Biomolecules
& Biomedicine

RESEARCH ARTICLE

Possible mechanism of static progressive stretching
combined with extracorporeal shock wave therapy in
reducing knee joint contracture in rats based on
MAPK/ERK pathway

Run Zhang2, Quan-Bing Zhang®2, Yun Zhou ®¥23*, Rui Zhang??:3, and Feng Wang ®2

The study aimed to observe the therapeutic effect of static progressive stretching (SPS) combined with extracorporeal shock wave
therapy (ESWT) on extension knee joint contracture in rats and the effect on the mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) pathway in the development of joint capsule fibrosis. Thirty-six Sprague Dawley rats were randomly
divided into blank control group, immobilization model group, natural recovery group, ESWT intervention group, SPS intervention
group, and SPS combined with ESWT intervention group. The left knee joints of the rats, except for the control group, were fixed with
an external fixation brace for four weeks at full extension to form joint contracture. The therapeutic effect of each intervention was
assessed by evaluating total and arthrogenic contracture, the number of total cells and collagen deposition in the anterior joint capsule,
the protein levels of TGF-B1, FGF-2, and ERK2 in the anterior joint capsule, the mean optical density of upstream RAS and downstream

ERK2 positive expression in the MAPK/ERK pathway. SPS in combination with ESWT was more effective in relieving joint contracture,
improving the histopathological changes in the anterior joint capsule, and suppressing the high expression of target proteins and the
overactivated MAPK/ERK pathway. The overactivated MAPK/ERK pathway was involved in the formation of extension knee joint
contracture in rats. SPS in combination with ESWT was effective in relieving joint contracture and fibrosis of joint capsule. Moreover,
the inhibition of the overactivated MAPK/ERK pathway may be the potential molecular mechanism for its therapeutic effect.

Keywords: Joint contracture, joint capsule, static progressive stretching (SPS), extracorporeal shock wave therapy (ESWT),
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway.

Introduction

Joint contracture is a fibrotic disease characterized by limitation
in range of motion (ROM) of the joint [1, 2]. Once developed,
the patients’ quality of life is greatly affected, permanent
contracture with continuous deterioration develops, and the
patient becomes permanently disabled [1,3]. Among many
causes of joint contracture, joint immobilization is the most
common one [I1-4]. In the process of joint immobilization,
arthrogenic and myogenic components are involved in the
occurrence and development of joint contracture [1,3]. The
myogenic components mainly limit the ROM in short-term
immobilization, which can return to the normal level after
remobilization; the arthrogenic components play a dominant
role in long-term immobilization, which cannot be effec-
tively relieved even with a prolonged remobilization [5].
Compared with the myogenic components, the arthrogenic
components are more difficult to recover, which are the key
points and difficulties in the treatment of joint contractures [6].
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Among the arthrogenic components, joint capsule fibrosis is
unanimously considered as the decisive factor [7]. The exact
pathophysiological mechanism and new treatment methods for
joint contracture are the goal on which doctors and therapists
need to work.

The mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) pathway is a major pathway in
the control and regulation of cellular processes associated with
fibrosis in some fibrotic diseases. The overactivated MAPK/ERK
pathway can promote the occurrence and development of
fibrosis [8-10]. Transforming growth factor beta-1 (TGF-f1) isa
recognized profibrotic cytokine [1, 8, 9], which can stimulate
the collagen expression of fibroblasts through the Smad
pathway, and can cooperate with fibroblast growth factor 2
(FGF-2) to promote the proliferation of fibroblasts through
the MAPK/ERK pathway [11]. Sun et al. [12] treated the rat
model of post-traumatic knee joint contracture by ERK2 siRNA
intervention, which can effectively reduce the joint capsule
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Figure 1. Schematic diagram of knee joint contracture model and interventions. (A) The rat model of the extension knee joint contracture and
observation under X-ray film; (B) Static progressive stretching intervention after the removal of the external fixation brace of the left knee joint of the
rat; T is the long axis of the tibia, F is the stretching force, 8 = 90°; (C) Extracorporeal shock wave intervention after the removal of the external fixation

brace of the left knee joint of the rat and the type of the treatment probe.

fibrosis. We hypothesized that the overactivated MAPK/ERK
pathway plays a key role in the formation of joint capsule
fibrosis.

Extracorporeal shock wave therapy (ESWT) is widely used
in musculoskeletal system diseases [13,14]. The mechanical
stimulation produced by ESWT has biochemical effects on
some cells and affects the cell cycle and metabolic pathways,
which can regulate the migration, proliferation, differentiation
and apoptosis of fibroblasts, endothelial cells, osteoblasts, and
tenocytes [15]. Relevant studies have shown that ESWT can
reduce cell migration and effectively inhibit the expression of
TGF-B1, alpha smooth muscle actin (a-SMA), type I collagen,
and fibronectin [16], making it a feasible and cost-effective
method for the treatment of pathological scars after burns [17].
In addition, ESWT can significantly and effectively reduce
the fibrosis in the treatment of epidural fibrosis [18] and
capsular fibrosis after insertion of silicone implants [19].
Huang et al. [13] found that radial ESWT combined with
ultrashort wave therapy could inhibit the high expression of
TGF-pland hypoxia-inducible factor 1 alpha (HIF-1a), and radial
ESWT could inhibit the NF-xB/HIF-1a signaling pathway [14],
which could reduce the myogenic contracture after long-term
immobilization. A study reported that the adhesion between
the lateral femoral condyle and the joint capsule was sig-
nificantly lower than that of the control group after ESWT
during the repair of the knee in rabbits [20]. It is reasonable
to believe that ESWT has positive effect on arthrogenic
contracture.

