
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Lv et al. Stem Cell Research & Therapy          (2024) 15:490 
https://doi.org/10.1186/s13287-024-04108-1

Stem Cell Research & Therapy

*Correspondence:
Qiang Gao
314483462@qq.com
1The Second Affiliated Hospital of Bengbu Medical University,  
Bengbu 233040, China
2The Affiliated Taian City Central Hospital of Qingdao University,  
Taian 271000, China

Abstract
Background  In the rat knee stiffness model, the duration of traction treatment is mostly 20–40 min; however, 
relatively few studies have been conducted on longer traction treatment of extended knee stiffness in rats. Therefore, 
the aim of this study was to explore the efficacy of prolonged traction and its mechanism of action in extended knee 
stiffness in rats.

Methods  The model of extended knee joint stiffness was established in rats and treated with powered flexion 
position traction. On the 10th and 20th days respectively, passive range of motion (PROM) assessments and 
musculoskeletal ultrasound were conducted. Rectus femoris muscle tissues were taken for Western blotting (WB) 
to detect the expression of muscle satellite cells proliferation and differentiation signaling factors. Histopathological 
staining was used to evaluate the degree of muscle atrophy and muscle fibrosis in the rectus femoris muscle, and 
immunofluorescence double staining was used to detect proliferation of muscle satellite cells number. The results 
from these analyses were used to assess the therapeutic outcomes of the traction treatment.

Results  The findings indicated that chronic persistent traction significantly improved joint mobility, notably 
enhanced the proliferation of muscle satellite cells, and inhibited their differentiation. Furthermore, the treatment 
facilitated the repair and regeneration of damaged tissues, reduced muscular atrophy and fibrosis in the rectus 
femoris muscle, and alleviated knee stiffness.

Conclusion  Chronic persistent traction can effectively relieve knee joint stiffness, and its mechanism is related to the 
activation and proliferation of the rectus femoris muscle satellite cells, thereby promoting the repair and regeneration 
of damaged skeletal muscle.
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Introduction
Knee stiffness is a common complication of trauma, knee 
osteoarthritis, knee replacement, neurological disorders 
(such as spinal cord injury, stroke, cerebral palsy, etc.), 
and joint immobilization [1–5]. Once it occurs, if not 
treated by an orthopedic or rehabilitation professional, 
it can dramatically reduce the patient’s quality of life and 
even lead to lifelong disability [6]. Clinically, the treat-
ment of knee stiffness is divided into conservative treat-
ment and surgical treatment, of which traction treatment 
is an effective conservative method [7]. In traction ther-
apy, factors such as the traction angle, weight, and dura-
tion all influence the therapeutic outcome. Traction can 
be categorized into rapid and chronic traction based on 
the duration of application. Prior studies predominantly 
selected rapid traction, typically lasting 20–40 min, and 
have demonstrated that 30  min traction yields superior 
efficacy [8–10]. Chronic persistent traction adheres to 
the law of tension-stress (LTS), as proposed by Ilizarov. 
This principle states that biological tissues can stimulate 
cell growth and tissue regeneration through continu-
ous, stable, and gradual traction. Consequently, it plays 
a crucial role in the repair of limb defects. By regulating 
the traction force and duration, it is possible to regener-
ate damaged bones and soft tissues. This process is also 
known as distraction histogenesis (DH) [11]. In terms 
of traction weight, two ways of low load and high load 
can be selected, studies have proved that compared with 
high-load, short-term traction, low-load, long-term trac-
tion produces more mechanical energy, so that the tissue 
can be elongated to a greater extent, and the treatment 
effect of joint stiffness is more significant [12, 13]. Muscle 
satellite cells, which are considered to be skeletal muscle 
adult stem cells, possess a strong ability to continuously 
self-renewal as well as proliferative differentiation [14]. 
The division of muscle satellite cells after activation fol-
lows the stem cell division pattern, that is, two types of 
daughter cells are generated after cell division, one of 
which remains in its original state as the source of future 
cell division, and the other can further differentiate and 
develop into mature muscle fibers. Under normal cir-
cumstances, muscle satellite cells are in a resting state 
and do not divide and proliferate. But when local myo-
fibroblasts sense external stimulation, which causes the 
release of locally relevant stimulus signaling factors, mus-
cle satellite cells are activated and begin to undergo large-
scale cell division and proliferation, and then transfer to 
the site of the injured skeletal muscle, which then forms 
new myoblasts and promotes repair function of them 
[15, 16]. Muscle satellite cells related signaling factors 
such as myogenin (MyoG) is involved in the regulation 
of muscle satellite cells differentiation, myogenic factor 
5 (Myf5), paired box 7 (Pax7) and myoblast determinan-
tion protein 1 (MyoD1) are involved in the regulation 

