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Effect of secretory leucocyte protease
inhibitor on early tendon-to-bone
healing after anterior cruciate ligament
reconstruction in a rat model

Y. Wu, Aims
Y. Shao, To verify whether secretory leucocyte protease inhibitor (SLPI) can promote early tendon-to-
D. Xie, bone healing after anterior cruciate ligament (ACL) reconstruction.
. Pan
:-I Ch;n Methods
] .Yao ! In vitro: the mobility of the rat bone mesenchymal stem cells (BMSCs) treated with SLPI was
C evaluate scratch assay. Then the expression levels of osteogenic differentiation-relate
]I.Ial"l | d by h y. Th h p levels of g diff lated
I:I Ke 9 genes were analyzed by real-time quantitative PCR (qPCR) to determine the osteogenic ef-
D. Ca: fect of SLPI on BMSCs. In vivo: a rat model of ACL reconstruction was used to verify the effect
C.Zen, of SLPI on tendon-to-bone healing. All the animals of the SLPI group and the negative control
: 9 (NC) group were euthanized for histological evaluation, micro-CT scanning, and biomechan-
ical testing.
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SLPI improved the migration ability of BMSCs and upregulated the expression of genes re-
lated to osteogenic differentiation of BMSCs in vitro. In vivo, the SLPI group had higher his-
tological scores at the tendon-bone interface by histological evaluation. Micro-CT showed
more new bone formation and bone ingrowth around the grafted tendon in the SLPI group.
Evaluation of the healing strength of the tendon-bone connection showed that the SLPI
group had a higher maximum failure force and stiffness.
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Conclusion
SLPI can effectively promote early tendon-to-bone healing after ACL reconstruction via en-
hancing the migration and osteogenic differentiation of BMSCs.

Cite this article: Bone Joint Res 2022;11(7):503-512.

Keywords: Secretory leucocyte protease inhibitor, Tendon-bone healing, Osteogenic differentiation, Anterior cruciate ligament reconstruction

Correspondence should be sent to
Chun Zeng; email:
zengdavid@126.com

doi: 10.1302/2046-3758.117.BJR-
2021-0358.R2

Bone Joint Res 2022;11(7):503—
512.

Article focus

We aimed to identify the effect of secre-
tory leucocyte protease inhibitor (SLPI)
on tendon-bone healing after anterior
cruciate ligament (ACL) reconstruction in
rats through in vivo and in vitro experi-
ments, and to investigate the preliminary
mechanism.

Key messages

SLPI has been shown to have a significant
osteogenesis-promoting effect.

Superior and firm tendon-bone healing is
dependent on new bone formation and
ingrowth around the grafted tendon.

Strengths and limitations

Both in vivo and in vitro experiments
were conducted.

Comprehensive evaluation of the effect of
SLPI on tendon-bone healing in rats was
conducted via various methods such as
histological assessment, micro-CT scan-
ning, and biomechanical testing.
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Limitations include a superficial investigation of
molecular mechanisms of SLPI in promoting tendon-
bone healing process, and small animal models,
which cannot fully simulate the tendon-bone healing
process in humans.

Introduction

Anterior cruciate ligament (ACL) reconstruction is one of
the most common orthopaedic procedures.!* However,
there are some problems such as “wiper effect” (trans-
verse graft motion by extracortical femoral fixation) and
“bungee effect” (longitudinal graft motion by extracor-
tical femoral fixation) after the operation, which often
lead to tunnel widening and joint laxity. Poor healing of
the tendon-bone repair in the early stage is a critical cause
of ACL reconstruction failure.* Therefore, exploring how
to improve early tendon-bone healing is very important
for ACL reconstruction.

Previous studies have confirmed that successful ACL
reconstruction depends on good osseointegration
between the tendon graft and the bone tunnel. Among
them, bone mesenchymal stem cells (BMSCs) play an
important role in the process of tendon-bone healing.**
BMSCs are mesenchymal stem cells with multidifferen-
tiation potential and have been increasingly used as a
cell source for tissue repair research in recent years.5® In
addition, the ability of BMSCs to differentiate into osteo-
blasts has been confirmed, which undoubtedly plays an
important role in the process of tendon-to-bone healing.’
Therefore, it is critical to find methods of promoting and
enhancing the effects of BMSCs. Studies have proved that
superior tendon-to-bone healing depends on the process
of new bone ingrowth, mineralization, and maturation
around the bone tunnel,’® so it is very important to find a
factor that can promote osteogenic differentiation at the
tendon-bone interface.

