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Early activity after strong sutures
helps to tendon healing in a rat
tendon rupture model

Chenfei Li?, Jian Lu?, Tianhao Guo?, Xuyang Shi!, Meng Fu?, Yipeng Yang?, Yanqing Zhou?,
Lingde Kong¥3* & Bing Zhang3

The purpose of this study was to investigate the effect of different times return to activity on tendon
healing after Double Kessler method suture in rats with Achilles tendon rupture. The left Achilles
tendon of 80 10-week-old rats was repaired. The rats were randomly divided into 4 groups: non-fixed
group, fixed one week group, fixed two weeks group and fixed three weeks group. In the fourth

week, all rats were trained on a treadmill for one hour a day at a speed of 10 m/min. Complications
were recorded during the study period and passive ankle motion was measured after the rats were
euthanized. The healing and adhesion of tendons were evaluated by anatomy, biomechanics, histology
and immunohistochemistry. The earlier return to activity after surgery, the higher the quality of tendon
healing and the less adhesion will occur. There was no difference in complication rate among the four
groups (P< 0.05). There was one case of tendon re-rupture in the non-fixed group and one case in the
fixed one week group. The passive range of motion, biomechanical properties, histological evaluation
and immunohistochemical results of the ankle in non-fixed group were better than those in the

other three groups, while those in fixed three weeks group were worse than those in the other three
groups (P< 0.05). The passive ankle range of motion, count of fibroblasts, biomechanical results, and
immunohistochemical results showed no statistic significant difference between the fixed one week
group and fixed two weeks group (P> 0.05). Early return to activity with strong sutures is advantageous
for tendon injuries. With the advanced of return to activity time, the healing strength of tendon
increased and the degree of adhesion decreased four weeks after surgery.
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With the increase of age and the popularization of sports, tendon injury has gradually become an important
factor affecting people’s health. Tendon is a special connective tissue characterized by low cell and blood
vessel density, resulting in challenging healing processes®. The tendon healing process can be categorized into
endogenous and exogenous healing based on the origin of cells involved®. The process of exogenous healing
involves the proliferation of fibroblasts around the tendon, which then grow into the broken end of the tendon
and ultimately form scar tissue’. As a result, exogenous healing inevitably leads to tendon adhesion®. Therefore,
how to promote tendon healing and reduce the formation of scar adhesion is a problem that needs to be solved
in clinical work.

A number of recent studies have shown that early activity can increase the strength of tendon healing’~’.
Silva Barreto et al., using micro- and nanostructure specific X-ray tomography in a rat model, found delayed and
more disorganized regeneration of tendon fibers in fully immobilized rats'”. In a study by Zhi Li et al., dynamic
tensile stress was found to promote tendon healing through the integrin/FAK/ERK signaling pathway, tendon
healing length and failure load were significantly lower in postoperatively fixed mice than in non-fixed mice!!.
In addition, early return to activity is thought to reduce adhesion and increase joint motion!>!*. However, a
recent meta-analysis has shown that returning to activity immediately after surgery significantly increases the
risk of tendon re-rupture!“. In clinical practice, surgeons prefer to stick with conservative fixed timing to avoid
medical disputes. These factors make it difficult for patients with tendon rupture in clinical work to return to
activity early.

We hypothesized that early return of activity with a low incidence of tendon re-rupture could be achieved
with strong suturing. The rat Achilles tendon injury model is widely utilized in the investigation of tendon
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injuries, providing a convenient and effective approach to comprehend the mechanisms and developmental
patterns of such injuries!®. The utilization of animal models for investigating tendon injuries allows for the
control of injury type and the development of consistent surgical and rehabilitation protocols. Therefore, this
study intends to apply relatively strong suture mode in the rat Achilles tendon rupture model to explore the
influence of different time to return to activity on tendon healing.