It is well known that stretch therapy is the main way to
improve the ROM of joint in joint contracture [21], and can also
effectively relieve hyperalgesia and muscle damage caused by
jointimmobilization [22]. In addition, stretching can effectively
prevent the shortening and adhesion of the joint capsule and
reduce joint capsule fibrosis [23]. Static progressive stretching
(SPS) uses the principle of stress relaxation, which improves the
ROM within a limited treatment time more effectively [24], and
it also has significant therapeutic effect in relieving pain and
stiffness [25]. Numerous clinical studies have demonstrated
the effectiveness and superiority of the SPS therapy [24-26].
At present, there are few reports on basic research of SPS and
the application of its unique stress relaxation principles in
treatment.
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This study combined the biochemical effects of ESWT on
specific cells and the effectiveness and superiority of SPS, to
explore whether it can improve the joint contracture and joint
capsule fibrosis by inhibiting the overactivated MAPK/ERK
pathway. The study explored the immobilization-induced
extension knee joint contracture model in rat from the follow-
ing aspects: (1) improvement of total contracture and arthro-
genic contracture; (2) improvement of the histopathological
features in the anterior joint capsule tissue; (3) changes in
protein levels of TGF-p1, FGF-2, and ERK2 in the anterior joint
capsule tissue; (4) changes in the mean optical density (MOD) of
upstream RAS and downstream ERK2 protein in the MAPK/ERK
pathway.

Materials and methods

Experimental design

A total of 36 skeletal mature male Sprague Dawley rats
(Experimental Animal Center of Anhui Medical University,
Hefei, China, 12 weeks old, weight 250-300 g) were used in
this experiment. Rats were housed in standard cages (room
temperature 24 °C-25 °C, 12 h light/dark cycle) and had free
access to water and food. Thirty randomly selected rats were
anesthetized by intraperitoneal injection of 300 mg/kg 10%
chloral hydrate and then their left knee joints were fixed
for 4 weeks at full extension by the fixation brace (Patent
No0.202120470158.0) and fixation method was noted in the
previous studies [27] (Figure 1A). The health status of the rats
and the immobilization of the brace were observed daily, and
the immobilization strength was adjusted in time to ensure
effective immobilization. All rats were in good health, and none
died. After 4 weeks, the external fixation brace was removed,
and 30 fixed rats were randomly assigned to the immobilization
model group (IM), the natural recovery group (NR), the ESWT
intervention group (EI), the SPS intervention group (SI), and
SPS combined with ESWT intervention group (CI), and 6 rats
without left knee joint fixation were assigned to the control
group (C). The C group was euthanized after eight weeks of
free movement in the cage. The IM group was euthanized
immediately after removing the external fixation brace. The
NR group was euthanized after four weeks of free movement in
the cage after removing the external fixation brace. The EI, SI,
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Table 1. Intervention methods and sample size in each experimental group

Grouping Quantity

Joint Immobilization

ESWT SPS

Group C 6

Group IM

Group NR

Group El

Group Sl

- +

[e) NN e NN XX N Be N @)

Group CI

+ 4+ [+ |+ |+
_|_

+ +

“+” means yes and “—" means no. C: Control group; IM: Immobilization model group; NR: Natural recovery group;
El: Extracorporeal shock wave intervention group; Sl: Static progressive stretching intervention group; Cl: Static
progressive stretching combined with extracorporeal shockwave intervention group.

Figure 2.
motion of the left knee joint after myotomy.

and CI groups received ESWT intervention, SPS intervention,
and SPS in combination with ESWT intervention for four
weeks, respectively (Table1), and all rats were euthanized
after four weeks of intervention. Euthanasia was performed by
intraperitoneal injection of 400 mg/kg 10% chloral hydrate [27].

Experimental interventions

Static progressive stretching

A total of 12 rats in the SI and CI groups were treated with
SPS 5 times a week for 4 weeks. Before the SPS intervention,
the rats were placed and fixed on the treatment table, and the
SPS intervention was performed by a therapist with 9 years of
professional experience. The thigh was immobilized with one
hand and the distal end of the calf was pinched with the other,
and a force was applied perpendicular to the long axis of the
tibia to stretch the knee in flexion (Figure 1B). The stretching
intensity was adjusted according to the tension of the soft tis-
sues around the knee joint and the reaction of the rats. The
flexion angle was adjusted after five minutes of static stretching
to further increase the angle, followed by another five minutes
of stretching, and so on until the angle stopped increasing. The
process was repeated and the total duration of the treatment
was 30 min.

Extracorporeal shock wave therapy

A total of 12 rats in the EI and CI groups were treated with
ESWT twice a week for 4 weeks. A pneumatic ballistic shock
wave device (Swiss Dolor Clast Smart, Switzerland) was used
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Measurement of range of motion. (A) Measurement of range of motion of the left knee joint before myotomy; (B) Measurement of range of

in the experiment. First, the hair around the left knee joint of
the rats was cleaned before the treatment, and the skin was
not damaged. Second, ultrasound gel was evenly applied to the
skin around the left knee joint of the rats, and the diameter of
the extracorporeal shock wave warhead was set at 6 mm. After
all preparations were completed, ESWT was performed with
a pulse dose of 2.5 bar, 6 Hz, 2000 times [13, 14], which is a
common therapeutic dose in clinical practice (Figure 1C).

Measurement of range of motion

Mechanical measuring device (Patent No0.ZL202120996643.1)
and measuring method for joint ROM, designed in the previous
studies, were used in this study [27]. The ROM of the left knee
joint in each group was measured before and after myotomy
with a standard torque of 0.053 N.m (Figure 2). The following
formulas for calculating the degree of total and arthrogenic
contracture were used:

Total contracture = ROM before myotomy (of the control knee)
— ROM before myotomy (of the contracted knee)

Arthrogenic contracture = ROM after myotomy (of the control
knee) — ROM after myotomy (of the contracted knee)

Histological analysis

Tissue preparation

After measuring the ROM of the left knee joint in each
group, the anterior joint capsule of the left knee joint was
taken and divided into equal-sized samples. A portion of the
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samples was fixed with 4% paraformaldehyde overnight at
4 °C for histopathological examination. The remaining samples
were snap frozen in liquid nitrogen and stored at —80 °C for
subsequent molecular protein detection.