Secretory leucocyte protease inhibitor (SLPI), a serine
protease inhibitor, belongs to the whey acidic protein
family and is secreted and expressed by macrophages,
epithelial cells, and neutrophils of multiple tissues and
organs." With protease-inhibiting, anti-inflammatory,
antibacterial, and antiviral activities, and growth regula-
tion, SLPI has been broadly studied in many fields such
as wound repair, infection, growth, and cell prolifera-
tion.”>™ In addition, studies suggest that SLPI is associ-
ated with bone formation™ and cell migration.'

Therefore, it is our hypothesis that SLPI may enhance
early tendon-to-bone healing by promoting the migra-
tion and osteogenic differentiation of BMSCs.

Methods

Cell culture and scratch assays. Rat BMSC lineages were
purchased from Cyagen (USA). The third generation of
the cell lineage was maintained in complete a-Minimum
Essential Medium (MEM) (Thermo Fisher Scientific, USA)
containing 10% fetal bovine serum. The cells were in-
cubated at 37°C, in a 5% carbon dioxide atmosphere,
and observed periodically to ensure the cells retained

their shuttle-shaped morphology. Cells were passaged
when they reached 80% confluence. The methods were
as follows: BMSCs were seeded into six-well plates and
a scratched area was created using a 200 pl pipette tip
when the cells reached 100% confluence. The wells were
washed three times in phosphate-buffered saline to re-
move floating cells, and the remaining cells were cul-
tured in serum-free medium,'” with the addition of r-SLPI
(AtaGenix, China) at 1 ug/ml'® to the SLPI group while the
NC group was not treated. Photographs were taken un-
der a phase-contrast microscope (Olympus) at zero and
24 hours post-scratching, to observe movement of the
cells. The experiment was repeated three times, and mi-
gration ability was determined by the scratch healing rate
evaluated by Image] (National Institutes of Health, USA).
Scratch repair rate (%) = (original scratch area — scratch
area after 24 hours)/original scratch area.'*

Osteogenic induction and qPCR. BMSCs were cultured
in osteogenic induction medium (PythonBio) consisting
of a-MEM, 50 pM ascorbic acid, 10 mM B-glycerophos-
phate, 100 nM dexamethasone, and 10% fetal bovine
serum (Thermo Fisher Scientific). The SLPI group was
treated with r-SLPI at 1 pg/ml,'® while only changes of
osteogenic induction medium were performed in the NC
group. Total RNA was extracted from cells using Total
RNA Extraction Reagent (Vazyme, China) after seven or
14 days of induction. RNA concentration was measured
using a microplate reader. Complementary DNA was syn-
thesized using the HiScript Il Q RT SuperMix transcription
kit (Vazyme), and finally, reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) was performed
using ChamQ SYBR gPCR Master Mix (Vazyme) in a ther-
mal cycling instrument. Data were analyzed with the
2-ACt method and all experiments were repeated in trip-
licate. The primer sequences used are shown in Table I.
Animal study design and surgical procedure. All opera-
tions followed the rules of the Institutional Animal Care
and Use Committee. An ARRIVE checklistis included in the
supplementary material to show that the ARRIVE guide-
lines were adhered to in this study. A total of 36 adult
male Sprague-Dawley rats (280 g to 320 g weight) pur-
chased from Southern Medical University (Guangzhou,
China) were randomly divided into two groups (18 per
group): the negative control (NC) group (fibrin gel injec-
tion alone) and the SLPI group (fibrin gel loaded with re-
combinant SLPI (rSLPI) protein). The surgical procedures
were performed as previously described.??? Briefly, a
rat unilateral ACL reconstruction model was used. After
successful general anaesthesia with an intraperitoneal in-
jection of pentobarbital sodium solution (20 mg/kg), a
medial right ankle incision was made to harvest the flexor
digitorum longus tendon (Figures 1a and 1b). Another
medial parapatellar incision was made, the patella was
laterally dislocated, and the native ACL was identified and
removed (Figure 1c). Bone tunnels were established in
the femur and tibia through the footprints of the intrin-
sic ACL with a 1.0 mm drill (Figure 1d). After pulling the
flexor digitorum longus tendon into the bone tunnels
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Table 1. Primers for the genes associated with osteogenic differentiation.
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Target Forward Reverse