Materials and methods

Study design and surgical procedure

This study has been approved by the Medical Ethical Committee of the Hebei Medical University Third Hospital
and is performed in accordance with relevant guidelines and regulations. All methods are reported in accordance
with ARRIVE guidelines. Eighty 10-week-old male Sprague-Dawley rats (weight 300-350 g) provided by
Shandong Hengrong Biotechnology Co. LTD. were used in this study. The rats were kept in separate cages at a
controlled temperature (21°+ 2°C) under a 12-h light-dark cycle with ad libitum access to food and water. Rats
were acclimated to the new environment for 7 days before starting the experiment.

The rats were anesthetized by intraperitoneal injection of pentobarbital sodium (40 mg/kg). Cefazolin sodium
(10 mg/kg) is administered internally to prevent infection. Disinfect left leg with povidone-iodine solution after
shaving. Incise the skin about 2 cm along the long axis, expose the Achilles tendon and blunt transection it at
the midpoint. The ends of the Achilles tendon were sutured together using the Double Kessler method (Prolene
4-0). After disinfection again and cleaning the wound, use 1 — 0 thread to suture the skin incision (Fig. 1).

The rats were randomly divided into 4 groups: non-fixed (NF) group, fixed one week (F-1 W) group, fixed
two weeks (F-2 W) group and fixed three weeks (F-3 W) group. Each group consisted of 20 rats. Polymer splints
were used to fix the ankle joint in plantarflexion except in the NF group. Subsequently, the rats were kept in cages
for three weeks. The F-2 W and F-3 W groups had their splints changed weekly until the end of fixation. In the
fourth week, all rats were trained on a treadmill for one hour a day at a speed of 10 m/min®. For the F-3 W group
of rats, treadmill training was scheduled to begin the day after the splints was removed. The complications of rats
were observed and recorded daily. The rats were euthanized after seven days of treadmill training by injecting
potassium chloride (1.5 mg/kg) under deep anesthesia.

Gross observation

The healing of the Achilles tendon was evaluated according to Tang’s grading method (n=19-20/group)'s.
The specific classification is as follows: (i) No adhesions: There are no adhesions around the tendon, but some
granulation tissue may be present; (ii) Membranous adhesions: only a few membranous adhesions have no effect
on tendon gliding; (iii) Loose adhesions: These are thin, loose, soft fibers and tendons that are easily separated;
(iv) Moderately dense adhesions: moderate texture with some tendon mobility; (v) Severe extensive adhesion:
poor mobility and no boundary between the tendon and the peritendinous tissue.

Passive ankle motion

The lower limb of the rats were dissected and fixed on the operating table to keep the knee joint extended.
Tie a suture 1 cm away from the rat’s ankle joint. After ensuring that the suture is tight, pull the ankle joint
with different weights of blocks. The weight was increased from 15 g, 25 g, to 35 g, and the dorsiflexion and
plantarflexion were measured once each. A digital camera was used to take pictures and record the range of
motion of the ankle (n=19-20/group).

Biomechanical analysis
The adherent tissue around the Achilles tendon is separated, secure both ends of the tendon using a specialized
aluminum fixture with sandpaper (n=9-10/group). The whole construct was then mounted onto the
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Fig. 1. Reconstruction of ruptured Achilles tendon of rats. (A) Cut the skin about 2cm to expose the rat’s
Achilles tendon. (B) Blunt transected tendon with knife back. (C) The Double Kessler method was used to
anastomose the severed end of the tendon. (D) After surgery, the ankle joint was fixed in plantarflexion with a
polymer splint. (E) Diagram of Double Kessler suture method.
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biomechanical testing machine (Electroforce 3230, US). The tensile test was conducted using a device set at a
speed of 0.1 mm/sec and an initial load of 0.2 N'7. The maximum load (N) and stiffness (N/mm) values at the
breaking point of the Achilles tendons were recorded. Stiffness values were calculated by dividing the maximum
load values by the amount of elongation at the breaking point of the Achilles tendons.