H&E and Masson staining

Specimens were dehydrated in graded alcohol and embedded in
paraffin. Each specimen was cut into a series of 6 um sections
with a microtome, deparaffinized, and then stained with H&E
and Masson to detect pathological changes in the total number
of cells and collagen deposition of the joint capsule. Sections of
each sample were stained following the steps in the instructions
for use of the H&E and Masson staining kits and observed under
amicroscope at 400 x magnification (BX43F; OLYMPUS, Tokyo
163-0914, Japan), with 6 fields of view randomly selected and
photographed. The number of total cells was represented as
cells per square millimeter of joint capsule area, and the colla-
gen deposition was represented as a percentage of the blue area,
and analyzed by Image Pro Plus 6.0 software.

Immunohistochemical analysis of RAS and ERK2

The treated slice specimens were subjected to high-pressure
antigen retrieval in 2000 mL citrate retrieval solution with pH
of 6.0, and then incubated in 3% Hy0, at room temperature
to block endogenous peroxidase. Sections were washed 3 times
with distilled water and PBS-T, and then incubated overnight at
4°Cwith rabbitanti-ERK2 antibody (1:100; Affinity Biosciences)
and rabbit anti-RAS antibody (1:100; Affinity Biosciences),
respectively. The sections were washed 3 times with PBS-T
and incubated with goat anti-rabbit IgG-HRP (1:200; Affinity
Biosciences) as the secondary antibody for 30 min at 37 °C.
After the sections were washed 3 times with PBS-T, DAB
chromogenic reagent was added dropwise, and chromogenic
time was controlled under the microscope, and the positive
result was taken as the degree. Afterward, the sections were
stained with hematoxylin for 2-5 min, differentiated in ethanol
with 1% hydrochloric acid for several seconds, blued with
lithium carbonate solution for 30 s, washed with water, and
then dehydrated, hyalinized with xylene, and sealed with
neutral gum. Each section was observed under a microscope
at 400x magnification (BX43F; OLYMPUS, Tokyo 163-0914,
Japan), and 5 fields of view were randomly selected and
photographed. Finally, Image-Pro Plus 6.0 software was used
to calculate the Sum(IOD) and Sum(Area) values of each
picture, and the MOD of RAS and ERK2 were calculated with
MOD = Sum(IOD)/Sum(Area), which was used as an indicator
of their positive expression.

Protein extraction and western blot detection

The expression of protein levels of TGF-B1, FGF-2, and ERK2
were analyzed by western blot. The samples were grounded into
powder with a liquid nitrogen grinder, homogenized in RIPA
lysis buffer (WanLeibio, China), centrifuged, and the super-
natant collected. Protein quantification was performed with
BCA protein assay kit (WanLeibio, China). Next, equivalent
amount of protein of each pair of samples was separated by
SDS-PAGE on 10% polyacrylamide gels and electrotransferred
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to polyvinylidene fluoride microporous membranes, then
dissolved in TBST after being blocked in 5% skim milk and
incubated at room temperature for 2 h. The membranes
were incubated with rabbit anti-TGF-B1 antibody (1:2000;
WanlLeibio), rabbit anti-FGF-2 antibody (1:1000; WanLeibio),
rabbit anti-ERK2 antibody (1:1000; WanLeibio), and rabbit
anti-GAPDH antibody (1:1000; WanLeibio) at 4 °C overnight.
On the second day, after being washed in TBST solution 3 times
for 10 min each time, the membranes were incubated with
peroxidase-conjugated affinity-purification goat anti-rabbit
IgG-HRP (1:6000; WanLeibio) as the secondary antibody for
45 min at room temperature, and then the membranes were
washed three times with TBST solution for 10 min each time.
Finally, ECL chemiluminescent droplets were added to the
target bands and the signal was detected with digital imaging
equipment. The densities of each band were quantified by
Image-Pro Plus 6.0 software, and the protein expression levels
of TGF-B1, FGF-2, and ERK2 were calculated by comparison with
the amount of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a loading control.

Ethical statement

All procedures performed in this animal experiment were
approved by the Institutional Animal Care and Use Committee
of Anhui Medical University (LLSC20221126).

Statistical analysis

All experimental data were expressed as mean + standard
deviation, and the data was analyzed and processed with SPSS
26.0 system. All data were in line with normal distribution and
homogeneity of variance, which were tested by Shapiro-Wilk
method and Levene method. Differences between groups were
analyzed by post-hoc SNK test and one-way ANOVA. The total
and arthrogenic contracture, the degree of collagen deposition,
the number of total cells, the MOD of RAS and ERK?2, and the
expression levels of TGF-B1, FGF-2, and ERK2 were analyzed
by ANOVA analysis across the groups. The difference was
statistically significant with P value of less than 0.05 (P < 0.05).

Results

Total contracture and arthrogenic contracture

Degrees of total and arthrogenic contracture in each group are
illustrated in Table 2. Total and arthrogenic contracture in the
IM and NR groups were significantly greater than in the C group
(P < 0.05). Compared with the IM group, total contracture in
the NR group was improved (P < 0.05), but there was no sta-
tistical significance when comparing arthrogenic contracture
(P > 0.05). Compared with the NR group, total and arthrogenic
contracture of the three intervention groups were improved
(P < 0.05), they were significantly smaller in the CI group than
in the EI group (P < 0.05) and the SI group (P < 0.05). Com-
pared with the EI group, total contracture in the SI group was
improved (P < 0.05), but there was no statistical significance
when comparing arthrogenic contracture (P > 0.05).

Cell count
The results of H&E staining and quantitative analysis are shown
in Figure 3A and 3C. Compared with the C group, the number
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Table 2. Results of the total contracture and arthrogenic contracture

Degree of contracture (°)

Grouping Quantity Total contracture Arthrogenic contracture
Group C 6 0+0 0+0

Group IM 6 78.89 = 3.352 44.08 £ 2.73°
Group NR 6 70.42 + 4.39% 4513 + 3.49°
Group El 6 61.87 + 3.75%¢ 36.97 + 2.513b¢
Group Sl 6 52.82 4 4.652bcd 37.54 4 3.14%b¢
Group Cl 6 43.97 + 5.273bcde 27.98 + 3.182bcde

Data are expressed as mean + standard deviation. 2P < 0.05 vs the C group, PP < 0.05 vs the IM group, °P < 0.05 vs the NR group, 4P < 0.05 vs the El
group, ¢P < 0.05 vs the Sl group. C: Control group; IM: Immobilization model group; NR: Natural recovery group; El: Extracorporeal shock wave intervention
group; Sl: Static progressive stretching intervention group; Cl: Static progressive stretching combined with extracorporeal shockwave intervention group.
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Figure 3.

