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ABSTRACT

Purpose: To observe the changes of gait behavior and the expression of wound healing factors of
transforming growth factor-1 (TGF-f1), TGF-p3 and cAMP response element binding protein-1 (CREB-1)
during the healing of Achilles tendon in a rat model, and to investigate whether gait analysis can be used
to evaluate the tendon healing.

Methods: Achilles tendon of 40 healthy male Sprague-Dawley rats were transected and sutured to
establish the Achilles tendon injury (ATI) model. They were randomly divided into 4 groups based on the
observational time point at 1, 2, 4 and 6 weeks after injury (n = 10 for each group). Before modeling, 9
rats were randomly selected for CatWalk gait analysis, which contained step cycle, single stance time and
average speed. Data were recorded as the normal controls. After then, ATl models were established in the
left hind limbs of the all 40 rats (ATI group), while the right hind limbs were only cut and sutured
without injury of the Achilles tendon (sham operation group). At 1, 2, 4 and 6 weeks after injury, the gait
behavior of the corresponding group of rats (n = 9) as observed and recorded by CatWalk platform. After
then, the rats were sacrificed and Achilles tendon of both limbs was harvested. The tendon healing was
observed by gross anatomy and histological examination, and the protein and mRNA expression of TGF-
B1, TGF-B3, CREB-1 were observed by immunohistochemistry and qPCR. The results of tendon gross
grading were analyzed by Wilcoxon rank sum test, and other data were analyzed by one-way analysis of
variance among multiple groups.

Results: Compared with normal controls, all gait indexes (step cycle, single stance time and average
speed) were greatly affected following ATI, which however improved with time. The step cycle was
significantly lower at 1, 2 and 4 weeks after ATI (compared with normal controls, all p < 0.05), but almost
returned to the normal level at 6 weeks ((0.694 + 0.102) vs. (0.503 + 0.094) s, p > 0.05). The single stance
time of the ATI group was significantly shorter at 1 and 2 weeks after operation ((0.078 + 0.010) s at 1
week, (0.078 + 0.020) s at 2 weeks, all p < 0.001) and revealed no significant difference at 4 weeks
(p = 0.120). The average speed of ATI group at 1, 2, 4, 6 weeks was significantly lower than that in the
normal control group (all p < 0.001).

Gross observation showed that the grade of local scar adhesion in ATI group increased significantly at 2, 4
and 6 weeks, compared with the sham operation group (all p < 0.001). Extensive adhesion was formed at
6 weeks after ATI. The results of HE staining showed that the number of fibroblast increased gradually
and arranged more orderly in ATI group at 1, 2 and 4 weeks (all p < 0.001), and decreased at 6 weeks, but
it was still significantly higher than that of the sham operation group (p < 0.001). Immunohistochemistry
showed that the positive expression of TGF-1, TGF-$3, CREB-1 in ATI group was higher than that in the
sham operation group at 4 time points (all p < 0.05), which reached the peak at 2 weeks after operation
and decreased at 4 weeks (p = 0.002, p < 0.001, p = 0.041, respectively). The results of qPCR suggested
that the mRNA expression of TGF-B1, TGF-B3, CREB-1 in ATI group was higher than that in the sham
operation group at all-time points (all p < 0.05), which reached the peak at 2 weeks after operation,
decreased at 4 weeks, and significantly decreased at 6 weeks (all p < 0.001).
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Conclusion: Gait behavior indexes are associated with Achilles tendon healing. The study gives an insight

of TGF-B1, TGF-B3, CREB-1 changes in the coursing of Achilles tendon healing and these cytokines may be

able to be used to regulate the Achilles tendon healing.

© 2021 Production and hosting by Elsevier B.V. on behalf of Chinese Medical Association. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Tendon is a kind of dense connective tissue, which can transfer
the strength of muscle to the bone and make the limb move. It
bears great strength in human activities.! Achilles tendon is the
thickest tendon tissue in human body, and it is also the most
vulnerable to be injured in daily life.”> Lemme et al.* have reported
that the incidence of Achilles tendon rupture was 2.5 per 100,000
person-years in 2016 in the United States. The treatment of Achilles
tendon includes conservative and surgical managements. Due to
the lack of sufficient vascular tissue, the Achilles tendon is mainly
repaired by scar after injury, and there is still a secondary rupture
rate of 1.6% after successful repair.”

With the improvement of surgical methods in recent years,
minimally invasive anastomosis, suspension fixation, arthroscopic
assisted percutaneous anastomosis and other methods have been
used to reduce the damage of surrounding tissues. An early post-
operative functional exercise combined with physical therapy
indeed reduced the occurrence of surgical complications, but the
studies showed the rate of secondary rupture is still not changed
significantly.>®

The main causes of Achilles tendon secondary rupture are the
lack of enough endogenous healing strength, and re-injury caused
by improper postoperative exercise gait. The healing mechanism of
Achilles tendon injury (ATI) includes endogenous healing and
exogenous healing.” Exogenous healing mainly depends on the
growth of fibrous connective tissue into Achilles tendon to form
scar tissue. Endogenous healing refers to the division and prolif-
eration of fibroblasts in Achilles tendon itself, adventitia or blood
vessels during the healing process, and through the proliferation of
its own cells. And then, the normal Achilles tendon collagen fibers
are formed to participate in the repair process. The strength of
Achilles tendon healed by normal Achilles tendon collagen fiber is
greater than that healed by scar tissue. Inhibiting exogenous scar
healing and enhancing endogenous intra-tendon healing can
improve the final healing strength of Achilles tendon. Therefore,
the mechanism regulation of Achilles tendon endogenous healing
has become a hotspot research.