Histological staining

Tendon tissue samples were fixed using 10% neutral formaldehyde solution and kept in 5% formic acid (n=10/
group). Following histopathological preparation processes, the specimens were embedded in paraffin blocks and
sectioned. The sections were stained with hematoxylin and eosin (H&E) (Abcam, Cambridge, UK) and Masson’s
trichrome (BIOGNOST, Zagreb, Crotia). The number, morphology and collagen arrangement of fibroblasts were
observed under a microscope. Six well-stained fields were randomly selected under a 200-fold light microscope,
and the number of fibroblasts in each field was calculated using Image Pro Plus 6.0, and the results were analyzed.
Bonar’s semi-quantitative score grading scale were used for evaluation.

Bonar’s scale includes the analysis of the following components: (i) tenocytes, (ii) ground substance, (iii)
collagen, and (iv) vascularity. Each variable was scored on a 4-point scale of 0-3 as follows: 0, normal; 1, slightly
abnormal; 2, abnormal; and 3, markedly abnormal. The samples were assessed for the presence of significant
abnormality, with a total score ranging from 0 (normal tendon) to 12 (most severe abnormality)8.

Immunohistochemistry

The same tissue specimens from histology were utilized (n=10/group). The paraffin block is longitudinally
sectioned, and stained with TGF-p1, anti-type I collagen, and anti-type III collagen antibodies (Wuhan Yunkron,
China). After dewaxing in xylene, the sections were dehydrated with ethanol. They were then incubated with 0.5%
trypsin at 37 °C for 15 min and endogenous peroxidase activity was inhibited using hydrogen peroxide. Blocking
serum was applied for 1 h, followed by incubation with primary antibodies at 4 °C overnight. The sections were
then treated with the antimouse biotin-streptavidin hydrogen peroxidase secondary antibody. DAB staining
solution was applied, observed under microscope for 2-5 min until the cell base color turned brown, and then
restained with hematoxylin staining solution for 10s. Image Pro Plus 6.0 was used for quantitative analysis.
The integrated option density (IOD) and area value of each image are measured, and then the mean density
(MD =1I0D/area) is calculated.

Statistical analyses

We performed all statistical analyses using the Statistical Package for Social Sciences (SPSS) 26.0 (IBM
Corporation, Armonk, New York, USA). In descriptive analysis, means and standard deviations were used
for continuous variables and frequencies as well as percentages were used for categorical variables. One-way
ANOVA analysis of variance was used for comparison multiple groups, and the LSD-t test was used for pairwise
comparisons. P<0.05 was considered to indicate a statistically significant difference.

Results

Postoperative complications

A total of 5 splints loss during fixation, including 2 cases in the F-1 W group, 2 cases in the F-2 W group, and
1 case in the F-3 W group. All splint loss occurred 5 to 9 days after surgery. We reinstalled the splint within
24 h after it was lost. One case of skin necrosis in the F-3 W group occurred on the seventh day after surgery.
There were 4 cases of incisional infection, 2 cases in NF group and 1 case each in F-2 W and F-3 W group. No
rat deaths occurred during the experiment. There was no difference in complication rate among the groups (P>
0.05) (Table 1).

Gross observation

The tendon was examined for re-rupture after euthanasia. In the NF group and the F-1 W group, there was
one case of re-rupture of the Achilles tendon each. In the F-1 W group, the rat that experienced re-rupture also
had the splint fall off. Both rats that experienced re-rupture were not included in any further experiments. By
assessing the degree of tendon adhesion, it was observed that the degree of adhesion in each group gradually
increased with the extension of splint fixation time. The adhesion degree of F-2 W was significantly higher than
that of NF and F-1 W groups (P<0.05). Additionally, the adhesion degree of F-3 W group was significantly
higher than that of the other three groups (P<0.005) (Table 2).

