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Thermal pretreatment promotes the protective effect
of HSP70 against tendon adhesion in tendon
healing by increasing HSP70 expression
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Abstract. Tendon adhesion is a substantial challenge for
tendon repair. Thermal pretreatment (TP) may decrease
inflammation by upregulating heat shock proteins (HSPs). The
present study intends to identify the function that TP serves
when combined with HSP70 overexpression in tendon healing
and adhesion in rats. Sprague-Dawley male rats were used
to establish a surgically ablative tendon postoperative suture
model, and the positive expression of the HSP70 protein was
measured using immunohistochemistry. Changes to the blood
vessels and collagenous fiber, in addition to the maximum
tensile strength and the tendon sliding distance, were detected
under a microscope. Finally, HSP70, tumor growth factor §
(TGF-f), and insulin-like growth factor 1 (IGF-1) mRNA and
protein levels were all determined by employing reverse tran-
scription-quantitative polymerase chain reaction and western
blot analysis methods. The positive expression of the HSP70
protein increased following TP. Furthermore, TP reduced the
infiltration of inflammatory cells and improved the collag-
enous arrangement, accompanied by an increased maximum
tensile force and tendon gliding distance following surgery.
In addition, TP increased the mRNA and protein expression
levels of HSP70, TGF-f and IGF-1. Altogether, TP increases
HSP70 expression, thereby reducing postoperative traumatic
inflammation and establishing tendon adhesion and promoting
tendon healing. Thus, TP may be a potential strategy for the
treatment of tendon adhesion.
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Introduction

Tendon injuries are frequent and contribute to a substan-
tial number of cases of morbidity (<64% in patients with
rheumatoid arthritis) in sports and in the workplace (1). When
the Achilles tendon experiences an injury, the damaged tissue
may cause a severe inflammatory reaction, resulting in a
‘secondary injury’ to the Achilles tendon (2,3). Furthermore,
the repair of flexor tendon injuries is complex due to the adhe-
sion forming between the tendons and the surrounding soft
tissue post-surgery (4). Another study also provides evidence
that adhesion formation has often resulted in limited func-
tional recovery and decreased the ability of the tendon to
move smoothly (5). Tendon adhesion is regarded as one of the
main problems involved with tendon repair, for which no ideal
treatment is currently available (6). Similar to the majority of
other tissue repair mechanisms following injury, tendon repair
involves a series of molecular and cellular events affected by the
location of the injury site, age, sex, nutrition and genetics (7).
Thermal pretreatment (TP) serves as a notable factor in the
reduction of the inflammatory response and tendon healing by
inducing molecular chaperone expression (8).

Heat shock proteins (HSPs), including molecular chap-
erones, are highly preserved proteins present in eukaryotic
and prokaryotic cells and serve a crucial function in various
cellular processes, including protein folding, regulation of
signaling pathway, degradation of misfolded proteins and
the modulation of immune responses (9). HSPs are capable
of maintaining cellular homeostasis whenever the micro-
environment changes, modulating cell differentiation and
proliferation physiologically and pathologically (10). HSP70,
a widespread family of molecular chaperones, modulate the
protein quality control in addition to homeostasis, serving as
an effective drug target for the treatment of neurodegenera-
tive and hyperproliferative disorders (11). Wounds are a type
of stress condition that may induce cellular and biochemical
responses given that it may promote a significant increase in
HSP70 expression in coelomocytes (12). HSPs exhibit prop-
erties that promote cell survival in response to all forms of
cellular stress (13). Mushtaq ez al (14) revealed that HSP70 is
necessary for the regulation of epithelial growth, regeneration
or adhesion, promoting corneal epithelial wound healing.
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Therefore, the present study hypothesized that the interac-
tion between HSP70 and TP may affect the healing process
in tendon injury. The present study intends to investigate the
function of TP along with its association with the upregulation
of HSP70 in tendon healing and adhesion in rat models
simulating tendon injury.

Materials and methods

Ethical statement. The animal experiments were conducted
in accordance with the Guide for the Care and Use of
Laboratory Animals as promulgated by the National Institutes
of Health (15). Ethical approval was obtained from the ethics
committee of The Affiliated Huai'an No.l People's Hospital of
Nanjing Medical University (Huai'an, China).

