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Aims

Mechanical stimulation is a key factor in the development and healing of tendon-bone in-
sertion. Treadmill training is an important rehabilitation treatment. This study aims to in-
vestigate the benefits of treadmill training initiated on postoperative day 7 for tendon-bone
insertion healing.

Methods

A tendon-bone insertion injury healing model was established in 92 C57BL/6 male mice. All
mice were divided into control and training groups by random digital table method. The
control group mice had full free activity in the cage, and the training group mice started the
treadmill training on postoperative day 7. The quality of tendon-bone insertion healing was
evaluated by histology, immunohistochemistry, reverse transcription quantitative polymer-
ase chain reaction, Western blotting, micro-CT, micro-MRI, open field tests, and CatWalk gait
and biomechanical assessments.

Results

Our results showed a significantly higher tendon-bone insertion histomorphological score
in the training group, and the messenger RNA and protein expression levels of type Il col-
lagen (COL2A1), SOX9, and type X collagen (COL10A1) were significantly elevated. Addi-
tionally, tendon-bone insertion resulted in less scar hyperplasia after treadmill training, the
bone mineral density (BMD) and bone volume/tissue volume (BV/TV) were significantly
improved, and the force required to induce failure became stronger in the training group.
Functionally, the motor ability, limb stride length, and stride frequency of mice with tendon-
bone insertion injuries were significantly improved in the training group compared with the
control group.

Conclusion

Treadmill training initiated on postoperative day 7 is beneficial to tendon-bone insertion
healing, promoting biomechanical strength and motor function. Our findings are expected
to guide clinical rehabilitation training programmes.
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To determine the effects of treadmill
training initiated on postoperative day
7 on fibrocartilage complex repairing in
tendon-bone insertion injury model, and
on tendon-bone insertion injury repair in
terms of motor function.

Treadmill training initiated on postopera-
tive day 7 can promote structural recon-
struction of the fibrocartilage complex.
Treadmill training initiated on postoper-
ative day 7 not only promoted chondro-
genesis, but also enhanced the new bone
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formation. Tendon-bone insertion injury model mice
showed significant improvement in motor function
after treadmill training was initiated.

Strengths and limitations

This study has demonstrated the reliability of this
treadmill training programme in terms of cartilage
and bone formation as well as motor function. Our
findings are expected to guide clinical rehabilitation
training programmes.

This study has not elucidated the specific molecular
mechanisms, and the mice model we constructed
differs from the clinical human body.

Introduction
Tendon-bone insertion, which can also be described as
enthesis, is a complex hierarchical tissue. The fibrocar-
tilage complex is the crucial structure of tendon-bone
insertion including tendon, non-calcified fibrocartilage,
calcified fibrocartilage, and bone, which dissipates stress
concentrations between tendon and bone. Tendon-
bone insertion injury is commonly seen in sports medi-
cine clinics and often occurs in the rotator cuff, Achilles
tendon, and patellar tendon. Tendon-bone insertion
injury damage levels are high and frequently disabling,
and the incidence rate is increasing annually.? According
to previous surveys,** the incidence of rotator cuff injury
aloneis 19.0% to 32.0%; in the USA, over 250,000 rotator
cuff repair operations are performed each year, and the
rate of retearing after two years is 11.0% to 94.0%.* Nearly
half of the patients’ postoperative pain persists without
relief. Although surgical procedures have rapidly devel-
oped in recent years, repaired tissue rarely regains the
natural ordered gradient histological structure, especially
that of the typical fibrocartilage complex. Thus, tendon-
bone insertion healing remains a substantial challenge in
sports medicine.®

A limited understanding of the healing method of
tendon-bone insertion injury is a key factor restricting
its treatment. Various biological and mechanical factors
drive and coordinate the repair process.”'? Among
them, mechanical stimulation is an important factor in
promoting tendon-bone insertion repair.” A review study
by Osborne et al"* showed that long-term fixation after
rotator cuff injury can increase shoulder stiffness and
cause bone loss, and the timing of rehabilitation training
is particularly important for high-quality healing and the
prevention of stiffness. Six weeks after rotator cuff injury,
more aggressive passive and active activities can gradu-
ally begin, helping patients return to a satisfactory exer-
cise level and ability to work. Animal experiments have
also confirmed that appropriate mechanical stimulation
is conducive to the regeneration of tendon-bone inser-
tion healing.™