Runx2 5'-CGCCTCACAAACCACAG-3' 5'-AATGACTCGGTTGGTCTCGG-3'

OCN 5'-CAACCCCAATTGTGACGAGC-3' 5'-AACGGTGGTGGCATAGATGC-3~
ALP 5'-GTTTTCTGTTCTGTAAGACGGG-3' 5'-GCCGTTAATTGACGTTCCGA-3 -

OPN 5'-GGCTTACGGACTGAGGTCAA-3' 5'-AGGTCCTCATCTGTGGCATC-3 "~

GAPDH 5'-TAGCAACTTTGGCATCGTGG-3' 5'-GGGCCATCCACAGTCTTCTG-3~

ALP, alkaline phosphatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OCN, osteocalcin; OPN, osteopontin; Runx2, runt-related

transcription factor 2.

(Figure T1e), each tunnel of the knee in the SLPI group was
injected evenly around the tendon graft with 0.1 ml fibrin
gel containing 1 pg r-SLPI (release kinetics of SLPI from
fibrin gel as shown in Supplementary Figure a), while the
NC group was treated with fibrin gel injection only. Both
ends of the graft were fixed onto the periosteum of the
femur and tibia with a 2-0 absorbable Ethibond suture
(Johnson & Johnson, USA) with the knee in 30° of flexion.
Finally, after repositioning the patella, the joint capsule
and skin were sutured in layers to complete the operation
(Figure 1f). All the animals were allowed to move free-
ly in their cages after ACL reconstruction. Animals were
administered 80,000 U of penicillin by intraperitoneal
injection for three consecutive days after surgery, and
the wounds and general conditions of the animals were
examined daily. No animal deaths or infections occurred
during our study, so no animals were excluded.
Specimen collection and preparation. At two, four, and
eight weeks after ACL reconstruction, the animals in each
group were euthanized by inhalation of excess carbon di-
oxide. Micro-CT scanning (n = 4) was performed imme-
diately after this, followed by harvesting tissue samples,
which were placed in decalcifying solution after fixation
with 10% formaldehyde for 72 hours at 4°C. The samples
were paraffin-embedded until used for histological stain-
ing and immunohistochemistry (IHC, n = 4). Additionally,
the samples were taken from the animals at eight weeks
postoperatively, six samples from each group were sub-
jected to direct biomechanical testing, and no further his-
tological evaluation would be performed on samples that
had undergone biomechanical testing.

Micro-CT scans and analysis. The operated limbs (four per
group) were harvested from all the rats at each timepoint
following euthanasia and fixed in the scanning tubes.
A five-minute pre-scan was performed with a micro-CT
scanner (Scanco Medical, Switzerland), with the follow-
ing parameters: resolution: 30 um, voltage: 55 KVp, cur-
rent: 145 pA, and energy: 8 W. Scanning was performed
from the tibial plateau to the distal exit of the tibial tunnel
for about 30 minutes. After scanning, a region of interest
with a diameter of 1.5 mm and a height of 5 mm was se-
lected from the tibial plateau to distal tibia, and the bone
volume/total volume (BV/TV) and bone mineralization
density (BMD) were analyzed. Cross-sectional images of
the tibial bone tunnel, at a depth of 1.5 mm below the
tibial articular surface, were measured.?'

Fig. 1

a) and b) To create a rat model of anterior cruciate ligament (ACL)
reconstruction, the rat was placed in the supine position and the flexor
digitorum longus tendon was freed under aseptic conditions. c) A medial
patellar incision was made to expose the knee joint and the intrinsic

ACL was removed. d) A femoral tunnel was created with a drill (1 mm
diameter). e) After femoral and tibial tunnels were established, both ends

of the transplanted tendon were fixed and pulled into the bone tunnels.

f) The incisions were sutured after injection of fibrin gel with or without
recombinant secretory leucocyte protease inhibitor around the graft tendon,
and the operation was completed.

