3F) and cortical
bone volume fraction on histomorphometry (Fig. 5), implying a
biphasic effect of HPSE1. In addition to osteogenic effects, HPSE
has also been found to stimulate receptor activation of nuclear
factor kappa-B ligand (RANKL) expression, which triggers oste-
oclastogenesis and promotes osteolysis.?* Furthermore, cross-
talk between osteoclasts and osteoblasts has been proposed.?®?
In principle, osteoblasts can either promote the activation of
osteoclasts via monocyte/macrophage colony-stimulating factor
(M-CSF), RANKL, and WNTS5A or inhibit osteoclasts via osteo-
protegerin (OPG), Semaphorin (SEMA) 3A, and WNT16.26:28-31

Www.ejcma.org

On the other hand, osteoclasts can recruit osteoblasts at sites of
bone remodeling through factors such as BMP-6, collagen triple
helix repeat containing 1 (CTHRC1), Ephrin-B2, sphingosine-
1-phosphate (S1P), WNT10B, SEMA4D, and cardiotrophin-1
(CT-1).3273%¢ It is speculated that low-dose HPSE1 activates
osteoclasts to the extent that an optimum balance is maintained
between osteoclasts and osteoblasts and therefore enhance the
dynamics of bone remodeling during the healing process without
compromising the resulting BMD and cortical bone volume frac-
tion at the end point. However, although a high dose of HPSE1
activates osteoclasts and in turn facilitates the progression of
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Fig. 5 Morphometric analysis of cortical bone volume fraction indicated
that HPSE1 treatment augments the thickness of cortical bone at 3 wpi.
(*p <0.01, **p < 0.001, n = 6). HPSE = heparanase; wpi = weeks post-injury.

bone remodeling during bone healing, the resulting BMD and
cortical bone volume fraction at the end point are also signifi-
cantly lower. Although this is the first attempt at the application
of HPSE1 for bone healing, the high-dose group (12.5 pg/d) in
our study was at a relatively higher dosage compared with other
studies, despite the route of administration, target tissues, and
frequency of HPSE administration varying considerably.!337-38
HPSE might tip the balance toward osteoclastogenesis when the
dosage is too high. For further delineating the biphasic effect of
HPSE1, especially determining the optimal dose, the evaluation
of more groups at different dosages is required. However, the
purpose of this study was to confirm the effect of HPSE1 on
bone healing. Further studies are warranted to understand the
detailed biphasic effect and optimal dose of HPSE1 in bone heal-
ing. Interestingly, patients with type 2 diabetes have significantly
higher blood HPSE1 levels than healthy individuals,* while they
also have a higher cortical porosity with risk for fragility frac-
tures.** Therefore, the administrative routes, dose, and period
of application of HPSE1 for bone healing should be carefully
studied and optimized. This is also why the topical infusion of
HPSE1 was chosen for the experiments in the present study,
instead of systemic routes. The topical application of HPSE1
allows observation of the effects without systemic complication,
if any.

The bone regeneration in the model used in the present
study was mainly intramembranous ossification with partial
endochondral ossification. In previous studies with this model,
endochondral ossification was observed in some cases with
temporal succession of cartilage, hypertrophic and mineral-
ized cartilage.!” This not only was observed in our study, but
also both the HPSE1-treated groups demonstrated a higher
rate of cartilage formation than the control group at 2 wpi
(Table). Interestingly, a previous study showed that HPSE1
was highly expressed during chondrocyte differentiation and
enzymatic inhibition of HPSE1 reduced the chondrogenesis.*!
Although there is no evidence indicating whether the ossifica-
tion process affects the outcomes of bone healing, it is plau-
sible that HPSE1 promotes endochondral ossification during
bone healing.

In the present study, we showed that the topical infusion of
exogenous HPSE1 could accelerate the progress of bone healing.
Our findings suggest that an appropriate amount of HPSE1 may
also strengthen the cortical bone and, in turn, augment the heal-
ing outcome. Therefore, HPSE1 is a potential therapeutic target
for bone injuries and fractures. In future, it is critical to study
and determine the optimal dosage, route, and application period
required to prevent the occurrence of potential adverse effects in
the event of overdose.
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