Passive ankle motion
The plantarflexion (Fig. 2) and dorsiflexion (Fig. 3) motion of NF group were significantly better than those
of the other three groups under different weights (P<0.001). The plantarflexion and dorsiflexion motion of

Groups Skin necrosis | splint loss | Incisional infection | Tendon re-rupture
NF (n=20) 0 0 2 1
F-1W (n=20) | 0 2 0 1
F-2W (n=20) | 0 2 1 0
F-3W (n=20) | 1 1 1 0

Table 1. A summary of complications in each group.
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Grading of tendon
adhesion
Group |n |I |II |III |IV |V
NF 19 |18 (8 310 0
F-1W |19 6|8 510 0
F2W (20 (2|5 |11 |2 0
F-3W (200 |2 8 |7 3

Table 2. Statistical results of tendon adhesion grading.

F-3 W group were significantly lower than those of the other three groups under different weights (P<0.001).
Particularly, the ankle joint of the F-3 W group showed nearly no movement at a weight of 15 g. Although there
was no statistical difference between F-1 W and F-2 W dorsiflexion range of motion (P>0.05), overall ankle
motion decreased with longer braking time.

Biomechanical evaluation

In comparison of peak load among the groups, the peak load of the F-3 W group was significantly lower than the
other three groups (P<0.01). The stiffness of the F-3 W group was 21.09 +2.91 N/mm, which was significantly
greater than that of the NF group at 18.56 +2.22 N/mm (P<0.05). The peak load and stiffness of NF group,
F-1 W group and F-2 W group were not statistically significant (Fig. 4).

Histological observation

HE staining revealed that the regenerated collagen fibers in the F-3 W group exhibited lower density and
organization compared to the other three groups. Furthermore, the F-3 W group displayed heightened
vascularization and accumulation of inflammatory cells. Additionally, Masson’s trichrome staining indicated a
decreased collagen fiber density in the F-3 W group relative to the other three groups. Image Pro Plus 6.0 image
analysis software showed that the number of fibroblasts in the F-3 W group was significantly higher than in the
other groups (P<0.001). Bonar score was used to quantitatively evaluate the quality of regenerated tissue, and
the scores of NF and F-1 W groups were significantly lower than those of the other two groups (P < 0.05) (Fig. 5).

Immunohistochemistry

Col-1 expression in NF group was higher than that in F-2 W and F-3 W groups (P < 0.05), and Col-3 expression
in F-3 W group was higher than that in NF and F-1 W groups (P < 0.05). The ratio of Col-1:3 in the NF group was
higher than in the other three groups (P <0.05), and the ratio of Col-1:3 in the F-1 W group was higher than in
the F-3 W group (P <0.05). The expression of TGF-p1 was lower in the NF group than in the other three groups,
while the expression of TGF-B1 was higher in the F-3 W group than in the other three groups (P<0.05). It is
worth noting that there was no statistically significant difference in the immunohistochemical results between
F-1 W and F-2 W (P > 0.05) (Fig. 6).

Discussion

This study investigated the effects of different time to return to activity on the tendon healing of a rat Achilles
tendon injury model. Through various experimental methods, we found that as the time to return to activity
advanced, the strength of the tendon increased while the degree of adhesion decreased. In clinical practice, it is
more beneficial for patients to use strong suture to withstand earlier rehabilitation exercises.

Early functional exercise can elongate and relax the external connective tissue, reduce the contact between
the anastomosis and the surrounding tissue, inhibit the growth of scar tissue, and prevent external adhesion'.
Additionally, mechanical stress stimulation can promote cell proliferation and tendon differentiation, thereby
enhancing the strength of tendon healing?®. However, in a study by Godbout et al., immediate post-operative
exercise appeared to result in a decrease in tendon mechanical properties®!. In this study, although the duration
of active movement varied among the groups of rats, this was done to ensure that all rats had the same four-
week period for tendon healing. This is inevitable in the case that the immobilization time is the variable and
the healing time is consistent, and it can be regarded as another manifestation of different immobilization
times. Therefore, we controlled the treadmill training time of all rats at the fourth week after surgery. Through
this method, we avoided the re-rupture of the Achilles tendon caused by early high-intensity exercise in some
groups, thus ensuring the authenticity of the study results.