We first developed a mechanical stimulus scheme to
evaluate how mechanical stimulation affects tendon-
bone insertion healing. Bedi et al'® pointed out that
immediate mechanical stimulation after anterior cruciate

ligament (ACL) reconstruction could cause macro-
phages to accumulate and aggravate the inflammatory
response in tendon-bone insertion, interrupting tendon-
bone insertion healing. Wada et al'” found that excessive
mechanical load after rotator cuff repair could delay the
tendon-bone insertion healing process. Studies have
confirmed that the inflammatory stage is a critical period
that affects the quality of tendon-bone insertion healing.
Excessive aggregation of inflammatory cells can cause
increased fibrovascular scar tissue formation and make
it difficult to reconstruct the histological structure of
tendon-bone insertion. Lu et al® explored different exer-
cise plans in a tendon-bone insertion repair model. They
compared treadmill running initiated on postoperative
days 2, 7, and 14, and found that postoperative tread-
mill running initiated on postoperative day 7 had a more
prominent effect on tendon-bone insertion healing. Our
pre-experiments also showed that treadmill running
initiated on postoperative day 7 had a higher histomor-
phological score (Supplementary Figures aa and ab).
Therefore, mechanical stimulation after the inflammatory
period may avoid aggravating the inflammatory response
and may be more conducive to tendon-bone insertion
healing.”" Previous studies have mostly focused on the
relationship between mechanical stimulation and the
fibrocartilage layer, while the effect of mechanical stim-
ulation on tendon, fibrocartilage layer, and bone in the
fibrocartilage complex is unclear.

We hypothesized that treadmill training starting after
the inflammatory phase promotes repair of the fibrocar-
tilage complex after tendon-bone insertion injury. The
purpose of the present study was to compare tendon-
bone insertion healing in mice subjected to treadmill
training initiated on postoperative day 7 and free cage
recovery, and to evaluate the quality of fibrocartilage
complex repair, biomechanical properties, and motor
function.

Methods

This study was reviewed and approved by the Animal
Ethics Committee of our university. All animal studies have
been checked in accordance with the ARRIVE guidelines.
Breeding and operating of all animals were conducted in
accordance with standard processes and guidelines.
Study design. A total of 92 eight-week-old male
C57BL/6 mice were purchased from the Animal Centre
of the First Affiliated Hospital of Army Medical University
and housed four mice per cage. These animals had similar
anatomical structures and pathophysiological processes
after Achilles tendon-bone insertion injury. All mice un-
derwent Achilles tendon-bone insertion injury and repair
surgery, and were divided into six groups by the random
digital table method as follows: Control group-1 month
(1 M-C), Control group-2 months (2 M-C), Control
group-3 months (3 M-C), Training group-1 month
(1 M-T), Training group-2 months (2 M-T), and Training
group-3 months (3 M-T). For each animal, one specific
investigator (FW) administered the training based on the
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Fig. 1

A schematic diagram showing the entire experimental process.

randomization table. This investigator was the only per-
son aware of the training group allocation. All mice were
allowed free movement in the cage after the operation.
The control group mice had full free activity in the cage,
and the training group mice started the treadmill training
one week after the surgery. Mice were euthanized at one
month, two months, and three months after the surgery

(Figure 1), and the number of animals used in each ex-
periment is described in detail in the Results. A detailed
protocol was prepared before the study.

Surgical procedures. All mice were injected in the right
lower abdomen with 0.3% pentobarbital sodium anaes-
thetic (dose: 0.1 ml/10 g). Briefly, after sterile prepa-
ration of the entire forelimb, an approximately 5 mm
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longitudinal incision was made at 2 mm on the right
side of the calcaneus, and the soft-tissue was split to ex-
pose the insertion site of the Achilles tendon. The end
of the Achilles tendon was fixed with 6-0 polydioxanone
(PDS) suture (Ethicon, USA) in an “8” figure fashion, the
Achilles tendon was sharply transected at its insertion on
the surface of the calcaneus, and any fibrocartilage at the
enthesis was scraped with a blade until cancellous bone
was exposed. Then, a bone marrow needle was used to
pierce the bone marrow from right to left at 2 mm below
the calcaneus surface, and 6-0 PDS sutures were passed
through the bone tunnel. The suture was tightened to
approximate the Achilles tendon to its original footprint,
and interrupted suturing was used to close the cutane-
ous incision (Supplementary Figures ba to bf).° Stress to
failure of tendon-bone insertion in surgical model mice
was validated (Supplementary Figures bg and bh).
Treadmill training. All mice were trained on adaptive
treadmill training before surgery. The treadmill parame-
ters were as follows: 5 to 10 m per minute, 20 minutes
per day, five days per week, and a 0° tilt angle. The 1 M-
T, 2 M-T, and 3 M-T groups began treadmill training on
postoperative day 7 with the following treadmill train-
ing intensity and parameters: 10 m per minute, 30 min-
utes per day, five days per week, and a O tilt angle. The
treadmill has eight runways with electric stimulators at
the end of each runway. The voltage was set at 1.2 mAh.
Up to four mice were allowed to run simultaneously per
runway, and all mice were closely monitored during run-
ning. Training time was between 9.30am and 11.30am,
and the training order was randomized daily, with each
animal trained at a different track each test day. One ex-
perimenter (FW) was dedicated to treadmill training of
the mice; only this experimenter knew the grouping of
the mice (training group or control group) until all the
experiments were completed.