Collagen relative area
of anterior joint capsule(%)

C IM NR

H&E staining and Masson staining. (A) Results of H&E staining; (B) Results of Masson staining; (C) The quantitative analysis of the number of

total cells in each group; (D) The quantitative analysis of the percentage of collagen deposition (blue area) in each group. Data are expressed as mean +
standard deviation. 2P < 0.05 vs the C group, PP < 0.05 vs the IM group, °P < 0.05 vs the NR group, 4P < 0.05 vs the El group, ¢P < 0.05 vs the SI group.
Scale bars = 50 wm. C: Control group; IM: Immobilization model group; NR: Natural recovery group; El: Extracorporeal shock wave intervention group;

SI: Static progressive stretching intervention group; Cl: Static progressive stretching combined with extracorporeal shock wave intervention group.

of total cells in the IM group and the NR group significantly
increased (P < 0.05). Spindle-shaped fibroblast-like cells were
observed in both IM and NR groups and increased significantly,
while the inflammatory cell infiltration was observed in the NR
group, but there was no statistical significance between the two
groups (P > 0.05). Compared with the NR group, the number of
total cells in the other three intervention groups was decreased
(P < 0.05), and the number of total cells in the CI group was
significantly smaller than in the EI group (P < 0.05) and the
SI group (P < 0.05). There was no statistical significance in
the number of total cells between the EI and the SI groups
(P> 0.05).
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Collagen deposition

The results of Masson staining and quantitative analysis are
shown in Figure 3B and 3D. Compared with the C group, the
collagen deposition in the IM group and the NR group was
obvious (P < 0.05), but there was no statistical significance
between these two groups (P > 0.05). Compared with the NR
group, the collagen deposition in the three intervention groups
was decreased (P < 0.05), and the collagen deposition in the
CI group was smaller than in the EI group (P < 0.05) and
the SI group (P < 0.05). There was no statistical significance
in the collagen deposition between the EI and the SI groups
(P> 0.05).
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Figure4. Immunohistochemical analysis. (A) Results of immunohistochemical staining of the upstream protein RAS and downstream protein ERK2 in the
MAPK/ERK pathway. Scale bars = 50 wm; (B) The quantitative analysis of the mean optical density of RAS positive expression; (C) The quantitative analysis
of the mean optical density of ERK2 positive expression. Data are expressed as mean = standard deviation. 2P < 0.05 vs the C group, °P < 0.05 vs the IM
group, <P < 0.05 vs the NR group, 4P < 0.05 vs the El group, ¢P < 0.05 vs the Sl group. C: Control group; IM: Immobilization model group; NR: Natural
recovery group; El: Extracorporeal shock wave intervention group; Sl: Static progressive stretching intervention group; Cl: Static progressive stretching

combined with extracorporeal shock wave intervention group; IHC: Immunohistochemistry; ERK2: Extracellular signal-regulated kinase 2.

The mean optical density of RAS and ERK2

To explore the role of MAPK/ERK pathway in the development
and improvement of joint contracture, immunohistochem-
ical staining was performed on the anterior joint capsule
(Figure 4A). The analysis of the MOD of the upstream protein
RAS in this signaling pathway is shown in Figure 4B. Compared
with the C group, the MOD of RAS in the IM group and the
NR group was significantly higher (P < 0.05), but there was
no statistical significance between the two groups (P > 0.05).
Compared with the NR group, the MOD of RAS in the other
three intervention groups was reduced to varying degrees. It
was lower in the CI group than in the EI group (P < 0.05)
and the SI group (P < 0.05), but there was no significant
difference between the EI and the SI group. The variation
tendency of the MOD of the downstream protein ERK2 was
generally consistent with that of RAS, but there was no
significant difference between the CI and the C group (P > 0.05)
(Figure 4C).

Expression of the protein levels of TGF-B1, FGF-2, and ERK2

The relationship between the average protein expression levels
of TGF-B1, FGF-2, ERK2, and GAPDH in the six groups of
specimens is shown in Figure 5A. Compared with the C group,
the expression levels of TGF-B1in the IM and the NR group were
significantly increased (P < 0.05), but there was no difference
between the two groups (P > 0.05). The expression levels of
TGF-f1 in the three intervention groups were significantly
lower than in the NR group, but none of the groups returned to
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the levels of the C group. The difference between the EI and the
SIgroup was not statistically significant (P > 0.05). It was worth
noting that the expression levels of TGF-B1 in the CI group were
lower than in the EIgroup (P < 0.05) and the SIgroup (P < 0.05)
(Figure 5B). The variation tendency of the protein expression
levels of FGF-2 and ERK2 was generally consistent with that of
TGF-B1, but there was no significant difference between the CI
and the C group (P > 0.05) (Figure 5C and 5D).

Discussion

Joint contracture is common complication in clinical prac-
tice, which plagues rehabilitation and orthopedics. Stretch
therapy is the main method for preventing and treating
joint contracture, and SPS is a good choice when the effect
of routine treatment is at a plateau [24-26,28]. ESWT is
widely used in the treatment of musculoskeletal diseases as
a safe non-invasive treatment, which generates intercellular
and extracellular responses that can relieve pain, promote
tissue regeneration, promote bone healing, and destroy cal-
cium deposits in musculoskeletal structures [29]. It is also a
safe and effective non-invasive treatment for many fibrotic
diseases such as myogenic contracture, pathological scars,
epidural fibrosis, etc. [13-20]. In this study, extension knee
joint contracture in rats was treated in different ways, to
explore whether the treatment effect of SPS combined with
ESWT is better than single treatment, and to guide clinical
practice.
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Figure 5. Protein expression levels of TGF-B1, FGF-2, and ERK2 relative to GAPDH. (A) Western blotting bands of TGF-B1, FGF2, ERK2, and GAPDH
proteins; (B) The quantitative analysis of TGF-B1; (C) The quantitative analysis of FGF-2; (D) The quantitative analysis of ERK2. Data are expressed as mean
+ standard deviation. 2P < 0.05 vs the C group, °P < 0.05 vs the IM group, °P < 0.05 vs the NR group, 9P < 0.05 vs the El group, ¢P < 0.05 vs the Sl group.
C: Control group; IM: Immobilization model group; NR: Natural recovery group; El: Extracorporeal shock wave intervention group; Sl: Static progressive
stretching intervention group; Cl: Static progressive stretching combined with extracorporeal shock wave intervention group; TGF-B1: Transforming growth

factor beta-1; FGF2: Fibroblast growth factor 2; ERK2: Extracellular signal-regulated kinase 2; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