Biomechanical testing. Animals were euthanized at eight
weeks after ACL reconstruction. The specimens (six per
group) were harvested for biomechanical testing im-
mediately, in accordance with the methods outlined
in a previous study.?®* Briefly, before testing, the fixed
sutures around the tendon and the soft-tissue were
carefully removed, and only the femur-graft-tibia com-
plex was preserved and subjected to testing by a high-
precision biomaterial testing system (ELF-3510AT; Bose
Corporation, USA). The femur and tibia were fixed with
clips (Figure 2a). Tensile force was applied along the axis
of the grafted tendon. The complex was stressed with a
pre-tensile force of 1 N for five minutes and then under-
went testing with an elongation rate of 0.5 mm/s until
the tendon was pulled out or ruptured. The maximum
load force was recorded at tendon failure, and tension-
deformation curve was simultaneously recorded by the
testing system. The stiffness was calculated from the
slope of the highest point of the curve.

Histological evaluation. Before histological staining/
IHC analysis, the paraffin-embedded samples were sec-
tioned using a microtome (Leica tissue slicer; Leica
Microsystems, Germany) vertically to the longitudinal
axis of the transplanted tendon with a thickness of 5 um.
The sections were stained with haematoxylin and eosin
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Maximal failure load(N)
stiffness(N/mm)

NC SLPI

Fig. 2

a) Biomechanical testing performed using a biomaterial testing system. b)
Maximum tensile force and c) stiffness of the secretory leucocyte protease
inhibitor (SLPI) group and the negative control (NC) group were recorded.
Both the maximum tensile force and stiffness were higher in the SLPI group.
Results are presented as mean and standard deviation (n = 6), *p < 0.05. The
red dashed line in b) and c) indicates maximum failure tension and stiffness
of the intact anterior cruciate ligament.
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Fig. 3

Scratch assay was performed to evaluate cell migration (n = 3). a) Images of
the secretory leucocyte protease inhibitor (SLPI) group show a small scratch
area at 24 hours after addition of SLPI. b) Quantification of the scratch
healing rate based on a). NC, negative control. *p < 0.05.

(H&E), Masson’s trichrome, and modified Safranin O/Fast
green staining. The sections were examined blindly and
independently by three observers (DX, YS, JY), who se-
lected and examined it to assess fibrocartilage formation,
new bone formation, and tendon graft bonding to adja-
cent tissues according to the scoring system (Table II).*
IHC staining for Runx2 (Rabbit-derived; Abcam, USA) and
OCN (Rabbit-derived; Proteintech, China) were used to
detect osteogenic differentiation-related indicators at the
tendon-bone interface of serial tissue sections. Antigen
heat retrieval was performed after dewaxing and hydra-
tion. Endogenous peroxidase was eliminated with 3% hy-
drogen peroxide. Normal goat serum was used to block
non-specific antigens, then sections were incubated with
the appropriate primary antibody (Runx2: 0.52 mg/ml,
OCN: 0.8 mg/ml) overnight at 4°C followed by the sec-
ondary antibody (Goat-derived; ImmunoWay, China;
4 mg/ml) for one hour at room temperature. Finally, the
diaminobenzidine solution was prepared to detect posi-
tively stained cells. After IHC staining, the sections were
observed and evaluated by three independent research-
ers (DX, YS, JY). The results are expressed as the num-
ber of positive cells as a proportion of the total number
of cells per high-power field (magnification x 400). All

Table I1. Scoring system for histological results.?*

Characteristic Points

Fibrocartilage formation
Abundant

Moderate

Slight

None

o = N W

New bone formation
Abundant

Moderate

Slight

None

o = N W

Tendon graft bonding to adjacent tissue
75% to 100%

50% to 75%

25% to 50%

0% to 25%

o = N W

sections were photographed under a light microscope
(Olympus, Japan).

Statistical analysis. All data are expressed as mean and
standard deviation (SD), and were analyzed using SPSS
statistics software (version 20.0, IBM, USA). The statistical
differences between the two groups at each timepoint
were compared using the independent-samples t-test.
p-values < 0.05 were considered statistically significant.