Histological staining. Five mice were randomly selected
in each group for histological staining. Part of the calca-
neus and Achilles tendon was preserved to obtain com-
plete tendon-bone insertion specimens, tendon-bone
insertion specimens were fixed in 4% paraformaldehyde
(Solarbio, China) for 48 hours, then decalcified in EDTA
decalcifying solution (Solarbio) for 48 hours, and finally
dehydrated in 30% paraformaldehyde-sucrose solution
(Leagene, China) for 48 hours. Frozen specimens were
cut in 7 ym thick sections in the sagittal plane by a mi-
crotome (LEICA CM1950, Germany). Frozen sections
were stained with haematoxylin-eosin (H&E) (Solarbio)
and Alcian blue (Solarbio) using standard procedures,
and the specimens were stored at room temperature af-
ter staining. The stained tendon-bone insertion sections
were analyzed by a Zeiss AxioVert microscope (Germany)
equipped at 40x magnification, and the images were
saved on the laboratory database.

Histomorphological score. Tendon-bone insertion heal-
ing maturity was evaluated using the scale developed by
Ide et al*’ and Bian et al.?? There were eight categories
used for the evaluation based on H&E staining and Alcian

blue staining. Overall, the scores were divided into the
sum of various categories, with a value range of 0 to 24
points (Supplementary Table i). A higher score indicates
better tendon-bone insertion healing maturity. When
performing histological scoring, we first modified the
histological scoring scale of the tendon-bone insertion
according to the literature. The scale scoring system was
then studied by two professionals (XL, XB), and after the
study the same samples were scored, and formal scoring
was started once the error rate of the scoring results had
reached less than 5%. At the time of formal scoring, all
samples were blinded to the observers, and after scoring
was completed the mean score of the two was removed
as the final histological score for that sample for statistical
purpose.

Immunohistochemical staining and analysis. Three con-
secutive sections from each specimen were selected and
rewarmed, rehydrated, placed in 3% bovine serum al-
bumin (BSA), and incubated at 37°C for 30 minutes to
block non-specific binding. Subsequently, 0.1% Triton
X-100 was added, and the sections were incubated at
37°C for 20 minutes to increase cell permeability. Primary
antibodies against type Il collagen (COL2A1) (1:200;
Abcam, USA) and SOX9 (1:200; Abcam) were added,
and the samples were incubated at 4°C overnight. The
next day, the sections were washed with 0.01 mol/I
phosphate-buffered saline (PBS), secondary antibodies
were added, and the sections were incubated at 37°C for
two hours, soaked in PBS for five minutes, and stained
with 3,3'-Diaminobenzidine (DAB) and haematoxylin.
The sections were mounted using neutral resins. All the
stained sections were viewed and photographed under a
Zeiss AxioVert microscope. Cells positive for the targeted
proteins were counted at a magnification of 40x in three
fields of each slide. The positive cell numbers were nor-
malized to the cell number per 100 total cells.