The endogenous healing process of Achilles tendon is regulated
by a variety of cytokines. Some recent studies reported that trans-
forming growth factors (TGF)-p3, TGF-f1 and cAMP response
element binding protein-1 (CREB-1) play important roles in the
healing process of tendon injury and have a certain impact on the
formation of scar healing,® " which may affect the tendon healing
and scar formation through CREB/TGF-B3, TGF-B/Smads signaling
pathways and others. The expression of these factors in the process
of Achilles tendon healing may be related to the quality of Achilles
tendon healing, and then affect the secondary rupture of Achilles
tendon. Although the changes of inflammatory factors have a
certain predictive effect on Achilles tendon healing, the regularity
of gait changes and the healing strength of Achilles tendon need to
be further studied.

Therefore, this experiment using rat ATI model, observed the
relationship between animal gait changes and Achilles tendon
healing, and analyzed the expression of related wound healing
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cytokines, in order to provide a new research idea for promoting
endogenous healing of Achilles tendon.

Methods
Experimental materials

Animals

We used 40 healthy male Sprague-Dawley rats (provided by the
experimental animal center of Daping Hospital of Army Medical
University), weighing 180—200 g, were fed in single cages.

Main instruments and reagents

The main instruments and reagents used in this study included
Catwalk XT (Noldus information technology, Netherlands), high-
speed freezing centrifuge (Kejun instrument company, USA),
Nanodrop ultraviolet spectrophotometer (thermofisher, USA),
fluorescence quantitative PCR (Pall, 65421), paraffin rotary slicer
(Leica, Germany), tissue RNA extraction kit (SGG b618133-0050),
cDNA synthesis kit (Sangon Biotech, B532445-0020), qPCR mix
(Sangon Biotech, B110031-0001), immunohistochemistry kit (San-
gon Biotech, E607250-0100), anti TGF-Bf1 antibody (Abcam
ab92486), anti-TGF-B3 antibody (Abcam ab15537), anti-CREB
antibody (Abcam ab31387).

Experimental methods

Animal grouping and experimental intervention

The experimental animals were randomly divided into 4 groups
with 10 rats in each group. Before modeling, one group was
randomly selected for gait analysis, and the data was recorded as a
normal control. The expression of TGF-31, TGF-$3 and CREB-1 was
evaluated. All subjects had established ATI models on their left hind
limbs, which were recorded as ATI group. The right hind limbs were
cut and sutured without injury of the Achilles tendon, defined as
the sham operation group.

Establishment of animal model

The Sprague-Dawley rats were anesthetized by abdominal
cavity. After the success anesthesia, the heel was shaved locally for
skin preparation. After disinfection, the skin and subcutaneous
tissue were cut posterior along the long axis, and then the flaps
were retracted to both sides for exposing the Achilles tendon. The
Achilles tendon of the left hind limb was transected with a blade at
the midpoint of muscle tendon transition and the stop site of
Achilles tendon.'? The modified Kessler suture was used to repair
the Achilles tendon with 5-0 absorbable suture. The Achilles tendon
of the right hind limb was not transected after skin incision and
there was no other intervention. The skin was sutured with 2-
0 absorbable suture. The operating foot was not fixed specially and
all rats were kept in single cages under the same conditions.

Acquisition of experimental specimens
At respectively 1, 2, 4 and 6 weeks after establishing the repair
model of ATI, samples were collected from both hind limbs (ATI side
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and sham operation side). An incision was made along the original
surgical incision after the animals were anesthetized, the sur-
rounding adhesion was separated, and the healing Achilles tendon
was exposed and extricated. The Achilles tendon specimens within
1 cm of the distal and proximal end of the suture were quickly and
completely cut off. After suturing the skin wound, normal feeding
was continued.

Observation indexes

In this experiment, we analyzed the changes of gait behavior
and observed the grade of tendon healing. Gait analysis reflects the
rat behavioral indicators. Gross observation can directly find the
tendon healing. HE staining reflects the healing of tendon from the
histological level. CREB-1 may regulate the TGF-§3 and influence the
local tendon scar formation.>'* So we performed tendon HE
staining, immunohistochemical test and qPCR detection of TGF-§1,
TGF-p3 and CREB-1.

Behavioral observation

On the day of sampling, CatWalk platform was used to observe
the animal gait, and the data collected by the platform were
analyzed and processed. We mainly analyzed and compared the
parameters of step cycle, single stance and average speed. The step
cycle (s) is the time between 2 successive contact glass plates by the
same claw, and only the data of the ATI limb were analyzed. The
average speed (cm/s) is the speed through the glass plate. Both the
step cycle and average speed are parameters related to mobility
analysis with short step cycle and high average speed suggesting
that the animal has good motor function. The single stance (s) is the
time that only the affected limb touches the glass plate. The pain of
the affected limb will lead to short single leg support time, and
therefore the longtime of single stance indicates that the animal
has good motor function.