Results

BMSCs migration capacity. To clarify the effect of SLPI on
BMSCs, a scratch assay was used to examine cell migra-
tion ability. The results showed that overexpression of
r-SLPI significantly increased the mobility of BMSCs com-
pared to the NC group (Figure 3a). The scratch area heal-
ing rate was dramatically higher after 24 hours in the SLPI
group (p = 0.011) (Figure 3b).

Osteogenic differentiation-related gene expression. The
expression of osteogenic differentiation-related genes
(Runx2, ALP, OCN, and OPN) was examined by qPCR after
induction of BMSCs in osteogenic differentiation medium
for seven or 14 days, and the results showed (Figure 4)
that the expression of Runx2 and ALP in BMSCs was sig-
nificantly increased in the SLPI group at seven (p < 0.001
and p = 0.009, respectively) and 14 (p = 0.012 and p =
0.013, respectively) days of induction; there was no dif-
ference in the expression of OCN and OPN between the
two groups at day 7 of induction, but expressions in the
SLPI group were significantly upregulated compared
with the NC group at 14 days (p = 0.006 and p = 0.005,
respectively).

Expression of osteogenesis-related markers at the ten-
don-bone interface. Expression of the osteogenic
differentiation-related protein markers Runx2 and OCN
at the tendon-bone interface of all the samples was de-
tected by IHC. The results showed that the expression
of Runx2 and OCN at the tendon-bone interface in each
group gradually increased with time, but, more meaning-
fully, the proportion of positive cells at the tendon-bone
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Fig. 4

After seven and 14 days of osteogenic induction, the levels of a) runt-related transcription factor 2 (Runx2), b) alkaline phosphatase (ALP), c) osteocalcin
(OCN), and d) osteopontin (OPN) were measured by quantitative polymerase chain reaction (QPCR) (n = 3). Secretory leucocyte protease inhibitor (SLPI)
increased the expression of Runx2, ALP, OCN, and OPN at different stages of osteogenic differentiation of bone mesenchymal stem cells (BMSCs). Runx2 and
ALP increased significantly in the early stage of induction while OCN and OPN were upregulated in the more advanced stage of osteogenic induction. *p <
0.05; **p < 0.01; and ***p < 0.001. mRNA, messenger RNA; NC, negative control.

site of the SLPI group was significantly higher than in the
NC group at all timepoints. The results were analyzed by
comparing the number of positive cells as a percentage
of the total cells of the tendon-bone connection in each
high-magnification field (x200 and x400) (Figure 5).

Histological evaluation. Histological analyses were per-
formed to assess bone formation, cartilage formation,
and tendon-bone connection. The staining results show
that at the two weeks after ACL reconstruction, both of
the two groups exhibited a fibrovascular connective tis-
sue interface between tendon and bone, while there was
more continuous new bone formation around the graft-
ed tendon in the SLPI group (Figures 6a and 6b). At four
weeks, the SLPI group showed more new bone ingrowth
and tendon remodelling compared to the NC group;
chondrocytes were present in some samples (Figures 6a
and 6b). The SLPI group exhibited a smooth transition
structure with more cartilage-like cell formation at eight
weeks after operation (Figures 6a and 6b). At each time-
point after operation, the SLPI group had more chondro-
cytes than the NC group (Figure 6c). The tendon-bone
interface was scored by three observers (DX, YS, JY) in
both the SLPI group and the NC group, and the scores of
the SLPI group were found to be significantly higher than

those of the NC group at four (p = 0.024) and eight weeks
(p = 0.007) (Figure 7).

Micro-CT analysis. Results of micro-CT  scanning
(Figure 8a) showed that the tunnel cross-sectional area
(mm?) of all animals decreased with time, but the bone
tunnel of the SLPI group had a smaller cross-sectional
area than the NC group at four weeks (p = 0.038) and
eight weeks (p = 0.008). At four weeks (p = 0.042) and
eight weeks (p = 0.035) after ACL reconstruction, BV/TV
(%) indicated that new bone formation around the graft
tendon was higher in the SLPI group at two weeks, but
this difference was not statistically significant (p = 0.058);
BMD (mg hydroxyapatite-cm?), which represents new
bone mineralization, was dramatically increased at eight
weeks in the SLPI group compared with the NC group
(p = 0.033), while there was no significant difference at
four weeks (p = 0.191; Figure 8b).