In this study, total and arthrogenic contracture in the IM
group were significantly increased compared with the C group,
suggesting that the knee joint movement disorder of the rat was
obvious. After different ways of treatment, total contracture of
each group was relieved, but it did not return to the level of
the C group, indicating that the joint contracture of each group
was not completely reversed. When the NR group was com-
pared with the IM group, total contracture was relieved but the
arthrogenic contracture was not, indicating that the myogenic
contracture could be partially recovered by natural movement,
but the arthrogenic contracture could not, which was consistent
with the previous research results [5, 6, 30]. Total contracture
was relieved in the SI group compared with the EI group, but
there was no significant change in the arthrogenic contracture,
which may be due to the improvement in myogenic factors,
such as the soft tissue around the knee joint and the quadriceps
during the stretching process. Compared with the NR group,
the CI group had the most significant improvement in total and
arthrogenic contracture of all the intervention groups, indicat-
ing that the combined intervention was significantly better than
the single intervention, suggesting that ESWT combined with
SPS will be more beneficial to the recovery of ROM.

Inflammatory and proinflammatory signaling cascades
play an important role in the formation of joint fibrosis.
The inflammatory response reaches the peak in the early
stage of remobilization [6]. The increase of collagen content
is closely related to fibroblasts, and fibroblasts migrate and
accumulate around the joint capsule during the process of
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joint contracture [2], both of which are important factors
in the formation of joint contracture [6,31,32]. The main
phenotypes of macrophages are M1 and M2. M1 type has proin-
flammatory effect, whereas M2 type has anti-inflammatory
properties. Low-energy ESWT can stimulate the polarity
shift of macrophages from M1 to M2, resulting in a good
anti-inflammatory effect [29]. Low-energy ESWT could also
be effective in suppressing hypertrophic scar formation by
inhibiting fibroblast density and a-SMA expression [33].
Rinella et al. [34] found that shock wave treatment could reduce
the expression of integrin alpha 11, inhibit the development of
a myofibroblast phenotype, and downregulate the expression
of the myofibroblast marker a-SMA and the extracellular
matrix protein type I collagen. It is well known that stretching
can directly promote the regression of local inflammation
in connective tissues. Berrueta et al. [35] found that acute
inflammation and neutrophil migration were reduced after
stretching treatment of connective tissue. In this study, the
number of total cells and collagen deposition were significantly
increased in the IM group after four weeks of immobilization.
The spindle-shaped fibroblast-like cells and inflammatory
cell infiltration were obvious in the NR group after four
weeks of natural recovery, and the number of total cells and
collagen deposition did not change significantly compared
with the IM group, suggesting that neither of them could be
recovered through natural activity. The three intervention
groups achieved effective remission after different treatments.
When SPS was combined with ESWT, the number of total cells
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and collagen deposition reached the lowest level, which was
consistent with the remission trend of arthrogenic contracture,
suggesting that the combination of ESWT and SPS will more
effectively reduce the total cells and collagen deposition in
the joint capsule, and the reduction of both may be one of the
reasons for the relief of arthrogenic contracture.

TGF-B1 can stimulate collagen expression in fibroblasts
through the Smad pathway and cooperate with FGF-2 to
stimulate fibroblast proliferation through the MAPK/ERK
pathway. ERK can be divided into ERK1 and ERK2, among
which ERK2 plays a leading role in the formation of joint
capsule fibrosis and joint contracture [11]. Inhibition of ERK2
expression could control fibroblast proliferation and collagen
production and effectively reduce the formation of joint
adhesions and joint capsule fibrosis [11, 12]. Therefore, TGF-
1, FGF-2, and ERK2 play important roles in the occurrence
and development of joint capsule fibrosis. In this study, the
expression levels of target protein increased significantly
after the development of joint contracture. Except for the NR
group, the expression levels of target protein in the three
intervention groups were inhibited effectively, and the CI
group had the lowest expression levels, which was consistent
with the variation tendency of collagen deposition and the
number of total cells. It is suggested that ESWT combined
with SPS could inhibit the expression of TGF-B1, FGF-2, and
ERK2 more effectively, which may be one of the molecular
mechanisms for the alleviation of collagen deposition and cell
proliferation.

Hypoxic environment is induced during immobilization
[13,14], and inflammatory response is generated during
remobilization [6], both of which are the main stimulators for
the activation of the MAPK/ERK pathway. A large number of
studies have demonstrated that the overactivated MAPK/ERK
pathway is involved in the fibrosis process of different tissues
and organs [8-10,36,37]. In this study, the MOD of the
upstream protein RAS and the downstream protein ERK2 in
the MAPK/ERK pathway was significantly increased after four
weeks of the knee joint immobilization, which was consistent
with the development trend of the arthrogenic contracture,
the number of total cells, the collagen deposition, and the
expression levels of each detected protein. It is suggested
that the overactivated MAPK/ERK pathway may be one of the
molecular mechanisms underlying the development of joint
contracture, and there may be an intricate relationship between
the overactivated MAPK/ERK pathway and the expression of
each detected protein and histopathological changes. The MOD
of RAS and ERK2 of three intervention groups was reduced
effectively, and the CI group had the lowest MOD, suggesting
that both ESWT and SPS could inhibit the overactivated
MAPK/ERK pathway, and that the inhibition was more effective
after combined treatment, which may be one of the reasons for
the improvement of joint contracture.