To safely remove the splint earlier, two measures need to be considered. The first is the strength of the tendon
suture, and the second is the speed and quality of tendon healing. For suture strength, the most important factor
is the number of sutures crossing the tendon ends, but excessive suturing can affect the blood supply of the
tendon?>?3, In this study, we used the double Kessler method to support early postoperative activity, and the
number of stitches across the broken end is twice that of the traditional Kessler suture method. The incidence of
tendon re-rupture under strong suture is much lower than that reported in clinic**. In addition, the method of
sewing is also crucial. For patients, suture methods such as “Modified Lim”, “Tsai’, “Tsuge’, etc. may be able to
withstand different intensity of rehabilitation exercises?>2%. However, the influence of different suture methods
on tendon healing and its strength still needs to be further studied.

In recent years, most of the research on improving the quality of tendon healing focuses on two directions.
One approach is autologous transplantation, including bone marrow concentrate, platelet products, and fat,
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Fig. 2. The passive plantarflexion activity of ankle in four groups (NF group, F-1W group, F-2W group and
F-3W group) under different weights was observed. (A) Measurement of ankle plantarflexion movement Angle
in rats. (B-D) Comparison of plantarflexion motion of each group under different weights (15g, 25g, 35g). *P
0.05, **P 0.01, ***P 0.001, **** P 0.0001.

which utilizes the rich growth factors to promote tendon healing!”-?”-?8, Another approach is local drug delivery,
including Aspirin, Metformin, and even Sildenafil, to control inflammatory responses and improve the quality of
tendon healing?-3!. These methods have shown promising results in animal experiments, but they are currently
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Fig. 3. The passive dorsiflexion activity of ankle in four groups (NF group, F-1 W group, F-2 W group and
F-3 W group) under different weights was observed. (A) Measurement of ankle dorsiflexion movement Angle
in rats. (B-D) Comparison of dorsiflexion motion of each group under different weights (15 g, 25 g, 35 g).
*P<0.05, **P<0.01, **P<0.001, ***P<0.0001.

less commonly used in clinical practice. We need to find a reliable measure among the many interventions that
can enable most patients to safely and earlier return to activity, which will be our focus for further research.

In the clinical study of tendon rupture, the benefits of early activity are undeniable®***. In a prospective
randomized controlled trial conducted by Deng et al., early mobilization not only improved the early functional
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Fig. 4. Comparison of biomechanical properties of tendons in each group. (A) Specialized aluminum
clamps and fixation of rat Achilles tendon. (B) Comparison of the peak load of tendons in each group. (C)
Comparison of tendon stiffness in each group. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001.

outcomes of the ankle joint, but also resulted in earlier hospital discharge and return to work for patients’. In a
clinical study with over a decade of follow-up, the Leppilahti score of the early activity group was still higher than
that of the control group in the late stage®®. However, there is still controversy over whether early rehabilitation
activities will increase the incidence of re-rupture. Despite a wealth of studies showing the benefits of early
activity, a recent Meta-analysis still supports the idea that immediate activity after Achilles tendon repair may
increase the risk of re-rupture!. This is also the reason for considering stronger suture methods in this study.
According to a study by Aoto Sato et al.*® on the chicken flexor tendon, immobilization for more than 3 weeks
would result in irreversible adhesion of the tendon. In this study, all rats were subjected to treadmill exercise
at the end of the fourth week. The passive ankle range of motion, count of fibroblasts, biomechanical results,
and immunohistochemical results were not different between the F-1 W and F-2 W groups. It may be that
functional exercise improves some of the results. Nevertheless, the experimental results of the F-3 W group were
significantly different from those of the other three groups, reflecting not only that prolonged immobilization
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Fig. 5. The HE and Masson staining results and quantitation. (A-D) HE staining microscopic observation of
each group. (E-H) Masson staining microscopic observation of each group. (I) Comparison of the count of
fibroblasts in each group. (J) Comparison of the histology score in each group. *P<0.05, **P<0.01, ***P<0.001,
¥ P<0.0001.

can affect tendon healing and increase adhesion, but also that such effects may require a longer rehabilitation
exercise or even cause irreversible functional loss. Taking all these factors into consideration, we believe that
tendon rupture should be combined with a strong suture to enable the patient to return to activity within two
weeks after surgery.