Experimental animals and establishment of tendon injury rat
model. A total of 60 male Sprague-Dawley (SD) rats (aged
10 weeks and weighing between 350-450 g) were obtained
from the Hubei Research Center of Laboratory Animals
(Hubei, China) and randomly assigned into the following
groups: Normal (healthy rats) group, model (rats with tendon
injury) group, TP (tendon injury rats treated with TP) group,
negative control (NC)-small interfering RNA (siRNA)
group (tendon injury rats with an injection of 20 ul suspen-
sion of NC-siRNA-transfected cells at the site of the injury),
HSP70-siRNA group (tendon injury rats treated with a 20 pl
suspension of HSP70-siRNA-transfected cells at the site of the
injury) and a combination group (tendon injury rats treated
with TP and a 20 pl suspension of HSP70-siRNA-transfected
cells at the site of the injury) groups (n=10). At 4 and 8 weeks
following surgery, 5 rats were assigned to each group. The rats
were provided with adaptive feeding at a room temperature
of 23-25°C with a relative humidity between 45-60% and a
light-dark cycle of 12-12 h for 1 week. All rats were allowed
ad libitum access to food and water.

The rats were placed under general anesthesia via an
intraperitoneal injection of a 1% pentobarbital sodium
(45 mg/kg) solution and were maintained stationary in a
supine position. To obtain a precise incision on the model
rats, their legs were shaved and sterilized using iodophor. A
2-cm longitudinal plantar incision was created in the middle
of the left paw of the rat. The skin and subcutaneous tissue
were sequentially cut to expose the flexor tendon of the deep
flexor tendon, and the proximal end of the tendon bifurcation
was transversely sliced at ~3 mm. The incision was sutured
with a 5-0 tendon suture using the Kessler method (16) and
wrapped with sterile gauze. The rats were then adminis-
tered a subcutaneous injection of sodium chloride solution
(50 ml/kg) on the nape located on their back immediately
following the surgery and returned to their cages. They were
again provided water and food 4 h subsequent to returning
to their cages. The TP group was then placed in an incubator
at a temperature of 45°C and remained in the incubator for
15 min until the rectal temperature of rats (measured with
a rectal thermometer) reached ~41.5+0.5°C. The normal
group was subsequently maintained in an incubator at 37°C
without any form of TP. All rats were allowed to recover at
room temperature for 24 h, and none of the rats exhibited
symptoms of lethargy and mortality.
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Construction of HSP70-siRNA expression vector. The
pSUPER-puro expression system (an original short hairpin
RNA design) was used to construct the HSP70-siRNA
expression vector. Two specific target sequences of HSP70
(GenBank no. NM_005345) were constructed: HSP70-siRNA
sense, 5-GGACGAGUUUGAGCACAAGTT-3' and antisense,
5'-CUUGUGCUCAAACUCGUCCTT-3"; NC-siRNA sense,
5'-UUCUCCGAACGUGUCACGUTT-3' and antisense, 5-ACG
UGACACGUUCGGAGAATT-3". Each of the two nucleotides
in the target sequence contained 9 hairpin structure sequences.
The hairpin structure was targeted at the Bgl/ II and Sal I sites
of pSUPER-puro plasmid, thereby constructing a novel recom-
binant plasmid. HI RNA polymerase promoter and puromycin
were used to select a clone with stable expression.

Culture and transfection of tendon cells. Aponeurosis was
homogenized once it was detached from the tendon, digested
with mixed collagenase (100 U/ul; cat. no. 17101015; Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
placed in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.) at 37°C in a humidified atmosphere of
5% CO,_ for primary culture, and the medium was changed
once every 4-5 days. When the medium covered 90% of the
bottom of the medium, the cells were treated with trypsin (1:3;
Gibco; Thermo Fisher Scientific, Inc.) to subculture. The cells
were passaged until the 3rd generation, which were used for
subsequent experiments. Tendon cells involved during the
logarithmic growth phase were then seeded into a 12-well plate
at a density of 5x10* cells/well and finally incubated for a 20 h
interval at 37°C. Once the medium was replaced by DMEM
without the addition of FBS, the cells were transfected with
the constructed plasmids (4 ug) using Lipofectamine® 2000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h
at 37°C according to the manufacturer's protocol. Following
the aforementioned procedure, the tendon cells used in the
in vitro culture were examined. Next, the fluorescent intensity
was observed and photographed under a fluorescence inverted
microscope (magnification, x200; CX41-12C02, Olympus
Optical Co., Ltd., Tokyo, Japan) following 48 h transfection.
The transfection efficiency was calculated according to the
following formula: Transfection efficiency (%) = number
of cells with green fluorescent protein (GFP)/total cell
number x100% (17,18). A total of 5 high-power fields were
randomly selected, and the mean values were determined.