of muscle satellite cells activation and proliferation, and 
these signaling factors enable the interaction and signal-
ing between muscle satellite cells and myofibers. It has 
been demonstrated that mechanical pulling inhibits skel-
etal muscle satellite cells differentiation and promotes 
muscle satellite cells activation and proliferation [17]. 
Mechanical stimulation promotes the proliferative capac-
ity of muscle satellite cells, and the proliferative capacity 
of the cells is related to the magnitude of the load of the 
stimulus to which the cells are subjected [18]. Therefore, 
we hypothesized that under the stimulation of chronic 
persistent traction, muscle satellite cells are activated and 
proliferated, thereby improving the structure of muscles 
around the knee joint and alleviating knee joint stiffness.

Therefore, this study established the rat model of 
extended knee joint stiffness and used the method of 
chronic persistent traction to investigate its therapeutic 
effect on rat extended knee joint stiffness, and provided 
theoretical basis for future clinical application.

Materials and methods
Laboratory animals
The work has been reported in line with the ARRIVE 
guidelines 2.0. Sixty-four adult male Sprague Dawley 
(SD) rats, approximately 8 weeks of age, were came from 
Jinan Pengyue Laboratory Animal Breeding Co., Ltd., 
China. The rat experiments were approved by the Labo-
ratory Animal Ethics Committee of the Affiliated Taian 
City Central Hospital of Qingdao University (NO.2024-
07-02). According to different traction times, randomly 
split the rats into group N (normal group, without any 
intervention, n = 16), group M (model group, without 
treatment after modeling, n = 16), group R (regular trac-
tion group, traction time 0.5 h/times, n = 16), and group 
C (chronic persistent traction group, traction time 1.5 h/
times, n = 16) by using the random number table method.

Experimental design
Modeling methods: Except for the normal group, all 
other groups used the polymer fixation bandage braking 
method to construct an extended knee stiffness model in 
rats (Fig.  1A). Using a small animal anesthesia machine 
(SA428, Jiangsu, China), rats were subjected to general 
anesthesia with inhaled isoflurane for the establishment 
of knee joint stiffness model. The knee joint of one side 
of the rats was completely straightened and immobi-
lized from the pelvis to the proximal part of the ankle, 
with the ankle plantarflexed at about 60 degrees. The rat 
knee joint extended stiffness model was established by 
using polymer fixed bandage for 6 weeks. The rats were 
kept in an experimental environment of 20–25  °C, 12 h 
light-dark cycle, and routinely provided with food and 
water. During the experimental period, except for the 
immobilized side of the knee joint, the rest of the limbs 
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of the rats were not restricted. The rats did not receive 
any surgical intervention and analgesics. After the rat 
model was completed, the range of motion of the model 
rat was measured to ensure the success of the knee stiff-
ness model.

Traction method: Rats were anesthetized by inhalation 
of isoflurane during traction. The rats were first rapidly 
anesthetized in the pre-anesthesia box of the small ani-
mal anesthesia machine, and then placed on the operat-
ing table to continuously anesthetize with a mask with 
a continuous anesthesia concentration range of 1.5-2%, 
and subjected to traction treatment. The traction treat-
ment was performed once a day for 10 and 20 days. In 
addition to the normal group and the model group, the 
rats in the treatment group received traction treatment, 
and the polymer bandage was removed and not used dur-
ing the whole period of traction treatment, and the range 
of motion of rats in each group was assessed on the ani-
mals prior to the model, under knee stiffness induction 
and after treatment. During the traction treatment, the 
femur part of the rats was kept immobile, and continu-
ous traction treatment was given in the direction of knee 
flexion. The force of traction should not be too large to 
avoid causing secondary injury to the tissues around the 
joint. The traction force was derived from according to 
T = W··L··sinθ (where W is the magnitude of the force of 
traction, θ is the angle between the direction of traction 
and the tibia, L is the length of the tibia of the rat, and 
T is the torque in N·m). Traction was performed under 
the conditions of torque of 0.02 N·m and θ of 90 degrees, 
with the direction of traction perpendicular to the rat 
tibia and the point of traction stopping at the very end of 
the rat tibia, and the length of the rat tibia was measured 
to be 0.05 m. At this time, the W traction force was 0.4 N, 
and the value of F was therefore 0.4 N [19] (Fig. 1B).