RNA isolation and quantitative real-time polymerase chain
reaction. The tendon-bone insertion tissue specimens
were cut into pieces, and the total RNA in the samples
was extracted by TRIzol reagent (Thermo Fisher Scientific,
USA). Quantitative polymerase chain reaction (PCR) was
performed on total complementary DNA (cDNA) with
PrimeScript RT Master Mix (Takara, Japan), and mouse-
specific primers using the Thermal Cycler Dice Real-Time
System (Takara) at 95°C for ten seconds, followed by 40
cycles of 95°C for five seconds and 60°C for 30 seconds.
Relative gene expression was quantified by densitome-
try and normalized to the expression of the housekeep-
ing gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The sequences of COL2A1, type X collagen
(COL10A1), SOX9, and GAPDH gene primers used in our
experiments are listed in Supplementary Table ii.
Western blotting. Tendon-bone insertion tissues were
cut into pieces, and radioimmunoprecipitation assay
(RIPA) lysis buffer was added to lyse the tissue on ice.
The protein concentration was measured using a BCA
Protein Assay kit (Beyotime, China), and the protein
samples were separated by 12% SDS-polyacrylamide
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gel electrophoresis (SDS—PAGE), transferred onto poly-
vinylidene difluoride (PVDF) (Merck, USA) membranes,
and incubated with 5% bovine serum albumin (Solarbio)
for one hour. The primary antibodies were added to
the PVDF membranes and incubated at 4°C overnight.
Primary antibodies included COL2A1 (1:1,000, Abcam),
COLOAT (1:1,000, Abcam), SOX9 (1:1,000, Abcam), and
B-actin (1:5,000, Abcam). Then, the membranes were in-
cubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Beyotime) at 37°C for two hours.
Finally, the reaction solution was added for the exposure
analysis.
Micro-MRI and micro-CT. Tendon-bone insertion spec-
imens were taken with an intact calcaneus, and we
preserved a portion of the tendon tissue at the tendon
end of the tendon-bone insertion in order to ensure the
structural integrity of the tissue at the tendon-bone inser-
tion. The specimens were fixed in 4% paraformaldehyde
(Solarbio). Micro-CT was performed using a Skyscan1276
radiograph Microtomograph (Micro CT) instrument
(Bruker, USA) with the following parameter settings: volt-
age 55 kV, current 200 pA, scan resolution 9.8 ym, and
visual field size 2,016 x 1,304. The results were analyzed
using Scanner software for Type Skyscan 1276 Micro CT
(Bruker, Germany), and the area of interest was selected
on the axial image. Tendon insertion into the proximal
heel of the bone marrow canal was identified as the re-
gion of interest, and the bone volume/total volume (BV/
TV), trabecular thickness (Tb. Th), trabecular number
(Tb. N), and bone mineral denisty (BMD) were evaluated.
The quality of tendon-bone insertion healing and
repair was assessed using micro-MRI in each group. Mice
were maintained under anaesthesia with 2% isoflurane in
a 1:1 mixture of O,:N,O. Images were obtained using a
9.4 T/160 mm animal MRI system (Agilent Technologies,
USA). Radiofrequency excitation and signal detection
were accomplished with a 72 mm quadrature volume
coil and a four-channel phased-array coil. The imaging
protocol included T2-weighted coronal images.
Biomechanical testing. ElectroForce Mechanical Test
Instruments (TA Instruments, USA) were used to detect
the stress to failure (N) of all samples. The Achilles tendon-
bone insertion connection specimen was removed and
placed in a 1x PBS petri dish in an icebox for testing. The
sample was fixed with cyanoacrylate adhesive and fixed
to the tensile instrument, and biomechanical tests were
conducted at room temperature. First, a 0.05 N preload
was applied for one minute, and then the specimen was
stretched at 0.03 mm/second to ensure consistency in
measuring process times. Data involving tendon or foot
terminal slip and fracture of non-tendon-bone insertion
connections were excluded.
CatWalk gait analysis and open field test. The static and
dynamic gait parameters of the mice were analyzed by
the CatWalk system.?* The mice were placed at one end
of the CatWalk glass plate channel in dark and quiet
surroundings. The mice were allowed to continuously
run to the other end and returned to their cages after

completing three trips. The channel glass plate bottom
emitted and reflected green light. When the mouse paw
made contact with the glass plate, the green light was
refracted and recorded. The brightness of the green sig-
nal increased as the foot weight increased. A high-speed
camera was installed directly under the glass plate for im-
age photography and capture.

The open-field test was conducted in quiet and lit

rooms consisting of four (40 cm x 40 cm x 30 cm) square
activity rooms, and intelligent video tracking software
EthoVision 11.0 (Noldus, the Netherlands) was placed
elevated above the centre of the room according to
Bian et al.?? Mice were acclimated in the environment
for five minutes before the test. One mouse experiment
per activity room was conducted, and the rooms were
cleaned with 75.0% alcohol before testing. The alcohol
was allowed to evaporate completely prior to the test
to avoid adverse reactions to the smell; the mice were
gently placed in the room, and the button was clicked
to start the intelligent software. The mice were contin-
uously observed for 30 minutes, and intelligent video
tracking software was used to record their movement by
a continuous sampling method, including movement
route, distance, and speed.
Statistical analysis. Data are presented as the mean and
standard deviation (SD). The independent-samples t-test
and one-way analysis of variance (ANOVA) were used for
comparisons between two groups and among multiple
groups, respectively. Model assumptions were checked
using the Shapiro-Wilk normality test and Levene’s test
for homogeneity of variance and by visual inspection of
residual and fitted value plots. Differences were consid-
ered significant when p < 0.05. The statistical analysis
was performed using SPSS v25.0 software (IBM, USA).