There are several limitations in this study. Firstly, SPS is a
manual intervention because of the limitation of experimental
equipment. The drafting torque cannot be clearly defined. It
is necessary to design corresponding experimental equipment
to quantify it, which is the focus of the next work. Secondly,
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this study only explored the number of total cells and collagen
expression of the joint capsule by H&E and Masson staining.
Further research is needed to clarify the expression levels of
related inflammatory factors, both proteins and mRNA levels,
and the proliferation of related cells. Finally, in addition to the
joint capsule, arthrogenic components also include bone, carti-
lage, synovium, and ligaments. Further research on them will
help to understand the mechanism of arthrogenic contracture.

Conclusion

This research suggests that overactivated MAPK/ERK pathway
may be one of the molecular mechanisms in the formation of
joint contracture. Both ESWT and SPS treatment can improve
arthrogenic contracture in rats, which may inhibit the high
expression of TGF-B1, FGF-2, and ERK2 in the joint capsule and
overactivated MAPK/ERK pathway, and the therapeutic effect
of the combined treatment was better than that of ESWT or SPS
alone. We believe that ESWT combined with SPS is reasonable
in the treatment of arthrogenic contracture induced by immo-
bilization, and it is worth promoting in clinical treatment.

Acknowledgments

The authors thank Professor Hua Wang from the School of Pub-
lic Health, Anhui Medical University for his valuable guidance
and corrections.

Conflicts of interest: Authors declare no conflicts of interest.

Funding: This study is supported by funds from the Anhui
Key Research and Development Program-Population Health
(201904a07020067; recipient: Yun Zhou), Clinical Medicine
Discipline Construction Project of Anhui Medical University in
2021 (2021 Iexk 031), Clinical Medicine Discipline Construction
Project of Anhui Medical University in 2022 (Clinic and Prelim-
inary Co-construction Discipline Project) (2022 lexkEFYO010)
and Provincial Quality Project of Higher Education in Anhui
Province (2020jyxm0903).

Data availability: The authors declare that the data in this
study is available upon reasonable request.

Submitted: 17 September 2022
Accepted: 09 October 2022
Published online: 11 October 2022

References

[1] Zhou Y, Zhang QB, Zhong HZ, Liu Y, Li ], Lv H, et al. Rabbit model of
extending knee joint contracture: progression of joint motion restric-
tion and subsequent joint capsule changes after immobilization. ] Knee
Surg 2020;33(1):15-21. https://doi.org/10.1055/s-0038-1676502.

[2] YiX, WangZ, Ren], Zhuang Z, Liu K, Wang K, et al. Overexpression of
chaperonin containing T-complex polypeptide subunit zeta 2 (CCT6b)
suppresses the functions of active fibroblasts in a rat model of joint
contracture. J Orthop Surg Res 2019;14(1):125. https://doi.org/10.1186/
s13018-019-1161-6.

[3] MaoD, Mi]J, Pan X, Li F, Rui Y. Suppression of TGF-beta activity with
remobilization attenuates immobilization-induced joint contracture in
rats. Injury 2021;52(3):434-42. https://doi.org/10.1016/j.injury.2020.
12.029.

www.biomolbiomed.com


http://www.biomolbiomed.com
https://doi.org/10.1055/s-0038-1676502
https://doi.org/10.1186/s13018-019-1161-6
https://doi.org/10.1186/s13018-019-1161-6
https://doi.org/10.1016/j.injury.2020.12.029
https://doi.org/10.1016/j.injury.2020.12.029
http://www.biomolbiomed.com

4]

[o]

[10]

11]

[12]

[13]

(14]

[15]

(16]

(17]

(18]

(19]

[20]

Kaneguchi A, Ozawa J, Minamimoto K, Yamaoka K. Formation process
of joint contracture after anterior cruciate ligament reconstruction
in rats. ] Orthop Res 2021;39(5):1082-92. https://doi.org/10.1002/jor.
24800.

Zhou H, Trudel G, Goudreau L, Laneuville O. Knee joint stiffness fol-
lowing immobilization and remobilization: a study in the rat model.
J Biomech 2020;99:109471. https://doi.org/10.1016/j.jbiomech.2019.
109471.

Kaneguchi A, Ozawa ], Minamimoto K, Yamaoka K. Low-level laser
therapy prevents treadmill exercise-induced progression of arthro-
genic joint contracture via attenuation of inflammation and fibrosis
in remobilized rat knees. Inflammation 2019;42(3):857-73. https://doi.
org/10.1007/s10753-018-0941-1.

Jiang S, He R, Zhu L, Liang T, Wang Z, Lu Y, et al. Endoplasmic retic-
ulum stress-dependent ROS production mediates synovial myofibrob-
lastic differentiation in the immobilization-induced rat knee joint con-
tracture model. Exp Cell Res 2018;369(2):325-34. https://doi.org/10.
1016/j.yexcr.2018.05.036.

Wang W, Qu M, Xu L, Wu X, Gao Z, Gu T, etal. Sorafenib exerts
an anti-keloid activity by antagonizing TGF-f8/smad and MAPK/ERK
signaling pathways. ] Mol Med (Berl) 2016;94(10):1181-94. https://doi.
org/10.1007/s00109-016-1430-3.

Fang G, Chen S, Huang Q, Chen L, Liao D. Curcumin suppresses cardiac
fibroblasts activities by regulating the proliferation and cell cycle via
the inhibition of the p38 MAPK/ERK signaling pathway. Mol Med Rep
2018;18(2):1433-8. https://doi.org/10.3892/mmr.2018.9120.

Wang Y, Wang S, Wang R, Li S, Yuan Y. Neferine exerts antioxi-
dant and anti-Inflammatory effects on carbon tetrachloride-induced
liver fibrosis by inhibiting the MAPK and NF-«B/IkBa pathways. Evid
Based Complement Alternat Med 2021;2021:4136019. https://doi.org/
10.1155/2021/4136019.

Li F, Ruan H, Fan C, Zeng B, Wang C, Wang X. Efficient inhibition
of the formation of joint adhesions by ERK2 small interfering RNAs.
Biochem Biophys Res Commun 2010;391(1):795-9. https://doi.org/10.
1016/j.bbrc.2009.11.140.