Passive range of motion (PROM) measurement: After 
anesthesia, the rats were placed on an operating table, the 
femur and knee joints of rats were fixed, and the center 
of the lateral side of the knee joint was taken as the axis, 
and the prolongation line of the longitudinal axis of the 
femur towards the distal end was taken as 0 degree, and 
the angle between this line and the tibia was measured 
by a protractor to measure the joint mobility of the rats 
(measured three times, and the average value was taken), 
which was completed by the same professional trained 
researchers who did not participate in the present study 
(Fig. 1C).

The rats were euthanized, in line with the national 
guidelines for euthanasia of laboratory animals (GB/T 
39760 − 2021), and after 10 and 20 days of traction treat-
ment, the rats were first inhaled with excessive isoflurane 
anesthetic, and then confirmed dead. The rectus femo-
ris muscle was dissected and isolated, and used for WB, 
Hematoxylin-eosin (HE) staining, Masson’s trichrome 
staining, and immunofluorescence staining for detection.

WB analysis
SD rats rectus femoris muscle samples were extracted, 
and tissue lysates (Western and IP cell lysates, Beyotime, 
P0013, China) were prepared. The mixtures were homog-
enized in a low-temperature tissue homogenizer (Jingxin, 
Tissuelyser-24, China) 2 times for 1 min each time, The 
supernatant was collected by centrifugaation at 12,000 
Χ rpm at 4℃ for 20  min after continued cracking on 
the smoothie from the ice machine (TOUHE, XB-100, 
China) for 30 min. Protein concentration was determined 
using the BCA protein concentration assay kit (Solarbio, 
PC0020, China). Protein lysates were separated on a 12% 
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) (Solarbio, PE005, China) and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane 

Fig. 1  (A) A rat model of extended knee stiffness was constructed by applying a polymer immobilization bandage to immobilize one side of the knee for 
6 weeks. (B) The model rat was subjected to traction treatment with a traction torque of 0.02 N·m, when θ was 90 degrees, that is under the condition of 
a traction force of 0.4 N. (C) Measurement of knee joint PROM in rat
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(Merck Millipore, Ireland). The following antibodies were 
applied: rabbit anti-MyoG (Affinity, DF8273, China; dilu-
tion 1:2000), rabbit anti-Myf5 (Affinity, DF3089, China; 
dilution 1:1000), rabbit anti-Pax7 (Affinity, AF7584, 
China; dilution 1:1000), rabbit antibody against MyoD1 
(Affinity, AF7733, China; dilution 1:1000), GAPDH 
(Servicebio, GB15002, China; dilution 1:1000) and goat 
anti-rabbit IgG-HRP (ZSGB-BIO, ZB2301, China; dilu-
tion 1:5000). The membranes were then evaluated using 
an enhanced chemiluminescence system (BIO.RAD, 
USA) according to the manufacturer’s instructions. Pro-
tein band density was quantified using Image J software 
(National Institutes of Health, USA).

HE staining
Rectus femoris muscle samples were removed from 4% 
paraformaldehyde, and then paraffin embedding, sec-
tioning, and finally HE staining. The CKX53 inverted 
microscope with 200 magnification (Olympus, Japan) was 
used to capture the cross-sectional area (CSA) of rectus 
femoris muscle of rats, and the CSA was measured with 
ImageJ software (National Institutes of Health, USA). 
Each group randomly selected 6 visual fields for analysis.