Gross observation

When Achilles tendon specimens were obtained at each time
point, the healing of the exposed Achilles tendon was observed by
light microscope and recorded by photography. According to the
healing of Achilles tendon observed, the Achilles tendon specimens
were graded respectively.'> Grade I: There was no adhesion around
the tendon and granulation tissue could exist. Grade II: There were
a few localized membranous adhesions at the tendon suture,
granulation tissue existed, and tendon slip was slightly limited.
Grade III: There were small bands of loose adhesions, which can be
separate from tendon surface easily, and the slippage of tendon is
partial limited. Grade IV: There were moderately dense adhesions,
tendon has certain extent mobility and the movement was obvi-
ously limited. Grade V: There were severe extensive adhesion, poor
mobility and no boundary between tendon and peritendinous tis-
sue. The healing of Achilles tendon was compared and analyzed.

Histological observation

After anatomical observation at each time point, the obtained
Achilles tendon tissue was fully fixed and wax-embedded, and
6 pum paraffin section were prepared. Stained with HE, the sections
were used to observe the number of fibroblast and collagen
arrangement at the Achilles tendon broken ends under the mi-
croscope, of which photos were taken under the 400 times light
microscope. Six good visual fields were randomly selected from
each section, and the cells in each visual field were counted by
Image-Pro plus 6.0 software. The number of cells was counted and
the differences between groups were analyzed.
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Immunohistochemical test

Three sections of the paraffin embedded Achilles tendon were
prepared for immunohistochemical staining. Methods: dewaxing
to water after baking slices, boiling to repair antigen, blocking by 3%
H,0,, incubating overnight at 4 °C by antibody against TGF-$1, TGF-
B3 and CREB-1. The IgG of biotin labeled goat anti-rabbit was added
after incubation, DAB was used to develop color, and hematoxylin
was used to dye again. Under 400 times light microscope, 6 well
stained visual fields were randomly selected and photographed
from each section. The location and quantitative analysis of the
expression of TGF-B1, TGF-B3 and CREB-1 were carried out by
photos, and the Image-Pro plus 6.0 software was used for quanti-
tative analysis.

Relative quantification by qPCR

The Achilles tendon tissue samples of the hind limbs at each
time point were fully ground after adding liquid nitrogen. The total
RNA was extracted by the kit to determine the concentration, and
the extracted RNA was reversely transcribed by the cDNA synthesis
kit. The DNA primer of TGF-$1, TGF-B3 and CREB-1 were searched
according to the GenBank, and B-actin was the internal reference
primer. SYBR method was used for PCR reaction. The relative
quantitative method was used to determine the mRNA expression
of TGF-B1, TGF-B3 and CREB-1 in ATI group and the sham operation
group at each time point, and the results were compared and
analyzed.

Statistical analysis

SPSS 25.0 statistical software was adopted. Wilcoxon rank sum
test was used to analyze the grade of Achilles tendon healing under
microscope, and the analysis of variance was used to test the data
among multiple groups. The data of behavior, HE staining, immu-
nohistochemistry and qPCR were displayed as the mean + standard
deviation. Analysis of variance was used for comparisons among
multiple groups, and t-test was used for comparisons between two
groups. p < 0.05 was considered to be statistically significant.

Results
Gait behavior

Three indexes of step cycle, single stance time and average
speed were recorded by CatWalk platform before sampling at each
time point, for gait analysis of the left hind limbs after ATIL
Compared with normal controls (0.503 + 0.094) s, the step cycle
was longer after ATI at all-time points, more specifically signifi-
cantly longer at 1 (1.055 + 0.259) s, 2 (0.973 + 0.221) s and 4
(0.732 + 0.330) s weeks after injury (all p < 0.05). At 6 weeks
(0.694 + 0.102) s, the step cycle gradually returned without sig-
nificant difference between normal controls (p = 0.074). Compar-
ison of the step cycle between each time point only revealed
significant difference between 2 weeks and 4 weeks after injury
(p = 0.026).

The single stance time showed similar trend of step cycle, which
was shorter than the normal controls at each time point. But the
single stance time improved quicker. When compared with normal
controls (0.124 + 0.022) s, it only show significant difference at 1
weeks (0.078 + 0.010) s and 2 weeks (0.078 + 0.020) s, but no
significant difference at 4 weeks (0.110 + 0.027) s and 6 weeks
(0.113 + 0.011) s. Data at 2 weeks and 4 weeks revealed great dif-
ference (p = 0.001).

Different from step cycle and single stance time, the average
speed was significantly slower than normal controls
(28.693 + 3.350) cm/s at all-time points (9.207 + 3.159) cm/s at 1



L-M. Wu, ].-K. Wang, J. Liu et al.

week, (10.324 + 3.023) cm/s at 2 weeks, (17.194 + 4.583) cm/s at 4
weeks and (20.393 + 3.747) cm/s at 6 weeks, (all p < 0.001). The
average speed at 1 week was the slowest and gradually increased in
the next time. Data at 2 weeks and 4 weeks also showed significant
difference (p < 0.001) (Fig. 1).

General healing

Bilateral Achilles tendons were sampled at each time point. The
Achilles tendon of the left hind limb was the ATI group, and the
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right side was the sham operation group. Ten rats with 20 Achilles
tendons were obtained at each time point. The healing of Achilles
tendon in both groups was graded.