Biomechanical testing. The biomechanical strength of
the tendon-bone connection after ACL reconstruction
was evaluated by recording and analyzing the maximum
tensile force and stiffness of the ligaments using a bio-
mechanical test system. At eight weeks postoperatively,
the mean maximum tensile force (30.79 N (SD 2.958))
and mean stiffness (1.880 N/mm (SD 0.2395)) of the SLPI
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a) The expression of runt-related transcription factor 2 (Runx2) at the tendon-bone interface at two, four, and eight weeks in each of the two groups (n = 4)
using 3, 3 -diaminobenzidine (DAB) staining, and b) the proportion of Runx2-positive cells quantified at a magnification of x400. Results are presented as
mean and standard deviation (SD). *p < 0.05. c) Expression of osteocalcin (OCN) at the tendon-bone junction at two, four, and eight weeks in each of the
two groups (n = 4). d) The proportion of OCN-positive cells was quantified at a magnification of x400. Results are presented as mean and SD. *p < 0.05. NC,

negative control; SLPI, secretory leucocyte protease inhibitor.

group were greater than those of the NC group (24.72
N (SD 2.778) and (1.461 N/mm (SD 0.1421)), with sta-
tistically significant differences (p = 0.024 and p = 0.023,
respectively; Figures 2b and 2c). In comparison, the max-
imum failure tension and stiffness of the intrinsic ACL
were 23.13 N (SD 3.064) and 2.36 N/mm (SD 0.3674),
respectively.

Discussion

Many factors determine the outcome of ACL reconstruc-
tion, including the graft fixation, graft mechanical load,
and graft materials, but the most important factor is firm
healing between tendon and bone.?>?¢ In our research, we
illustrated that the delivery of rSLPI by fibrin gel into the
bone tunnel promoted chondrogenesis and osteogenic
differentiation at the tendon-bone interface, thereby
increasing the cartilage and bone formation, enhancing
the biological strength of tendon-bone connection, and
finally accelerating the tendon-to-bone healing after ACL
reconstruction in rat. Our study underlines the high value
of SLPI in tendon-bone recovery, and points to SLPI injec-
tion as an effective therapy for ACL ruptures.

ACL tears are some of the most common sports inju-
ries, due to the concentration of stress at the tendon-
bone connecting area, which is prone to rupture.?-#
Currently, the most effective means of treating injuries
in the tendon-bone junction is surgical reconstruc-
tion.?®3' However, second ACL injury rates of 23% have
been reported, especially in the early return-to-sport
period.*? In the normal tendon-bone junction, a transi-
tional four-layer structure of bone-mineralized cartilage-
unmineralized cartilage-tendon is necessary for buffering
the force aligning the muscles to bone. However, dueto a
poor self-healing ability,'” once the tendon-bone junction
is injured, a large amount of scar tissue is formed at the
tendon-bone interface during the healing process instead
of the typical four-layer structure.?* The poor biomechan-
ical strength of the scar tissue leads to a considerable
decrease in mechanical properties after healing, which
is one of the main reasons for poor recovery after ACL
reconstruction.”3* Hence, it is crucial to find a better way
to restore the intrinsic structure of the ACL. For the first
time, we determined that SLPI could effectively accelerate
the process of tendon-bone healing, and enhance the
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SLPIL

a) Haemotoxylin and eosin (H&E) staining of the tendon-bone interface at
two, four, and eight weeks after surgery in the secretory leucocyte protease
inhibitor (SLPI) and negative control (NC) groups, respectively (n = 4). b)
Masson’s trichrome staining of the tendon-bone interface of samples at
two, four, and eight weeks in the SLPI and NC groups, respectively (n = 4).
c) Modified Safranin-O/Fast Green staining of the tendon-bone interface at
two, four, and eight weeks in the SLPI and NC groups, respectively (n = 4).
IF, interface; T, tendon; arrow: cartilage-like cell, asterisk: neovascularization;
bar 20 pm.

strength of tendon-bone connection, which may serve as
a potential therapeutic target in ACL rupture.