Masson staining
Rectus femoris muscle specimens were embedded, paraf-
fin sectioned, sections were treated by Masson’s staining 
solution. Microscopic examination was performed, and 
the ratio of collagen fiber area to muscle fiber area was 
measured using ImageJ software (National Institutes of 
Health, USA), and six fields of view were randomly cho-
sen by each group for analysis.

Immunofluorescence double staining
Rectus femoris muscle tissues were paraffin sectioned, 
for immunofluorescence double staining. The primary 
antibodies were mouse anti-Desmin primary antibody 
(Servicebio, GB12075, China; dilution 1:200) and rab-
bit anti-Ki-67 (Servicebio, GB111141, China; dilution 
1: 200). The secondary antibodies were Alexa Fluor 488 
goat anti-mouse (Servicebio, GB25301, China; dilution 
1:400) and CY3 goat anti-rabbit (Servicebio, GB21303, 
China; dilution 1:300). Each section was observed with a 
fluorescence microscope (Olympus, Japan) at 400 times 
magnification. Image acquisition was performed by the 
same experimenter who was unaware of the grouping, 
and six fields of view were randomly selected for analysis 
in each group.

Ultrasound shear wave elastography
Ultrasound shear wave elastography was used to obtain 
elasticity indices in rat rectus femoris muscle [20, 21]. 
Ultrasound shear wave elastography was obtained using 
a color ultrasound Doppler system (Resona R9, China) 

equipped with the L14-3WU linear transducer. After the 
rats in each group were anesthetized, the rat hairs on the 
affected limb was removed cleanly and then placed on 
the operating table for ultrasound detection. The electron 
linear array probe coated with ultrasonic coupler was 
placed on each muscle abdomen of the rectus femoris 
muscle of the rat for longitudinal detection. The skeletal 
muscle shear modulus (G, kPa) and shear wave propa-
gation velocity (V, m/s) were directly obtained from the 
ultrasound elastography analysis software. The ultrasonic 
shear wave elastic imaging examinations involved in the 
experiment were all completed by the same doctor who 
was not aware of the experimental group and had more 
than 10 years of professional training and ultrasound 
diagnosis experience, in order to avoid causing experi-
mental errors.

Statistical methods
Data analysis and statistical plotting were performed 
using GraphPad Prism 8.0.2 software. The data were pre-
sented as mean ± standard deviation. Measurement data 
were first tested for normality, when they conformed 
to normal distribution, paired t-tests were selected for 
within-group comparison, one-way ANOVA was used 
for comparison between multiple groups, and Tukey test 
was chosen specifically for post hoc comparison. When 
not conforming to normal distribution, the nonparamet-
ric rank sum test (such as the Mann-Whitney test) was 
selected. P < 0.05 was considered statistically significant.

Results
Improvement of knee joint PROM in rats by traction 
therapy
PROM of rats in each group was measured before 
and after traction treatment. Before modeling, no sig-
nificant difference were observed in PROM across 
the four groups (P > 0.05). Before traction treatment, 
there was no significant difference in PROM between 
groups M, R, and C (P > 0.05), but compared to group 
N, there was a significant decrease in PROM between 
the above three groups (VS group N10, M10P < 0.0001, 
R10P<0.0001,C10P < 0.0001; VS group N20, M20P < 0.0001, 
R20P < 0.0001, C20P < 0.0001). This indicated that after 6 
weeks of knee immobilization, PROM was significantly 
limited and knee stiffness was induced.

After traction treatment, the measurement results of 
rat knee joint PROM (Fig. 2), we found that the PROM 
was significantly reduced in groups M, R, and C com-
pared with group N (P < 0.05); and the joint mobility was 
significantly increased in groups, R, and C compared 
with group M (VS group M10, R10P<0.0001,C10P < 0.0001; 
VS group M20, R20P < 0.0001, C20P < 0.0001), with a sig-
nificant increase in group C compared with group R (VS 
group R10, C10P = 0.0490; VS group R20, C20P = 0.0005). 
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Therefore, in both 10 and 20 days traction treatment, the 
knee joint mobility of rats could be improved, and when 
the traction time was 1.5  h/time, the chronic persistent 
traction group improved the joint motion more signifi-
cantly than the normal group, effectively relieving the 
knee joint stiffness.