Results

Histomorphometric analysis. Frozen tendon-bone inser-
tion sections were subjected to Alcian blue (Figure 2a)
and H&E staining (Supplementary Figure ad), and
tendon-bone insertion healing maturity was assessed us-
ing the histomorphological score scale (Supplementary
Table i). The results showed that the training group had
better healing quality, and the histomorphological scores
of the 1 M-T, 2 M-T, and 3 M-T groups were significantly
higher than those of the 1 M-C, 2 M-C, and 3 M-C groups
(Figure 2b). Table | and Supplementary Table iii demon-
strate the histomorphological score for each item, indi-
cating that treadmill training can promote tendon-bone
insertion repair. We found that the mean weight in the
training group was significantly lower than that in the
control group at two and three month (Figure 2c).
Immunohistochemical assessments. Quantitative analy-
sis of immunohistochemical staining (Figure 3a) showed
that the percentages of COL2A1- and SOX9-positive cells
in the T M-T, 2 M-T, and 3 M-T groups were significantly
higher than those in the 1 M-C, 2 M-C, and 3 M-C groups
(Figures 3b and 3c).
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Fig. 2

Tendon-bone insertion healing quality significantly improved after treadmill training. a) Representative Alcian staining images of each group.
b) Histomorphological score of each group. c) Statistics of each group of mouse body weight changes. Scale bars indicate 50 um for 40x magnification and
20 pm for 100x magpnification. Data are shown as the mean and standard deviation. N = 5 for all groups, *p < 0.05, **p < 0.01 compared with the control

groups. B, bone area; |, insertion area; T, tendon area.

Table 1. Mean histomorphological score and standard deviation for each item of each group (n =5 for all).

Collagen Collagen
Fibrocartilage Fibrocartilage fibre fibre
Group cell number cell alignment continuity  orientation Tidemark Cellularity  Vascularity Inflammation Total scores
1M-C  1.00(0.63) 1.20 (0.40) 1.40 (0.49) 1.00 (0.63) 0.60 (0.49) 1.40 (0.49) 1.80 (0.40) 1.80 (0.40) 10.20 (1.94)
1MT  1.80 (0.40)* 1.60 (0.49) 1.40 (0.49) 1.40 (0.49) 1.40 (0.49)t 1.80(0.40)  2.20(0.40)  1.80 (0.40) 13.40 (1.62)F
2M-C  1.20 (0.40) 1.60 (0.49) 1.00 (0.00) 1.00 (0.00)  0.80 (0.40) 1.20 (0.40)  2.60(0.49)  1.40 (0.49) 10.80 (1.47)
2MT  1.80(0.75) 1.60 (0.49) 1.60 (0.49) 1.60 (0.49) 2.00(0.00)  1.60(0.49)  2.80(0.40) 2.20 (0.40)% 15.20 (1.17)%
3M-C  1.40(0.49) 0.80 (0.40) 1.60 (0.49) 1.20 (0.40) 0.60 (0.49) 1.80 (0.40) 2.80 (0.40) 1.40 (0.49) 11.60 (1.85)
3M-T  2.00(0.00)* 2.40 (0.49)* 1.80 (0.40) 1.60 (0.49) 1.60 (0.49)* 2.20 (0.40) 3.00 (0.00) 2.00 (0.00)* 16.40 (1.50)*
*Statistical difference compared with 3 M-C.
FStatistical difference compared with 1 M-C.
iStatistical difference compared with 2 M-C.
C, control; M, months; T, training.
Gene and protein expression analysis. Both reverse training group was significantly higher only at two and

transcription (RT)-PCR (Figure 4a) and Western blot
(Figures 4b and 4c) analyses showed that the messenger
RNA (mRNA) and protein expression levels of the COL2A1
and SOX9 genes were significantly increased in the 1 M-
T, 2 M-T, and 3 M-T groups compared with those in the
control group. The protein expression of COL10AT in

three months.

Micro-MRI and micro-CT analysis. Our results obtained by
micro-MRI analysis show that the 1 M-T, 2 M-T, and 3 M-T
groups had better continuity, a stronger signal intensity,
better thickness, and formed less scar tissue (Figure 5a).
Micro-CT scans of the tendon-bone insertion showed
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Fig. 3

Treadmill training promotes type Il collagen (COL2AT) and SOX9 protein expression at the interface of tendon-bone insertion. a) Representative
immunohistochemical staining images of each group. b) Quantitative analysis of the proportion of SOX9-positive cells. ¢) Quantitative analysis of the
percentage of COL2A1-positive cells. Scale bar: 50 um, Magnification: 40x. Black arrows indicate the SOX9-positive, and red arrows indicate COL2A1-positive
cells. Data are shown as the mean and standard deviation. N = 3 for all groups, *p < 0.05 and **p < 0.01 compared with the control groups. B, bone area; |,

insertion area; T, tendon area.

that the BMD values of the 1 M-T, 2 M-T, and 3 M-T
groups were significantly higher than those of the 1 M-C,
2 M-C, and 3 M-C groups, and the BV/TV was significant-
ly increased at 2 M-T and 3 M-T. While Tb.Th and Tb.N
showed some increasing trend, they were not statistical-
ly significant compared to the control group (Figures 5b
and 5c). Micro-CT raw data are shown in Supplementary
Table iv.