Observation of tendon adhesion. Tendon healing at the
anastomotic site, grading (6), areas of adhesion in peripheral
tissues, tendon gliding and smoothness of the aforementioned
anastomotic surface were all observed. At week 4 following
the surgery, all surgical incisions healed sufficiently without
any inflammatory reactions or infection. No rats succumbed
to mortality as a result of the surgery. The rats maintained
for 4 weeks were then sacrificed; the remaining rats were fed
regularly and sacrificed on the 8th week following surgery.
Tendon adhesion and gliding in rats were evaluated using a
single-blind method (Table I) (6).

Biomechanical test. Following the single-blind method,
the rats were injected intraperitoneally with a pentobarbital
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Table I. Scoring standard for tendon adhesion.
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Point Severity of tendon adhesion

0 Without adhesion: The tendons glide freely without
injury

1-2 Mild adhesion: Fine filaments adhering to peripheral
tissues

3-4 Moderate adhesion: Scattered filaments adhering to
peripheral tissues

5-6 Severe adhesion: A large number of filaments

adhering to peripheral tissues, and the tendon cannot
be separated from peripheral tissues and cannot glide

sodium (150 mg/kg) solution. Following euthanasia, the
second toe was disconnected from the carpometacarpal
joint, and the deep toe flexor tendon of the second toe was
obtained (cut created along ~3 cm of the carpometacarpal
joint). The tendon was then placed in position in a BA-100T
mechanical-standard rubber tension test machine (Zhengbang
Testing Equipment Co., Ltd., Dongguan, Guangdong, China;
http://www.ybzhan.cn/tp29536), ensuring that the tendon
was clamped tightly, and that the tendon healing site was
located in the middle area between the clamps. The test began
with the loading of 1-N force to maintain the proper tendon
tension. The initial length was measured. The tendon was
stretched to 0.5 mm at a speed of 0.5 mm/s, and the pretreat-
ment was conducted a total of three times. Finally, the tendon
was loaded to break at a speed of 1 cm/min. The maximum
tensile force of tendon and the sliding distance of the tendon
were recorded.

Paraffin sectioning. Following the biomechanical test, the
tendon tissue was subsequently removed and treated with 4%
paraformaldehyde at 25°C for 4 h. Subsequent to dehydrating
with graded ethanol (75,80,95, and 100%), the tissue was
cleared using xylene, wax-immersed and then embedded.
The paraffin block was placed on a microtome and coarsely
repaired to expose the largest section of the tissue block, which
was then finely cut into thin slices ~5 ym thick. The sections
were then placed in a hot water bath (Slidetec WATER; Labsun
GmbH, Karlsruhe, Germany). The creased slices were leveled
and then placed on a glass slide. The paraffin-embedded
specimens were then dried on a 45°C hotplate (Slidetec HEAT;
Labsun GmbH) for a minimum of 5 min.

Hematoxylin and eosin (H&E) staining. Subsequent to
removal from the copying machine, the slices were oven-dried
in a 37°C oven for 30 min and dewaxed using graded ethanol
(100 and 80% respectively) until fully hydrated. The slices
were then stained using Harris hematoxylin (Shanghai
Yuanye Biotechnology Co., Ltd., Shanghai, China) for
10 min at 25°C. Then, the slices were washed under tap water
for 1 min, differentiated in 1% hydrochloric acid-ethanol,
and rinsed under running water to restore the blue color for
15 min. The slices were then stained with a 1% ethanol solu-
tion of eosin (Shanghai Yuanye Biotechnology Co., Ltd.) for
3 min at 25°C, differentiated in 90% ethanol for 30 sec and
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washed with a 95% ethanol solution for 1 min in addition to
with dimethyl carbonate (Shanghai Yuanye Biotechnology,
Co., Ltd.) for 1 min. The slices were then washed using
dimethylbenzene (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) three times (2 min each time) and sealed
using a neutral plasma (cat. no. GT21316; Beijing Huayueyang
Biotechnology Co., Ltd., Beijing, China; http:/huayueyang.
biogo.net/). The morphological structure of the tendons was
observed under a light microscope (magnification, x200;
CX41-12C02, Olympus Optical Co., Ltd.).