Effect of traction on proliferation and differentiation of 
muscle satellite cells
Muscle satellite cells are a class of pluripotent stem cells 
found in muscle tissue, and the regulatory factor Pax7 
and myogenic regulatory factors (MRFs), such as MyoD1, 
Myf5, and MyoG, are involved in the regulation of muscle 
satellite cells, which leads to proliferation and differen-
tiation, and thus regulation of muscle development and 
regeneration [22, 23]. In the results of protein expression 
levels of MyoD1, Pax7, Myf5 and MyoG in rectus femoris 
muscle in each group after traction treatment (Fig. 3). We 
conclude that the model rats exhibited a reduced prolif-
erative capacity of muscle satellite cells, coupled with an 
increased level of their differentiation. Both treatment 
groups reduced the differentiation level of muscle satel-
lite cells, but the chronic persistent traction group signifi-
cantly enhanced the proliferation of satellite cells, thereby 
promoting muscle regeneration.

To further confirm the effect of chronic persistent trac-
tion on muscle satellite cell proliferation, we performed 
immunofluorescence double staining experiments on rat 
rectus femoris muscle.

According to the results of fluorescence staining 
(Fig.  4), the number of proliferation of muscle satellite 
cells in the rectus femoris muscle in the group M was 

the least, and even no proliferation occurred. The num-
ber of muscle satellite cell proliferation increased in both 
treatment groups, but the proliferation was most signifi-
cant in the chronic persistent traction group (VS group 
R10, C10P = 0.0002; VS group R20, C20P < 0.0001), when 
the muscle satellite cells proliferation state was optimal, 
which could effectively promote the repair and regenera-
tion of injured skeletal muscle, contributing to the alle-
viation of knee joint stiffness.

Effect of traction on muscle atrophy and fibrosis in rectus 
femoris muscle
The following experiments were conducted to investi-
gate the effects of traction therapy on muscle tissue. In 
the results of HE staining and Masson staining (Fig.  5), 
we clearly found that the rectus femoris muscle CSA was 
the smallest and the ratio of collagen fiber area to muscle 
fiber area was the largest in group M, which indicated 
that the rectus femoris muscle was the most severely 
atrophied and fibrotic in the rats knee stiffness model. 
The CSA of rectus femoris muscle fibers increased sig-
nificantly in both treatment groups after 10 and 20 days 
of traction treatment, and increased more in the chronic 
persistent traction group, which could better improve 
the muscle atrophy. The decrease in collagen fiber area 
to muscle fiber area ratio was lower in both treatment 
groups, and the percentage of collagen deposition was 
the smallest in the chronic persistent traction group, 
which could significantly reduce the fibrosis of the rectus 
femoris muscle.

Fig. 2  Results of rats knee joint PROM in each group. (A, B) The results of knee joint motion measurements in rats at 10 and 20 days of traction treatment, 
respectively (n = 8). *P < 0.05 versus group N. #P < 0.05 versus group M. +P < 0.05 versus group R
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We performed musculoskeletal ultrasonography to fur-
ther explore the effect of chronic persistent traction on 
the elasticity of the rectus femoris muscle.

The results of ultrasound shear wave elasticity imag-
ing of the rectus femoris muscle in each group after 10 
and 20 days of traction treatment (Fig.  6). Among the 
groups, the shear modulus and shear wave propagation 
velocity of the rectus femoris muscle in group M were 
the largest, and the larger they were, the smaller the tis-
sue elasticity, so we can conclude that the least elasticity 
and the most serious injury in the knee stiffness model 
rats. After 10 and 20 days of traction treatment, the shear 
modulus and shear wave propagation velocity of the rec-
tus femoris muscle were significantly reduced in both 
treatment groups, indicating that traction treatment can 
improve the elasticity of the rectus femoris muscle. We 
also found that the shear modulus and shear wave propa-
gation velocity were the smallest in the chronic persistent 

traction group, so improving the elasticity of the dam-
aged rectus femoris muscle plays a significant therapeutic 
role.