Open field test and CatWalk gait analysis. The open-field
test revealed that treadmill training significantly im-
proved the autonomic movement ability of the model
mice and enhanced performance, as demonstrated by
the faster movement speed and longer distance trav-
elled compared with the control group (Figures 6a and
6b). CatWalk gait analysis results found that the training
group significantly increased the average speed, swing
speed, and stride length of the model mice compared
with those of the control group mice . Meanwhile, the
training group model mice had a shorter stand time dur-
ing walking (Figures 6c and 6d).

Biomechanical analysis. We performed complete biome-
chanical testing of the tendon-bone insertion. We found
that the stress to failure of the 3 M-T group was signifi-
cantly higher than that of the 3 M-C group (Figure 6e).

Therefore, we deduced that treadmill training can aid in
the repair of the fibrocartilage complex and enhance the
local biomechanical strength.

Discussion

Our results show that treadmill training initiated on post-
operative day 7 improves many aspects of tendon-bone
insertion healing, including higher tendon-bone inser-
tion histological maturity, better fibrocartilage complex
remodelling, and increased neonatal bone penetration.
Functionally, these improvements manifested as better
tendon-bone insertion biomechanical properties and
stronger sports ability, which became more pronounced
over the exercise time period. Although only male mice
were used in our study, this does not affect the general-
ization of the findings. On the one hand, the estrus period
and menstrual period caused by oestrogen secretion in
female mice may become a tricky variable affecting the
experimental data. On the other hand, the mechanical
stimulation produced by treadmill training was the only
intervention factor in our study. Oestrogen levels may
have some effect on individual responses to mechanical
stimuli, but do not affect the overall trend. Therefore, we
believe that our results are also instructive for females.
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The expression of cartilage markers in the tendon-bone insertion samples was significantly increased after treadmill training. a) The messenger RNA (mMRNA)
expression levels of cartilage markers such as type Il collagen (COL2AT), SOX9, and type X collagen (COL10A1) in each group. b) Typical Western blot (WB)
bands of cartilage markers of each group. c) Mean grey value statistics of WB bands in each group. Data are shown as the mean and standard deviation. N = 5
for all groups, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control groups. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

These results suggest that mechanical stimulation can
promote the healing process of tendon-bone insertion
injury, and that seven days of delayed mechanical stim-
ulation is beneficial for tendon-bone insertion healing,
consistent with the mainstream views in the current liter-
ature. Tendon-bone insertion healing, in general, like
tendon healing, follows a typical wound-healing course:
a short inflammatory phase (lasting on the order of days)
is followed by a proliferative phase (lasting on the order of
weeks), which in turn is followed by a remodelling phase
(lasting on the order of months). Our pre-experiment
study has confirmed that mRNA expression levels of IL-1(,
IL-6, and TNF-a at the tendon-bone insertion were signifi-
cantly elevated on postoperatives day 1 and 3, which was
in the phase of acute inflammation, while IL-1B, IL-6, and
TNF-a mRNA expression levels decreased significantly
on postoperative day 7 (Supplementary Figure ac), indi-
cating that the acute inflammatory phase had passed.
Therefore, day 7 was chosen to start treadmill training.
Among the literature, Bedi et al'® argued that delayed

mechanical loading better promotes tendon-bone
insertion healing after anterior cruciate ligament recon-
struction, possibly by alleviating postoperative acute
inflammation. Packer et al** pointed out that postoper-
ative delayed load is more helpful for mineral deposits
and new bone ingrowth at the epiphysis of tendon-bone
insertion. Lu et al'® found that compared with treadmill
running started on postoperative day 2 and full free
activity, treadmill running that started on postoperative
days 7 and 14 was more helpful for the histological matu-
ration of tendon-bone insertion healing, and improved
osteogenic and chondrogenic gene expression, along
with higher bone volume fractions and failure loads,
suggesting that delayed mechanical load is more helpful
for tendon-bone insertion healing.

Most studies suggest that the key to tendon-bone
insertion healing lies in the regeneration of the fibro-
chondral layer, including non-calcified fibrocartilage
cells and calcified fibrocartilage cells, and the type Il and
type X collagen fibres secreted by the cells.?>2” However,
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Treadmill training promotes new bone penetration at the tendon-bone insertion and enhances bone density. a) Coronal T2-weighted image showing tendon-
bone insertion; the red box indicates the tendon-bone insertion, and the yellow arrow shows the high signal area. b) The red box indicates the Achilles tendon
insertion (footprint area) on the left image, and region of interest (the red area on the right image) in microCT analysis. c) The mean bone volume/total
volume (BV/TV), trabecular bone thickness (Tb.Th), trabecular bone number (Tb.N), and bone mineral density (BMD) value of each group were measured. N

=5 for all groups. *p < 0.05, **p < 0.01 compared with the control groups.

anatomical observations of tendon-bone insertion show
that it contains four layers, comprising tendon, non-
calcified fibrocartilage, calcified fibrocartilage, and bone.
The four-layer structure forms an orderly fibrocartilage
complex according to their respective biological and
mechanical properties, and the fibrocartilage complex is
an important structure of tendon-bone insertion.?®?’ The
fibrocartilage complex structure and function are chal-
lenging to regain after injury. Therefore, structural recon-
struction of the fibrocartilage complex is a critical aspect
of tendon-bone insertion damage repair.