In the sham operation group, there was no obvious adhesion
between Achilles tendon and surrounding tissue, which was easy to
separate. The surface of Achilles tendon was smooth, and there was
no obvious proliferation of granulation tissue. In ATI group, the
adhesion around Achilles tendon was gradually aggravated over
time, so as the difficulty to separate Achilles tendon. The surface
smoothness and sliding of Achilles tendon also decreased, and
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Fig. 1. CatWalk gait analysis results: (A) step cycle results, (B) single stance time, (C) the average speed, (D & E) pattern diagram of gait analysis.
Normal: the control group. Data were analyzed by X+ s (n = 9). *, #: significant difference, p < 0.05.
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Fig. 2. The general situation of adhesion around Achilles tendon in ATI group and sham operation group at 1, 2, 4 and 6 weeks.
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(400 x ), scale bars: 20 pum, black arrow as fibroblasts, T as collagen fibers. (B) HE staining section cell count at each time point.
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Data were analyzed by X+ s (n = 10).

*: compared with the sham operation group, p < 0.05, #: compared with ATI group at 1 week, p < 0.05, ##: compared with ATI group at 2 weeks, p < 0.05, ###: compared with ATI
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points.
+: ATI group, -: the sham operation group.
Data were analyzed by x + s, n = 10.

*: compared with the sham operation group, p < 0.05, #: compared with ATI group at 1 week, p < 0.05, ##: compared with ATI group at 2 weeks, p < 0.05, ###: compared with ATI

group at 4 weeks, p < 0.05.

extensive adhesion was formed at 6 weeks after surgery (Fig. 2). At
each time point, the degree of adhesion of Achilles tendon was
Graded I in the sham operation group. For ATI group, all the 10
pieces of Achilles tendon were of Grade I at 1 week, 4 pieces of
Grade Il and 6 pieces of Grade III at 2 weeks, all 10 pieces of Grade IV
at 4 weeks, and all 10 pieces of Grade V at 6 weeks. Statistical re-
sults showed that the adhesion of Achilles tendon in the ATI group
was more serious than that in the sham operation group at 2, 4 and
6 weeks (all p < 0.05). The grade of scar adhesion was gradually
increased until 6 weeks after surgery, of which the difference at the
adjacent time point in ATI groups was statistically significant (all
p < 0.001).

HE staining

The number of fibroblast in ATI group was significantly higher
than that in the sham operation group at each time point (all
p < 0.001). The number of fibroblast in ATI group increased
significantly at 2 and 4 weeks (p < 0.001), which reached the peak
at 4 weeks 440.10 + 57.66, and there was a significant decrease at 6
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weeks 363.30 + 66.46. The difference was statistically significant
(p < 0.001, Fig. 3). The collagen area was small and disordered at 1
week, increased at 2 weeks, and gradually regularly arranged at 4
and 6 weeks.

Immunohistochemical test

Immunohistochemistry showed that the positive expression of
TGF-B1, TGF-3, CREB-1 in ATI group was higher than that in the
sham operation group at 4 time points (all p < 0.05), which reached
the peak at 2 weeks after operation and decreased at 4 weeks (p =
0.002, p < 0.001, p = 0.041, respectively).

Immunohistochemistry of Achilles tendon specimens obtained
from each group showing the chain distribution of TGF-f1 and TGF-
B3, and CREB-1 were scattered around the nucleus. Image-Pro
software was used for quantitative analysis, and the results
showed that the average optical density level of TGF-f1 in ATI
group was higher than that in the sham operation group at each
time point (all p < 0.05). The average optical density level of TGF-$1
in ATI group reached the highest level at 2 weeks (0.084 + 0.002)
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Fig. 5. The relative quantification results of TGF-B1, TGF-B3 and CREB-1 by qPCR at
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Data were analyzed by x + s (n = 10).

*: compared with the sham operation group, p < 0.05, #: compared with ATI group at 1
week, p < 0.05, ##: compared with ATI group at 2 weeks, p < 0.05, ###: compared
with ATI group at 4 weeks, p < 0.05.

and significantly higher than that at 1 week (p < 0.001). Compared
with that at 2 weeks, the optical density decreased significantly at 4
weeks (0.072 + 0.001, p = 0.002), and it continued to decrease
significantly at 6 weeks (0.056 + 0.007, p < 0.001), but it was still
significantly higher than that in the sham operation group
(0.043 + 0.004, p = 0.001). In ATI group, the average optical density
level of TGF-3 at 2 weeks (0.079 + 0.001), 4 weeks (0.068 + 0.005)
and 6 weeks (0.062 + 0.002) was significantly higher than that in
the sham operation group (all p < 0.05). The average optical density
level of TGF-B3 in ATI group reached highest at 2 weeks and sig-
nificant higher than that at 1 week (p < 0.001). Compared with that
at 2 weeks, the level decreased significantly at 4 weeks (p < 0.001).
The average optical density of CREB-1 in ATI group at each time
point was higher than that in the sham operation group (all
p < 0.001), which reached the highest at 2 weeks (0.084 + 0.004),
and compared with at 1 week, there was a significant increase
(p < 0.001). Compared with at 2 weeks, the level decreased
significantly at 4 weeks (0.079 + 0.001, p < 0.05), and the decrease
level was still significant at 6 weeks (p < 0.001) (Fig. 4).