Discussion
Knee stiffness is defined as limited active and passive 
joint motion of the knee joint, accompanied by defor-
mity, pain, etc., fibrosis and shortening of the joint cap-
sule and soft tissues around the joint, limited ductility or 
increased stiffness [24]. The most common cause of joint 
stiffness is joint immobilization [6, 25]. The terms stiff-
ness and contracture are also used to describe limited 
PROM in the knee joint [26]. In experimental animal 
models, joint contractures induced by immobilization 
within 2 weeks are primarily myogenic and the contrac-
tures are reversible. When immobilized for 4 weeks or 
longer, the resulting joint contracture is mixed, including 
articular and myogenic contracture [27]. Prolonged joint 

Fig. 3  Results of protein expression levels of MyoD1, Pax7, Myf5 and MyoG. (A) Western blot of MyoG, Myf5, Pax7, MyoD1, and GAPDH. (B, C) Quantitative 
results of protein expression in rectus femoris muscle of each group on 10 and 20 days of traction treatment, respectively (n = 8). *P < 0.05 versus group N. 
#P < 0.05 versus group M. +P < 0.05 versus group R. Full-length blots are presented in Supplementary Fig. 1
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Fig. 4  Results of immunofluorescence double staining of rectus femoris muscle in rats. (A, B) Representative photographs of immunofluorescence 
double-stained sections of rectus femoris muscle in each group (DAPI-labeled nuclei were in blue color, Desmin-labeled muscle satellite cells are in 
green color, and Ki-67-labeled cells were in red color for cell proliferation, and Desmin and Ki-67 were co-expressed as the number of proliferating muscle 
satellite cells, scale bar = 50 μm). (C, D) The number of muscle satellite cell proliferation in immunofluorescence double-stained sections of rectus femoris 
muscle of rats in each group after 10 and 20 days of traction treatment (n = 6). As the staining was performed on harvested tissue, it is possible that more 
cellular proliferation would have been present in vivo. *P < 0.05 versus group N. #P < 0.05 versus group M. +P < 0.05 versus group R
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braking beyond 4 weeks should be avoided and to pre-
vent irreversible joint contractures, which will limit the 
PROM of the joint more and make treatment more dif-
ficult [28]. For joint stiffness caused by prolonged immo-
bilization, the pathological changes include fibrosis of 
the joint capsule and pathological changes in the mus-
cles and ligaments, and although there is currently more 
research on the joint capsule in joint stiffness [29–31], 
clinical treatment should not only improve the fibrosis 
of the joint capsule, but also focus on the treatment of 
myogenic factors. The focus on myogenic factors is also 
because it appears early and reversible, with the imple-
mentation of the concept of accelerated rehabilitation 
surgery, more and more attention is paid to early rehabili-
tation, so the myogenic factors affecting the joint stiffness 

are more significant to the treatment. The present experi-
ment focuses on the changes in the muscle organization 
of the rectus femoris muscle in knee stiffness with trac-
tion therapy.

Stress relaxation loads utilize low-intensity forces to 
position the joint at its terminal joint range of motion 
and maintain the joint tissue at its maximum therapeu-
tic length [32]. As the tissue lengthens as a result of the 
applied stress, adjustments are made during traction to 
position the joint tissue at its new maximum therapeu-
tic length, which increases joint range of motion [33]. 
This stretching and holding process is repeated several 
times during the treatment and is performed once a day 
to increase tissue elasticity and achieve plastic deforma-
tion to lengthen the soft tissue [34]. In a study comparing 