Since the strength of tendon-bone healing after ACL
reconstruction depends on osseointegration between
the tendon graft and bone,'® recent attempts have been
made to enhance the osseointegration of the tendon graft
into the bone tunnel. SLPI has attracted the attention of
many researchers in recent years. In mucosal tissues,
SLPI inhibits proteases, prevents cell destruction, and
maintains homeostasis, thus protecting against inflam-
mation.* In the injured central nervous system, SLPI
promotes axonal regeneration and functional recovery.3¢
SLPI also plays an important role in cutaneous wound
healing, and absence of SLPI in mice showed delayed
wound repair and excessive inflammation.*” Moreover,
SLPI regulates the communication between osteoblasts

@l NC
@0 SLPI

Histological scores

A

&

4

Fig. 7

Mean histological scores (standard deviations) of the tendon-bone interface
in the study group (SLPI, secretory leucocyte protease inhibitor) and the
control group (NC, negative control) at two, four, and eight weeks after
operation (n = 4). *p < 0.05; **p < 0.01.

and osteoclasts, promoting PTH-induced bone anabo-
lism."”> However, whether SLPI modulates these effects
in tendon-bone healing remains unclear. In our study, in
vitro experiments confirmed the ability of SLPI to promote
the mobility and osteogenic differentiation of BMSCs,
while in vivo experiments showed that SLPI promotes
osteoblast formation in the early stage of tendon-bone
healing after ACL reconstruction in a rat model, making
the tendon-bone interface a beneficial microenvironment
in the early stage of healing and allowing better tendon-
bone healing in the later stage.

Zhang et al®® used fibrin gel as a carrier injected into
the bone tunnel after ACL reconstruction in a rabbit
model. We also used fibrin gels as carriers with the aim of
avoiding the possible degradation of exogenous proteins
by the joint fluid. According to a rat model of ACL recon-
struction, we found better histological outcomes after
SLPI treatment carried by fibrin gel, which led to more
new bone formation and mineralization around the graft
and improved biomechanical properties.

However, there are several limitations to our study.
First, we only investigated three timepoints which were at
relatively early stages of the healing process, limiting our
viability to show an effect of SLPI on later repair stages.
Second, this experiment did not reveal the molecular
mechanism of SLPI in promoting osteogenic differentia-
tion, and it will be necessary to carry out further research
to clarify the mechanism of the specific effect and the
pathways involved. At present, the preparation process of
SLPI is still complex and expensive, and further research
may need to be done into SLPI before it can be used in
clinical settings. Third, in future studies, the optimal
concentration and sustained release system of rSLPI are
worthy of further investigation to enhance tendon-bone
interface healing. Fourth, although we have confirmed
the promoting effect of rSLPI on ACL reconstruction
using a rat model, rSLPI still cannot be applied directly
to clinical surgery. It is necessary to carry out rigorous
preclinical research in the future. Finally, research results
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Fig. 8

a) Micro-CT was performed to evaluate the cross-sectional area of the tibial tunnel in the secretory leucocyte proteinase inhibitor (SLPI) and negative control
(NC) groups at two, four, and eight weeks (n = 4). The planes (yellow dashed circle) were chosen at a depth of 5 mm from the tibial plateau. b) Results of
bone tunnel area, bone volume/total volume (BV/TV (%)), and bone mineralization density (BMD) of the samples from each of the two groups at two, four,
and eight weeks. The results are expressed as mean and standard deviations, *p < 0.05; **p < 0.01. The red dashed line indicates the outline of the bone

tunnel.

may be biased, due to the limited number of samples and
individual differences of animals.

In summary, SLPI reduces the formation of tissue scars
and promotes osteogenic differentiation after recruiting
BMSCs from the bone marrow cavity. Under the influ-
ence of the local microenvironment, SLPI accelerates
the process of osteogenesis and increases osseointegra-
tion and bone mineralization around a graft, ultimately
improving the strength of tendon-bone healing. Exoge-
nous supplement of SLPI may serve as a potential therapy
for tendon-bone interface reconstruction.

In conclusion, SLPI can enhance the migration and
osteogenic differentiation of BMSCs in vitro, and also
effectively promotes early tendon-bone healing after ACL
reconstruction at eight weeks in vivo.

Supplementary material

In vitro drug release and sustainability analysis of
E secretory leucocyte protease inhibitor, and AR-
RIVE checklist.
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