Relative expression results of mRNA by qPCR

The results of qPCR showed that was higher than that in the
sham operation group at all-time points (p < 0.05), and reached the
highest at 2 weeks. In ATI group at 2 weeks, the relative expression
level of TGF-1 mRNA was 0.194 + 0.032, TGF-3 mRNA was
0.062 + 0.010, and CREB-1 mRNA was 0.112 + 0.027. In addition,
compared with at 2 weeks group, the mRNA expression of TGF-§1,
TGF-B3 and CREB-1 in ATI group showed decrease significantly at 4
weeks (all p < 0.05), and continued to decrease significantly at 6
weeks (all p < 0.05), but it was still significantly higher than that in
the sham operation group (p < 0.05, Fig. 5).

Discussion

The endogenous healing is an ideal way of Achilles tendon
healing. In the process of Achilles tendon healing, enhancing
endogenous healing and reducing exogenous healing can improve
the healing strength of Achilles tendon. Although inhibiting the
exogenous healing before complete Achilles tendon healing will
increase the incidence of secondary rupture, the risk can be avoided
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by using deck, brace and other protective measures during this
period. At present, the methods to observe and evaluate the healing
of Achilles tendon include ultrasound, nuclear magnetic resonance
and behavioral indicators such as single-legged concentric heel
raise ability, symmetry of calf girth and ankle range of motion. But,
therl?3 is no standardized process for the rehabilitation evaluation of
ATL.

In order to find a convenient and noninvasive method to
dynamically observe the healing of ATI used in basic experimental
research, and realize intuitive and noninvasive behavioral obser-
vation and evaluation of experimental animals, we introduced
CatWalk animal gait analysis technology. There are some
commonly used behavior analysis methods, such as field test'” and
rotation test,'® which can only collect dynamic or static data of a
single measurement gait, and the process is complex. However,
CatWalk computer aided gait analysis system provides a system-
atic, convenient and automatic evaluation method, which can
collect a large number of static and dynamic data at the same
time'® and make the behavioral evaluation more objective and
comprehensive. This experiment evaluated the healing of Achilles
tendon by the adhesion around the scar. The grade of adhesion
around the scar was gradually increased, and extensive adhesion
was formed at 6 weeks after surgery, which reflected that the scar
was gradually stable and the healing of Achilles tendon was grad-
ually improved. The results of gait analysis showed that the step
cycle in ATI group gradually shortened, and the single stance time
and average speed stride gradually increased, which showed that
with the healing of Achilles tendon the gait behavioral indicators
gradually improved. And there was no significant difference be-
tween ATI group and the normal control group regarding the step
cycle and single stance time at 6 weeks after surgery, further
showing that there was a certain correlation between gait and
Achilles tendon healing.

TGF-B is a multifunctional protein, which can participate in the
regulation of cell proliferation, differentiation and apoptosis in a
variety of cells. The study found that TGF-$ can increase the tran-
scription of collagen gene in cells, and thus replace the fibrotic scar
of extracellular matrix, which indicated that TGF- is closely related
to the endogenous healing of ATI. And this study reported the TGF-
B1 is a key factor of scar formation and tendon adhesion in the
process of tendon healing.?® A study have shown that up-regulation
of mRNA transcription of TGF-f1 leads to excessive scar forma-
tion,”! which indicates that the regulation of the expression of TGF-
B1 will contribute to regulating the scar formation. And another
study have also found that TGF-f1 antibody can reduce scar
adhesion.’” As an isomer of TGF-Bp1, TGF-p3 is also a natural
antagonist of TGF-B1, which is thought to counteract the scarring
effect of TGF-B1.

In the last century, it has been found that pregnant fetus can
achieve perfect wound healing without scarring.’> The low
expression of TGF-B1 and high expression of TGF-3 were observed
in the scarless healing process of fetus, which is opposite to the scar
formation in adults,>*?> and some studies have found that the low
expression of TGF-f receptors may also contribute to scarless
wound healing.?® These studies have shown that TGF-B1/3 plays an
important role in the formation of tendon scar. The signal of TGF-$
is mainly transmitted through the downstream protein of Smad.
TGF-B1 binds to the TGF-BRII receptor on the cell membrane,
phosphorylates the receptor I and activates it. And then phos-
phorylates Smad3 in cytoplasm form a complex with Smad4 and
translocate into the nucleus, regulates the transcription of the
corresponding genes and promoting fibrosis. While TGF-3 can
promote the expression of Smad7 protein, which can inhibit TGF-
B1 combining with receptor, degrade the TGF-3 receptor by ubiq-
uitination, inhibit the phosphorylation of Smad3, and inhibit the
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formation of Smad3/4 complex and translocation to the nucleus.?’
TGF-B3 plays an anti-fibrosis role through negative feedback
effect.””

CREB is a nuclear protein that can selectively bind to cAMP
response element (CRE) and specifically bind to CRE. It participates
in the transcriptional regulation of a variety of target genes induced
by cAMP, which is also called transcriptional enhancer. Studies have
found that CREB can regulate the metabolism and growth of cells,?®
and also participate in the regulation of tissue fibrosis and scar
formation.'>?° Fibrosis can occur in a variety of organs. The process
of tendon healing is similar to the formation of fibrosis. It is also a
fibrosis process in which the abnormal expression of a variety of
cells, cytokines and nuclear transcription proteins leads to the
accumulation of extracellular matrix and the formation of collagen.
In the process of tendon healing, studies have found that increasing
CREB phosphorylation can improve tendon healing.'* These studies
suggest that CREB may be a key protein regulating tendon healing.
Therefore, it is particularly important to study the regulatory role of
CREB-1 in Achilles tendon healing, to deeply understand the
mechanism of Achilles tendon healing, and to promote the Achilles
tendon healing.