Fig. 5  Results of HE staining and Masson staining of rat rectus femoris muscle. (A-D) Representative photographs of HE stained and Masson stained 
sections of rectus femoris muscle of rats in each group (scale bar = 200 μm). Nuclei were blue and cytoplasm was red in HE staining; collagen fibers were 
blue in Masson staining; myofibrils, fibrillar pigment and erythrocytes were red. (E, F) The results of CSA of myofibers in HE stained sections and the ratio 
of collagen fiber area to muscle fiber area in Masson stained sections were counted after 10 and 20 days (areas of collagen fiber deposition were indicated 
in blue, n = 6). *P < 0.05 versus group N. #P < 0.05 versus group M. +P < 0.05 versus group R
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variable torque stretching and duration, rat knees were 
subjected to repetitive stretching with different torques 
and durations after 40 days of immobilization, and only 
in the low-torque-long stretch group was there a signifi-
cant improvement in deformation and failure load, better 
recovery of joint motion and more normal mechanical 
properties [19]. Immobilization reduces the longitudinal 
muscle tension, which is the basis of muscle contracture 
[35], so tension is necessary to maintain and restore the 
mechanical properties of muscle tissue; conversely, a 
reduced state of tension (e.g., produced by immobiliza-
tion) weakens mechanical properties and promotes myo-
genic contracture [36–39]. After fixation induced knee 
joint stiffness in rats, the rectus femoris muscle atro-
phies and knee joint motion significantly decreases [40]. 
We found that animal models of flexion joint stiffness 
are more frequently studied [3, 27, 36, 41, 42], however, 
one of the signs that distinguish us humans from other 
mammals is upright walking, and the knee joint is in a 
functional position in order to bear weight and carry out 
flexion and extension activities of the lower limbs, so clin-
ically the knee joint is fixed in the knee extension posi-
tion after knee arthroplasty, and therefore the extension 
type of knee joint stiffness is most common. The time of 
traction treatment is often chosen 20–40 min, and stud-
ies have shown that traction for 30 min is more effective 

in improving joint motion [43]. Therefore, in this experi-
ment, we used low load, long time traction therapy, once 
a day, to further explore the therapeutic effect of chronic 
persistent traction on knee joint stiffness.

In the experimental results, we observed that the knee 
joint PROM of model rats was significantly limited, 
severe atrophy and fibrosis of the rectus femoris muscle, 
reduced activation and proliferation of muscle satellite 
cells and significant differentiation, and the rectus femo-
ris was seriously injured. Compared with normal traction 
treatment, chronic persistent traction treatment effec-
tively improved knee joint PROM of rats, significantly 
increased the CSA of rectus femoris muscle fibers, effec-
tively reduced the ratio of collagen fiber to muscle fiber 
area of rectus muscle, as well as the shear modulus and 
shear wave propagation velocity, which played a good 
therapeutic role in improving the atrophy and fibrosis of 
rectus femoris muscle. Moreover, the chronic persistent 
traction group could significantly increase the prolifera-
tion of rectus femoris muscle satellite cells, which was 
even far more than that of normal rats, so the chronic 
persistent traction could activate and proliferate the mus-
cle satellite cells, which can effectively promote the better 
repair and regeneration of damaged skeletal muscle, and 
improve the knee joint stiffness.

Fig. 6  Ultrasound shear wave elastography of the rectus femoris muscle in rats. (A, B) Representative images of ultrasound shear wave elastography of 
each group the rectus femoris muscle. (C) and (E) were the shear modulus results on elastography at 10 and 20 days of traction treatment, respectively. 
(D) and (F) were the results of shear wave propagation velocity in the elastography in 10 and 20 days of treatment, respectively (n = 6). *P < 0.05 versus 
group N. #P < 0.05 versus group M. +P < 0.05 versus group R
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While the final experimental results were obtained 
in this study, the potential limitations of translating the 
results of the rat model into human treatment were also 
recognized. In the experiment, the rats were treated with 
traction under anesthesia, while the patients with knee 
stiffness in the clinic were awake throughout the treat-
ment, and they were able to perceive the comfort or 
discomfort of the treatment due to changes in the trac-
tion treatment program such as traction time or traction 
weight, as well as feedback on the results of traction treat-
ment, so that our clinicians or therapists could adjust the 
treatment plan at any time, but this was not reflected in 
the experimental rats. Clinically, the course and severity 
of patients with knee stiffness are not consistent, which 
requires us to develop a personalized treatment plan.

Conclusion
In this study, we found that prolonged traction effectively 
relieves knee stiffness, and the mechanism is related to 
the fact that chronic persistent traction promotes the 
activation and proliferation of rectus femoris muscle 
satellite cells, which effectively facilitates the repair and 
regeneration of skeletal muscle.

At present, there is no unified consensus on the trac-
tion duration and weight of traction treatment, and the 
therapeutic effect of different traction weights at different 
times is not completely clear, so future research needs to 
further clarify the interaction between the two to provide 
a theoretical basis for the selection of clinical treatment 
regimens.
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