Tendons in the fibrocartilage complex are pure dense
fibrous connective tissue arranged in parallel into the
non-calcified fibrocartilage, which is mainly composed
of fibroblasts and type | collagen.*® Schwartz et al*' and
Thomopoulos et al*? showed that reduced muscle load
impaired the maturation of tendon-bone insertion and
resulted in disordered collagen fibre angular distribu-
tion within the fibre cartilage, leading to a significant
increase in the angular deviation of collagen fibre distri-
bution. Our histological staining results showed that the
collagen fibres in the tendon-bone insertion group were
more orderly after treadmill training; however, no signifi-
cant differences were found between groups. In addition,

the training group had fewer vessels and a lower inflam-
matory response than the control group. Our results
showed that mechanical stimulation after the inflamma-
tory phase during healing can help to reduce scar forma-
tion and reshape the optimal collagen fibre arrangement
in tendon-bone insertion to restore normal structure,
which we confirmed by MRI.

The fibrocartilage layer of the tendon-bone insertion
includes non-calcified fibrocartilage and calcified fibro-
cartilage. A previous study showed that this layer is the
core structure of the fibrocartilage complex.?* Our results
showed that the histological score of the fibrocartilage
cell number and fibrocartilage cell alignment in the
training group was significantly higher than that in the
control group at postoperative month 3. Meanwhile, to
further confirm this finding, PCR, WB, and immunohis-
tochemistry were carried out to detect the expression
of chondrogenic genes at both the mRNA and protein
levels. The results confirmed that expression of COL2A1
and SOX9 was significantly upregulated in the training
group compared with the control group at every time-
point. Similar results were found in previous research:
Tian et al** showed that mesenchymal stem cells (MSCs)
are the main cells involved in tendon-bone insertion
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Treadmill training enhanced the motor function and biomechanical strength of the tendon-bone insertion. a) Performance in the open-field test and the
results of each group, the red lines indicate trajectories of mice. b) The distance travelled and speed of each group were measured. Scale bar: 10 cm.

c) Representative test image of the CatWalk gait, and the green box indicates the footprints. d) The mean speed, swing speed, stride length, and stand time of
each group were recorded with standard deviations. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control groups.

injury repair and participate in damage repair through
differentiation into osteocytes, chondrocytes, tenocytes,
and myofibroblasts. Masuda et al** confirmed in vitro that
mechanical stimulation can regulate chondrogenic differ-
entiation, in which the size, type, and time of action differ
in the regulation of chondrogenic differentiation. Phys-
iologically, tendon-bone insertion is subject to multiple
biomechanical effects and can be stimulated by pressure
stress and tension stress during treadmill training, which
may be the cause of increased chondrocytopiesis in
tendon-bone insertion. All these previous studies, along
with our results, suggest that mechanical stimulation
after the inflammatory phase plays a positive role in the
reshaping of fibrocartilage during tendon-bone insertion
repair, which is possibly related to mechanical stimula-
tion promoting chondrogenic differentiation of MSCs.

In addition, the tidemark forms the boundary between
non-calcified fibrocartilage and calcified fibrocartilage,
and can be considered the threshold of tissue absorp-
tion of minerals. The results of the current study suggest
that the re-emergence of tidemarks is an important stan-
dard marker of good fibrocartilage layer reconstruction.
This study also showed that histological tidemark scores
were significantly higher in the training group than in the
control group at postoperative months 1, 2, and 3, and
a significant tidemark was observed in some samples in
the training group. Juncosa-Melvin et al®*® reported that
mechanical stimulation improves extracellular matrix

expression and enhances tissue stiffness and hardness.
In vitro studies have similarly shown that when cells in
tissues are subjected to mechanical stimulation, the
extracellular matrix is usually deposited in the direction
of the mechanical stimulation. We propose that treadmill
training for mechanical stimulation of the tendon-bone
insertion promoted mineral deposition within the injury
region, promoting reconstruction that resembled the
normal extracellular matrix components and proportions
of tendon-bone insertion, in turn producing tidemarks.
The bone tissue of the tendon-bone insertion is critical
for insertion attachment. During tendon-bone insertion
repair, mineralized matrix deposition and bone absorp-
tion balance are disrupted.*” Osteolysis at the tendon-
bone insertion can impair pullout strength during
tendon-bone healing and lead to surgery failure. Feng
et al® confirmed that BMMSC**-exos or miR-6924-5p
improve the quality of tendon-bone healing by inhibiting
osteolysis. Galatz et al* reported that delayed rotator
cuff fracture repair results in reduced bone density at the
tendon-bone insertion. Mechanical load is a key regu-
lator of bone transformation in the human body. Previous
studies have shown that fixation after tendon-bone
insertion injury increases bone resorption rates, while
increasing local load can stimulate bone formation and
increase bone density.*>*! This study showed that the BV/
TV and BMD were significantly higher at postoperative
months 2 and 3 in the training group than in the control