The study of hepatic stellate cells, intestinal epithelial cells and
rats have shown that CREB-1 is a key protein that binds TGF-B3
promoter to regulate TGF-B3 protein expression.'**%*! It is well
known that the overexpressed Smad?7 is able to inhibit fibrosis in
various tissues via antagonizing the TGF-B1/Smad3 signaling
pathway.>>*® In hepatic stellate cells research, inhibiting the
expression of CREB-1 can reduce the TGF-$3-induced up-regulation
of Smad7, and the overexpression of CREB-1 can induce the TGF-f3-
induced up-regulation of Smad7."® In rat intestinal epithelial cells,
exogenous TGF-B3 can promote the increase of TGF-B3 transcrip-
tional expression, leading to the increase of TGF-B3 secretion. The
CREB-1, as the critical activators of TGF-B3, plays an important role
in this process. Inhibiting the expression of CREB-1 can significantly
inhibit the TGF-3 promoter activity, TGF-B3 mRNA expression and
TGF-B3 secretion.’® Another study has also showed that the in-
crease of phosphorylation of CREB-1 can inhibit the TGF-31/Smad
signaling pathway, and reduce the development of TGF-f1-
mediated liver fibrosis.>* And the study showed that the increase
of the phosphorylation of CREB can inhibit the inflammatory
response of Achilles tendon tissue during Achilles tendon healing.'*
All of these studies suggest that CREB-1 may influence the forma-
tion of tendon scarring by affecting the expression of TGF-$1/3.

In this experiment, we observed that the protein expressions of
TGF-B1, TGF-3 and CREB-1 were at high levels during the period of
extensive adhesion formation. In the scar formation process, the
protein expression levels of TGF-B1 and CREB-1 have been signifi-
cantly increased at 1 week after surgery, and the protein expression
levels of TGF-B3, TGF-f1 and CREB-1 reached the peak at 2 weeks
and then gradually decreased. But they were still significantly
higher than that in the sham operation group at 6 weeks, indicating
that the long-term maintenance of high protein expression levels of
TGF-B1, TGF-B3 and CREB-1 may be closely related to the formation
of tendon scar. It is suggested that regulating the protein levels of
TGF-B1, TGF-B3 and CREB-1 in the early stage of healing may help
regulate the formation of scar. With the gradual healing of tendon,
the average speed and single stance of gait increase gradually and
step cycle declines gradually. Although it may take more than 6
weeks for the average speed to reach a near normal level, the single
stance was closed to the normal level at 4 weeks, and the single
stance and step cycle are not significantly different from the control
group at 6 weeks after surgery. The protein expression level of TGF-
1, TGF-B3 and CREB-1 did not approach the normal level until 6
weeks. It shows that the recovery of gait is earlier than that of
protein expression in the process of Achilles tendon healing.
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In this study, we used a variety of research methods to observe
the relationship between cytokines and Achilles tendon healing.
However, we only used immunohistochemical method and qPCR
method to quantify the protein expression, which are not full
quantitative analysis methods for cytokines. In the further study,
Western-blot method can be used for quantitative analysis of
related proteins, which will further enhance the reliability of
research evidence.

There is a certain correlation between gait and Achilles tendon
healing after ATI. In the process of tendon repair, early adjustment
of the levels of TGF-f1, TGF-$3 and CREB-1 may regulate the for-
mation of tendon scar and promote the outcome of tendon healing.
However, how TGF-$1/3 interacts with CREB-1 and the specific
mechanism of feedback regulation is still unclear, and the specific
correlation coefficient between gait analysis and Achilles tendon
healing needs to be further studied. We will conduct further
research in the following work to provide new research ideas for
promoting better tendon healing.

Funding

The National Natural Science Foundation of China
(NO.81772330) and the Key Talents Support Project of Army Med-
ical University (NO.B-3261).

Ethical statement

This study was approved by the Laboratory Animal Welfare and
Ethics Committee of Third Military University
(AMUWEC20201275).

Declaration of competing interest

The authors do not have any conflict of interests.

References

1. Wang JHC. Mechanobiology of tendon. ] Biomech. 2006;39:1563—1582. https://
doi.org/10.1016/j.jbiomech.2005.05.011.

2. Longo UG, Petrillo S, Maffulli N, et al. Acute achilles tendon rupture in athletes.
Foot Ankle Clin. 2013;18:319—338. https://doi.org/10.1016/j.fcl.2013.02.009.

3. Maffulli N, Via AG, Oliva F. Chronic achilles tendon rupture. Open Orthop J.

2017;11:660—669. https://doi.org/10.2174/1874325001711010660.

. Lemme NJ, Li NY, DeFroda SF, et al. Epidemiology of achilles tendon ruptures in
the United States: athletic and nonathletic injuries from 2012 to 2016. Orthop J
Sports Med. 2018;6. https://doi.org/10.1177/2325967118808238,
2325967118808238.

5. Saxena A, Maffulli N, Jin A, et al. Acute achilles tendon rupture repair in
athletically active patients: results on 188 tendons. J Foot Ankle Surg. 2021;60:
935—-940. https://doi.org/10.1053/j.jfas.2021.01.009.