SunY, Li F, Fan C. Effect of pERK2 on extracellular matrix turnover of
the fibrotic joint capsule in a post-traumatic joint contracture model.
Exp Ther Med 2016;11(2):547-52. https://doi.org/10.3892/etm.2015.
2948.

Huang PP, Zhang QB, Zhou Y, Liu AY, Wang F, Xu QY, etal
Effect of radial extracorporeal shock wave combined with ultra-
short wave diathermy on fibrosis and contracture of muscle. Am J
Phys Med Rehabil 2021;100(7):643-50. https://doi.org/10.1097/PHM.
0000000000001599.

Wang F, Li W, Zhou Y, Huang PP, Zhang QB. Radial extracorporeal
shock wave reduces myogenic contracture and muscle atrophy via
inhibiting NF-«B/HIF-1a signaling pathway in rabbit. Connect Tis-
sue Res 2022;63(3):298-307. https://doi.org/10.1080/03008207.2021.
1920934.

Kim DH, Han SH, Suh HS, Choi YS. Benefits of extracorporeal
shock waves for keloid treatment: a pilot study. Dermatol Ther
2020;33(4):e13653. https://doi.org/10.1111/dth.13653.

Cui HS, Hong AR, Kim JB, Yu JH, Cho YS, Joo SY, et al. Extracorporeal
shock wave therapy alters the expression of fibrosis-related molecules
in fibroblast derived from human hypertrophic scar. Int J Mol Sci
2018;19(1):124. https://doi.org/10.3390/ijms19010124.

Fioramonti P, Cigna E, Onesti MG, Fino P, Fallico N, Scuderi N. Extra-
corporeal shock wave therapy for the management of burn scars.
Dermatol Surg 2012;38(5):778-82. https://doi.org/10.1111/j.1524-4725.
2012.02355.x.

Haberal B, Simsek EK, Akpinar K, Tirkbey Simsek D, Sahintiirk
F. Impact of radial extracorporeal shock wave therapy in
post-laminectomy epidural fibrosis in a rat model. Jt Dis Relat
Surg 2021;32(1):162-9. https://doi.org/10.5606/ehc.2021.77870.
Fischer S, Mueller W, Schulte M, Kiefer ], Hirche C, Heimer S,
etal. Multiple extracorporeal shock wave therapy degrades capsu-
lar fibrosis after insertion of silicone implants. Ultrasound Med Biol
2015;41(3):781-9. https://doi.org/10.1016/j.ultrasmedbio.2014.10.018.
Zhou Y, Yang K. Prevention of arthrofibrosis during knee repair
by extracorporeal shock wave therapy: preliminary study in rabbits.
Injury 2019;50(3):633-8. https://doi.org/10.1016/j.injury.2019.01.054.

Zhang et al.

SPS combined with ESWT in reducing joint knee contracture

285

[21]

[22]

23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

(37]

Biomolecules
& Biomedicine

Holavanahalli RK, Helm PA, Kowalske K], Hynan LS. Effectiveness of
paraffin and sustained stretch in treatment of shoulder contractures
following a burn injury. Arch Phys Med Rehabil 2020;101(1S):S42-9.
https://doi.org/10.1016/j.apmr.2019.08.482.

Hayashi K, Fukuyasu-Matsuo S, Inoue T, Fujiwara M, Asai Y, Iwata
M, etal. Effects of cyclic stretching exercise on long-lasting hyperal-
gesia, joint contracture, and muscle injury following cast immobiliza-
tion in rats. Physiol Res 2020;69(5):861-70. https://doi.org/10.33549/
physiolres.934437.

Zhang QB, Zhou Y, Zhong HZ, Liu Y. Effect of stretching com-
bined with ultrashort wave diathermy on joint function and its
possible mechanism in a rabbit knee contracture model. Am J
Phys Med Rehabil 2018;97(5):357-63. https://doi.org/10.1097/PHM.
0000000000000873.

Sodhi N, Yao B, Khlopas A, Davidson IU, Sultan AA, Samuel LT, et al.
A case for the brace: a critical, comprehensive, and up-to-date review
of static progressive stretch, dynamic, and turnbuckle braces for the
management of elbow, knee, and shoulder pathology. Surg Technol Int
2017;31:303-18.

Sodhi N, Yao B, Anis HK, Khlopas A, Sultan AA, Newman JM, etal.
Patient satisfaction and outcomes of static progressive stretch bracing:
a 10-year prospective analysis. Ann Transl Med 2019;7(4):67. https://
doi.org/10.21037/atm.2018.08.31.

Huang LY, Wang TH, Chang BC, Huang CI, Chou LW, Wang S,
etal. Printing a static progressive orthosis for hand rehabilitation.
J Chin Med Assoc 2021;84(8):795-8. https://doi.org/10.1097/JCMA.
0000000000000568.

Wang F, Zhou CX, Zheng Z, Li DJ, Li W, Zhou Y. Metformin reduces
myogenic contracture and myofibrosis induced by rat knee joint immo-
bilization via AMPK-mediated inhibition of TGF- f1/smad signal-
ing pathway. Connect Tissue Res 2022;1-14. https://doi.org/10.1080/
03008207.2022.2088365.

Bhave A, Sodhi N, Anis HK, Ehiorobo JO, Mont MA. Static progressive
stretch orthosis-consensus modality to treat knee stiffness-rationale
and literature review. Ann Transl Med 2019;7(Suppl 7):S256. https://
doi.org/10.21037/atm.2019.06.55.

Simplicio CL, Purita ], Murrell W, Santos GS, Dos Santos RG, Lana JFSD.
Extracorporeal shock wave therapy mechanisms in musculoskele-
tal regenerative medicine. ] Clin Orthop Trauma 2020;11(Suppl 3):
$309-18. https://doi.org/10.1016/j.jcot.2020.02.004.