Healing of tendon injury can be divided into three stages: inflammation, proliferation, and remodeling®®.
During the proliferative phase, the synthesis of Col-3 reaches its peak and constitutes the main component of the
extracellular matrix®’. However, the arrangement of Col-3 is disordered, its mechanical properties are poor, and
it can inhibit the growth of collagen fiber diameter, which may be the reason for the decline in the biomechanical
performance of tendon healing®. Therefore, the Col-1:3 ratio is an important indicator for judging the quality
of healing. In this study, the difference in the ratio of Coll:3 between the groups was more significant than
comparing Col-1 or Col-3 alone.

TGEF-P1 is recognized as one of the most potent profibrogenic factors during the tendon healing process.
For tendon injuries, changes in TGF-P1 exhibit a pattern of initial increase followed by decrease. Most studies
support that TGF-B1 reaches its peak in 2 weeks and returns to normal around 4 weeks**°. Additionally, it
plays a multifunctional role in regulating all three stages of tendon healing*'. During the inflammatory phase,
activated platelets release cytokines, particularly TGF-B1, which rapidly recruit inflammatory cells to the injury
site and accelerate angiogenesis in an autocrine or paracrine manner*?*3. The proliferation stage is characterized
by a significant increase in fibrotic scar tissue and peak cell numbers in the repair area*’. TGF-1 is closely
associated with this phase as it strongly promotes fibrotic scar formation and controls various cell behaviors.
During the remodeling stage, TGF-B1 can accelerate the remodeling process through collagen synthesis rather
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Fig. 6. The immunohistochemical results and quantitation of Col-1, Col-3 and TGF-p1. (A-D) Light
microscope images with immunohistochemical for Col-1 staining. (E-F) Light microscope images with
immunohistochemical for Col-3 staining. (I-L) Light microscope images with immunohistochemical for
TGEF-pB1 staining. (M) Quantitative analysis of Col-1 and Col-3 expression. (N) Comparison of Col-1:3 ratio in
each group. (O) Quantitative analysis of TGF-p1 expression. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

than degrading scar tissue®. In this study, the expression of TGF-1 in F-3 W was significantly higher than that
in other groups. This suggests that one of the mechanisms by which early return to activity improves tendon
healing quality may be that TGF-P1 expression returns to normal more quickly. We boldly hypothesize that the
sustained high expression of TGF-B1 in rats with long-term immobilization is a compensation for poor tendon
healing, but it also promotes exogenous tendon healing, leading to adhesion around the tendon. This conclusion
can provide insight for future studies on tendon healing mechanisms.

There are still several limitations in this study. First, this study only examined the tendon performance at 4
weeks after surgery, which means that the function of the tendon may still improve further with an extended
follow-up period. Second, rats cannot develop a gradual rehabilitation program like humans do, taking into
account that the contralateral limb may have some degree of compensation, even if they are trained on a
treadmill with fixed exercises, which cannot guarantee that the weight-bearing and activity of the operated limb
are consistent among different groups of rats. Finally, although the use of rat models to study tendon injury has
become quite established, further clinical studies are needed to validate the accuracy of the results.
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Conclusion

In the four groups of rats, the NF group had the best biomechanical performance and ankle passive range of
motion, as well as the least degree of adhesion. Meanwhile, the healing quality of the tendons in the F-3 W
group was significantly lower than that of the other three groups. This suggests that early return to activity under
strong tendon sutures is more beneficial for improving patient outcomes. After a comprehensive observation
of four groups of rats, it was found that as the time of return to activity was advanced, the tensile strength of
the repaired tendon in rats increased and the degree of adhesion was reduced at 4 weeks postoperatively. These
results indicate that it is necessary for patients with tendon injuries to explore safe and early methods of early
return to activity.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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