. Alcelik I, Diana G, Craig A, et al. Minimally invasive versus open surgery for
acute achilles tendon ruptures a systematic review and meta-analysis. Acta
Orthop Belg. 2017;83:387—395.

7. Beredjiklian PK. Biologic aspects of flexor tendon laceration and repair. | Bone
Joint  Surg Am. 2003;85:539—550. https://doi.org/10.2106/00004623-
200303000-00025.

8. Jiang K, Li Y, Xiang C, et al. TGF-B3 regulates adhesion formation through the
JNK/c-Jun pathway during flexor tendon healing. BMC Muscoskel. Disord.
2021;22(1):843. https://doi.org/10.1186/s12891-021-04691-x.

9. Cui J, Chen Z, Wu W. Expression of TGF-$1 and VEGF in patients with Achilles

tendon rupture and the clinical efficacy. Exp Ther Med. 2019;18:3502—3508.

https://doi.org/10.3892/etm.2019.7968.

Chan KM, Fu SC, Wong YP, et al. Expression of transforming growth factor beta

isoforms and their roles in tendon healing. Wound Repair Regen. 2008;16:

399—407. https://doi.org/10.1111/j.1524-475X.2008.00379.X.

Wang D, Pun CCM, Huang S, et al. Tendon-derived extracellular matrix induces

mesenchymal stem cell tenogenesis via an integrin/transforming growth fac-

tor-p crosstalk-mediated mechanism. Faseb J. 2020;34:8172—8186. https://
doi.org/10.1096/fj.201902377RR.

Bolt P, Clerk AN, Luu HH, et al. BMP-14 gene therapy increases tendon tensile

strength in a rat model of Achilles tendon injury. J Bone Joint Surg Am. 2007;89:

1315—-1320. https://doi.org/10.2106/]BJS.F.00257.

10.

11.

12.


https://doi.org/10.1016/j.jbiomech.2005.05.011
https://doi.org/10.1016/j.jbiomech.2005.05.011
https://doi.org/10.1016/j.fcl.2013.02.009
https://doi.org/10.2174/1874325001711010660
https://doi.org/10.1177/2325967118808238
https://doi.org/10.1053/j.jfas.2021.01.009
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref6
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref6
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref6
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref6
https://doi.org/10.2106/00004623-200303000-00025
https://doi.org/10.2106/00004623-200303000-00025
https://doi.org/10.1186/s12891-021-04691-x
https://doi.org/10.3892/etm.2019.7968
https://doi.org/10.1111/j.1524-475X.2008.00379.x
https://doi.org/10.1096/fj.201902377RR
https://doi.org/10.1096/fj.201902377RR
https://doi.org/10.2106/JBJS.F.00257

L-M. Wu, J.-K. Wang, ]. Liu et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Deng L, Huang L, Guo QY, et al. CREB1 and Smad3 mediate TGF-#3-induced
Smad7 expression in rat hepatic stellate cells. Mol Med Rep. 2017;16:
8455—8462. https://doi.org/10.3892/mmr.2017.7654.

Rho JH, Ko IG, Jin J], et al. Polydeoxyribonucleotide ameliorates inflammation
and apoptosis in achilles tendon-injury rats. Int Neurourol J. 2020;24:79—87.
https://doi.org/10.5213/inj.2040428.214.

Tang JB, Ishii Seiichi. Healing and adhesion formation of flexor tendon under
various injuries: tendon healing. ] Hand Surg. 1992;8:31—-35.

Saxena A, Ewen B, Maffulli N. Rehabilitation of the operated achilles tendon:
parameters for predicting return to activity. ] Foot Ankle Surg. 2011;50:37—40.
https://doi.org/10.1053/j.jfas.2010.10.008.

Biju K, Zhou Q, Li GM, et al. Macrophage-mediated GDNF delivery protects
against dopaminergic neurodegeneration: a therapeutic strategy for Parkin-
son's disease. Mol Ther. 2010;18:1536—1544. https://doi.org/10.1038/
mt.2010.107.

Gorton LM, Vuckovic MG, Vertelkina N, et al. Exercise effects on motor and
affective behavior and catecholamine neurochemistry in the MPTP-lesioned
mouse. Behav Brain Res. 2010;213:253—262. https://doi.org/10.1016/
j-bbr.2010.05.009.

Zhou M, Zhang WM, Chang JY, et al. Gait analysis in three different 6-
hydroxydopamine rat models of Parkinson's disease. Neurosci Lett. 2015;584:
184—189. https://doi.org/10.1016/j.neulet.2014.10.032.

Majewski M, Heisterbach P, Jaquiéry C, et al. Improved tendon healing using
bFGF, BMP-12 and TGFp1 in a rat model. Eur Cell Mater. 2018;35:318—334.
https://doi.org/10.22203/eCM.v035a22.

Chang J, Most D, Stelnicki E, et al. Gene expression of transforming growth
factor beta-1 in rabbit zone II flexor tendon wound healing: evidence for dual
mechanisms of repair. Plast Reconstr Surg. 1997;100:937—944. https://doi.org/
10.1097/00006534-199709001-00016.

Chang J, Thunder R, Most D, et al. Studies in flexor tendon wound healing:
neutralizing antibody to TGF-betal increases postoperative range of motion.
Plast Reconstr Surg. 2000;105:148—155. https://doi.org/10.1097/00006534-
200001000-00025.

367

25.

26.

28.

29.

30.

31.

32.

33.