Kaneguchi A, Ozawa J, Minamimoto K, Yamaoka K. Active exercise
on immobilization-induced contractured rat knees develops arthro-
genic joint contracture with pathological changes. ] Appl Physiol (1985)
2018;124(2):291-301. https://doi.org/10.1152/japplphysiol.00438.2017.
Kaneguchi A, Ozawa J, Yamaoka K. Anti-inflammatory drug dexam-
ethasone treatment during the remobilization period improves range
of motion in a rat knee model of joint contracture. Inflammation
2018;41(4):1409-23. https://doi.org/10.1007/s10753-018-0788-5.
Kallianos SA, Singh V, Henry DS, Berkoff DJ, Arendale CR, Wein-
hold PS. Interleukin-1 receptor antagonist inhibits arthrofibrosis in
a post-traumatic knee immobilization model. Knee 2021;33:210-5.
https://doi.org/10.1016/j.knee.2021.10.011.

Zhao]C, Zhang BR, Hong L, ShiK, Wu WW, YuJA. Extracorporeal shock
wave therapy with low-energy flux density inhibits hypertrophic scar
formation in an animal model. Int] Mol Med 2018;41(4):1931-8. https://
doi.org/10.3892/ijmm.2018.3434.

Rinella L, Marano F, Berta L, Bosco O, Fraccalvieri M, Fortunati N, et al.
Extracorporeal shock waves modulate myofibroblast differentiation of
adipose-derived stem cells. Wound Repair Regen 2016;24(2):275-86.
https://doi.org/10.1111/wrr.12410.

Berrueta L, Muskaj I, Olenich S, Butler T, Badger GJ, Colas RA, etal.
Stretching impacts inflammation resolution in connective tissue. J Cell
Physiol 2016;231(7):1621-7. https://doi.org/10.1002/jcp.25263.
Kawara A, Mizuta R, Fujisawa M, Ito T, Li C, Nakamura K, etal.
Spred2-deficiency enhances the proliferation of lung epithelial cells
and alleviates pulmonary fibrosis induced by bleomycin. Sci Rep
2020;10(1):16490. https://doi.org/10.1038/s41598-020-73752-3.

Deng T, Wei Z, Gael A, Deng X, Liu Y, LaiJ, et al. Higenamine improves
cardiac and renal fibrosis in rats with cardiorenal syndrome via
ASKI signaling pathway. ] Cardiovasc Pharmacol 2020;75(6):535-44.
https://doi.org/10.1097/FJC.000000000000082.2.

www.biomolbiomed.com


http://www.biomolbiomed.com
https://doi.org/10.1002/jor.24800
https://doi.org/10.1002/jor.24800
https://doi.org/10.1016/j.jbiomech.2019.109471
https://doi.org/10.1016/j.jbiomech.2019.109471
https://doi.org/10.1007/s10753-018-0941-1
https://doi.org/10.1007/s10753-018-0941-1
https://doi.org/10.1016/j.yexcr.2018.05.036
https://doi.org/10.1016/j.yexcr.2018.05.036
https://doi.org/10.1007/s00109-016-1430-3
https://doi.org/10.1007/s00109-016-1430-3
https://doi.org/10.3892/mmr.2018.9120
https://doi.org/10.1155/2021/4136019
https://doi.org/10.1155/2021/4136019
https://doi.org/10.1016/j.bbrc.2009.11.140
https://doi.org/10.1016/j.bbrc.2009.11.140
https://doi.org/10.3892/etm.2015.2948
https://doi.org/10.3892/etm.2015.2948
https://doi.org/10.1097/PHM.0000000000001599
https://doi.org/10.1097/PHM.0000000000001599
https://doi.org/10.1080/03008207.2021.1920934
https://doi.org/10.1080/03008207.2021.1920934
https://doi.org/10.1111/dth.13653
https://doi.org/10.3390/ijms19010124
https://doi.org/10.1111/j.1524-4725.2012.02355.x
https://doi.org/10.1111/j.1524-4725.2012.02355.x
https://doi.org/10.5606/ehc.2021.77870
https://doi.org/10.1016/j.ultrasmedbio.2014.10.018
https://doi.org/10.1016/j.injury.2019.01.054
https://doi.org/10.1016/j.apmr.2019.08.482
https://doi.org/10.33549/physiolres.934437
https://doi.org/10.33549/physiolres.934437
https://doi.org/10.1097/PHM.0000000000000873
https://doi.org/10.1097/PHM.0000000000000873
https://doi.org/10.21037/atm.2018.08.31
https://doi.org/10.21037/atm.2018.08.31
https://doi.org/10.1097/JCMA.0000000000000568
https://doi.org/10.1097/JCMA.0000000000000568
https://doi.org/10.1080/03008207.2022.2088365
https://doi.org/10.1080/03008207.2022.2088365
https://doi.org/10.21037/atm.2019.06.55
https://doi.org/10.21037/atm.2019.06.55
https://doi.org/10.1016/j.jcot.2020.02.004
https://doi.org/10.1152/japplphysiol.00438.2017
https://doi.org/10.1007/s10753-018-0788-5
https://doi.org/10.1016/j.knee.2021.10.011
https://doi.org/10.3892/ijmm.2018.3434
https://doi.org/10.3892/ijmm.2018.3434
https://doi.org/10.1111/wrr.12410
https://doi.org/10.1002/jcp.25263
https://doi.org/10.1038/s41598-020-73752-3
https://doi.org/10.1097/FJC.0000000000000822
http://www.biomolbiomed.com

Biomolecules
& Biomedicine

Related articles published in BJBMS

1. Protocatechuic acid as an inhibitor of the JNK/CXCL1/CXCR2 pathway relieves neuropathic pain in CCl rats
Hong-xia Chang et al., BJBMS, 2020
2. The use of cellular matrix in symptomatic knee osteoarthritis

Abir Aly Abbassy et al., BJBMS, 2019

Zhang et al.
SPS combined with ESWT in reducing joint knee contracture 286 www.biomolbiomed.com


http://www.biomolbiomed.com
https://www.bjbms.org/ojs/index.php/bjbms/article/view/5928
http://www.bjbms.org/ojs/index.php/bjbms/article/view/4205
http://www.biomolbiomed.com

	Possible mechanism of static progressive stretching combined with extracorporeal shock wave therapy in reducing knee joint contracture in rats based on MAPK/ERK pathway
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	Related articles published in BJBMS