BONE & JOINT RESEARCH



EFFECT OF TREADMILL TRAINING ON FIBROCARTILAGE COMPLEX REPAIR IN TENDON-BONE INSERTION HEALING 349

group, and partial improvement in bone Th.N and
Tb.Th was observed, suggesting that treadmill training
can stimulate new bone generation and improve bone
density. In addition, partial improvements in Tb.N and
TB.Th suggest that treadmill training can stimulate new
bone generation in tendon-bone insertion and improve
bone density to improve healing strength and function,
largely consistent with previous reports.'®"

The tendon-bone insertion transmits force from the
tendon to the bone, playing a vital role in bodily activ-
ities. Therefore, its functional recovery after injury is
the ultimate clinical goal.*? First, we used a biomechan-
ical test to examine the biomechanical properties of the
tendon-bone insertion. Our results show that the failure
load strength of the training group was significantly
higher than that of the control group. Furthermore,
we used CatWalk gait analysis and the open-field test
to analyze the motor ability of the mice. CatWalk gait
analysis is considered an effective method for assessing
above-ground motor function in small animals such as
rodents, and the open-field test reflects autonomous
motor behaviour and exploratory behaviour in mice.**#4
In our study, these two tests were performed to examine
the instantaneous and sustained motion capacity. The
CatWalk gait analysis results showed that the training
group had better mean speed, swing speed, stride
length, and stand time than the control group. In addi-
tion, the distance travelled and the speed in the open-
field test were greater in the training group than in the
control group, and the effect became obvious as the time
of the treadmill training was extended, suggesting that
treadmill training substantially improves the motor func-
tion level after tendon-bone insertion healing, which has
theoretical guiding significance for clinical rehabilitation.

The most important aim of our results is to achieve
clinical translation; although the anatomy of mice
tendon-bone insertion is closest to that of humans among
mammals, considering the obvious individual differ-
ences in clinical patients, standardized treadmill training
similar to mice cannot be achieved, and treadmill training
programmes need to weigh a variety of factors. There-
fore, the development of treadmill training programmes
that meet the individual clinical patients needs in-depth
research, and our results have important implications for
the development of treadmill training regimens at the
appropriate timing and intensity for clinical patients.

This study has the following limitations. First, the
expected model effect of our study can be achieved, but
whether this treadmill scheme is optimal needs to be
confirmed with additional studies on the optimal gradient.
Second, we have not elucidated the specific molecular
mechanisms by which this protocol promotes healing
of tendon-bone insertion; however, we have screened
associated genes using a transcriptomic sequencing
approach, and we will study these genes in the future.
Third, the mouse model we constructed differs from the
clinical human body. The above limitations also give us
a lot of inspiration for future research. First, the training

programme needs to be further refined in mouse models,
including the start and end time, as well as the speed
and slope, so as to better fit the clinical setting. Second,
we need to further investigate the molecular mechanism
of treadmill training to promote tendon-bone inser-
tion healing. We are conducting research on the above
two points. Finally, large animal experiments should be
conducted, which will help to accelerate clinical trans-
lation. Nevertheless, this study provides information
regarding clinical rehabilitation methods, including the
timing and choice of strength.

In conclusion, our results show that treadmill training
regimens of 10 m per minute, 30 minutes per day, and
five days per week on postoperative day 7 can promote
structural remodelling of the fibrocartilage complex. We
simulated clinical rehabilitation treadmill training, and
the results might provide subsequent guidance for clin-
ical rehabilitation training programmes.

Supplementary material
38 Figures showing typical haematoxylin and eosin-
stained images and proinflammatory factor mes-
senger RNA expression levels at different times
after surgery, surgical procedures and biomechanical test
of Achilles tendon detachment and repair, and setting for
the biomechanical test and results of maximal stress to
failure. Tables showing histomorphometric scoring sys-
tem for tendon-bone insertion healing, target gene se-
quence list, scores for each item in the histomorphomet-
ric scoring system for each sample, and micro-CT raw
data of tendon-bone insertion healing. An ARRIVE check-

list is also included to show that the ARRIVE guidelines
were adhered to in this study.
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