34,

Chinese Journal of Traumatology 24 (2021) 360—367

. Rowlatt U. Intrauterine wound healing in a 20 week human fetus. Virchows

Arch A Pathol Anat Histol.
BF00432477.

1979;381:353—361. https://doi.org/10.1007/

. Hu MS, Maan ZN, Wu JC, et al. Tissue engineering and regenerative repair in

wound healing. Ann Biomed Eng. 2014;42:1494—1507. https://doi.org/10.1007/
s10439-014-1010-z.

Finnson KW, McLean S, Di Guglielmo GM, et al. Dynamics of transforming
growth factor beta signaling in wound healing and scarring. Adv Wound Care.
2013;2:195—214. https://doi.org/10.1089/wound.2013.0429.

Cowin AJ, Holmes TM, Brosnan P, et al. Expression of TGF-beta and its receptors
in murine fetal and adult dermal wounds. Eur J Dermatol. 2001;11:424—431.

. Zhang SP, Fei T, Zhang LX, et al. Smad7 antagonizes transforming growth factor

beta signaling in the nucleus by interfering with functional Smad-DNA com-
plex formation. Mol Cell Biol. 2007;27:4488—4499. https://doi.org/10.1128/
MCB.01636-06.

Cui AY, Ding D, Li Y. Regulation of hepatic metabolism and cell growth by the
atf/creb family of transcription factors. Diabetes. 2021;70:653—664. https://
doi.org/10.2337/dbi20-0006.

Guan SH, Wu YD, Zhang QD, et al. TGF-B1 induces CREB1-mediated miR-1290
upregulation to antagonize lung fibrosis via Napsin A. Int ] Mol Med. 2020;46:
141-148. https://doi.org/10.3892/ijmm.2020.4565.

Liu G, Ding W, Neiman J, et al. Requirement of Smad3 and CREB-1 in mediating
transforming growth factor-beta (TGF beta) induction of TGF beta 3 secretion.
J Biol Chem. 2006;281:29479—29490. https://doi.org/10.1074/jbc.M600579200.
Deng L, Li Y, Huang JM, et al. Effects of p-CREB-1 on transforming growth
factor-p3 auto-regulation in hepatic stellate cells. J Cell Biochem. 2011;112:
1046—1054. https://doi.org/10.1002/jcb.23017.

Lan HY. Smad?7 as a therapeutic agent for chronic kidney diseases. Front Biosci.
2008;13:4984—-4992. https://doi.org/10.2741/3057.

Flanders KC. Smad3 as a mediator of the fibrotic response. Int J] Exp Pathol.
2004;85:47—64. https://doi.org/10.1111/j.0959-9673.2004.00377 x.

Deng XL, Deng L, Wang P, et al. Post-translational modification of CREB-1 de-
creases collagen I expression by inhibiting the TGF-B1 signaling pathway in rat
hepatic stellate cells. Mol Med Rep. 2016;14:5751—-5759. https://doi.org/
10.3892/mmr.2016.5926.


https://doi.org/10.3892/mmr.2017.7654
https://doi.org/10.5213/inj.2040428.214
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref15
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref15
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref15
https://doi.org/10.1053/j.jfas.2010.10.008
https://doi.org/10.1038/mt.2010.107
https://doi.org/10.1038/mt.2010.107
https://doi.org/10.1016/j.bbr.2010.05.009
https://doi.org/10.1016/j.bbr.2010.05.009
https://doi.org/10.1016/j.neulet.2014.10.032
https://doi.org/10.22203/eCM.v035a22
https://doi.org/10.1097/00006534-199709001-00016
https://doi.org/10.1097/00006534-199709001-00016
https://doi.org/10.1097/00006534-200001000-00025
https://doi.org/10.1097/00006534-200001000-00025
https://doi.org/10.1007/BF00432477
https://doi.org/10.1007/BF00432477
https://doi.org/10.1007/s10439-014-1010-z
https://doi.org/10.1007/s10439-014-1010-z
https://doi.org/10.1089/wound.2013.0429
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref26
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref26
http://refhub.elsevier.com/S1008-1275(21)00160-7/sref26
https://doi.org/10.1128/MCB.01636-06
https://doi.org/10.1128/MCB.01636-06
https://doi.org/10.2337/dbi20-0006
https://doi.org/10.2337/dbi20-0006
https://doi.org/10.3892/ijmm.2020.4565
https://doi.org/10.1074/jbc.M600579200
https://doi.org/10.1002/jcb.23017
https://doi.org/10.2741/3057
https://doi.org/10.1111/j.0959-9673.2004.00377.x
https://doi.org/10.3892/mmr.2016.5926
https://doi.org/10.3892/mmr.2016.5926

	Gait analysis combined with the expression of TGF-β1, TGF-β3 and CREB during Achilles tendon healing in rat
	Introduction
	Methods
	Experimental materials
	Animals
	Main instruments and reagents

	Experimental methods
	Animal grouping and experimental intervention
	Establishment of animal model
	Acquisition of experimental specimens

	Observation indexes
	Behavioral observation
	Gross observation
	Histological observation
	Immunohistochemical test
	Relative quantification by qPCR

	Statistical analysis

	Results
	Gait behavior
	General healing
	HE staining
	Immunohistochemical test
	Relative expression results of mRNA by qPCR

	Discussion
	Funding
	Ethical statement
	Declaration of competing interest
	References