Immunohistochemistry. Subsequent to oven-drying in a 37°C
oven for 30 min, the slices were dewaxed using dimethylben-
zene (Sinopharm Chemical Reagent Co., Ltd.) followed by a
dehydration process in graded ethanol (100,95,80, and 75%
respectively). Following rehydration, endogenous peroxi-
dase activity was inhibited by incubating with 3% hydrogen
peroxide for 1 h at 37°C. Then, the slices were washed with
phosphate buffer saline (PBS; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) three times (2 min each time) followed
by 10 min of incubation in a sodium citrate buffer (pH 6.0,
0.01 mol/1) at 96°C for antigen retrieval. Subsequent to washing
with PBS, the slices were then treated with a rabbit anti-rat
HSP70 antibody [1:100; HSP70(W27)(SC-24); Hebei Bio-High
Technology Development Co., Ltd., Shijiazhuang, Hebei,
China] and placed in a 4°C incubator overnight. Subsequent to
washing with PBS thrice (5 min each time), a goat anti-rabbit
immunoglobulin G secondary antibody (1:2,000; D111018;
Shanghai Sangon Biological Engineering Technology &
Services Co., Ltd., Shanghai, China) conjugated to horseradish
peroxidase was also added followed by an incubation period at
room temperature for 15 min. The slices were then developed
using diaminobenzidine (100 xl; Wuhan Boster Biological
Technology, Ltd., Wuhan, China) and further incubated at
room temperature for an additional 5-10 min. Furthermore, the
slides were washed with distilled water to terminate the color
and further stained using hematoxylin for 5-10 min at 25°C.
Then, the slides were sealed using neutral plasma. Positive
HSP70 expression was present in small brown yellow gran-
ules observed in the nucleus or cytoplasm. Five high-power
fields were randomly selected for each slice with 1,000 cells
per field of view under a light microscope (magnification,
x200; CX41-12C02, Olympus Optical Co., Ltd.). The number
of positive cells in the field of view were calculated, and the
mean positive expression rate was determined as follows:
Mean positive expression rate=number of positive cells/total
cells (%).

Histomorphological observation. Tendon tissues of the rats
were obtained from the hind limbs of the model rats the 4 and
8th week following surgery, placed in 10% buffered formalin
for 24 h and transferred into an 80% ethanol gradient.
Paraffin-embedded tissues were then cut into 5-um thick slices
and stained using H&E staining, as described above. Tendon
development, filament formation, shape, the number of fibro-
blasts and collagen fiber arrangements were observed under
an electron microscope (magnification, x200; CX41-12C02,
Olympus Optical Co., Ltd.). The inflammatory reaction of the
specimens from rats from the 4 and 8th week post-surgery
was evaluated at this juncture of the experiment. The grading
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Table II. Primer sequences for reverse transcription-quantita-
tive polymerase chain reaction.

Item Primer sequence

Heat shock  Forward, 5-AAGGTGGAGATCATCGCCAA-3'
protein 70 Reverse, 5-GCGATCTCCTTCTTCATCTTGGT-3'
GAPDH Forward, 5'-AATTCAACGGCACAGTCAAGGC-3'

Reverse, 5'-GGATGCAGGGATGATGTTCTGG-3'

criteria of the inflammatory reaction were established as
follows: Grade 1, without or with few lymphocytes; grade 2, a
small amount of lymphocytes; grade 3, infiltration of a small
amount of neutrophils and lymphocytes in addition to a giant
cell reaction; and grade 4, macrophage and inflammatory
reactions with the marked infiltration of neutrophils.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Newly formed tendons (0.1 g) were obtained from
the rats at the 4 and 8th week following surgery in each group.
Total RNA was then isolated from the tendon tissues of all
groups using the TRIzol reagent kit (Gibco; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. RNA
purity and concentration were assessed using a NanoDrop
2000c Spectrophotometer (Thermo Fisher Scientific, Inc.).
Then, HSP70 mRNA was reversely transcribed using the
A3500 RT system (Promega Corporation, Madison, WI, USA)
at 42°C for 1 h and at 95°C for 5 min according to the manu-
facturer's protocol. RT-qPCR was conducted with synthesized
cDNA using a Fast SYBR Green PCR kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Based on the sequences
provided by GenBank (19), specific RT stem-loop primers and
primers for PCR amplification (Table II) were designed using
Primer Premier 5.0 (Premier Biosoft International, Palo Alto,
CA, USA). RT-qPCR analyses were conducted on an ABI
7500 PCR instrument (Applied Biosystems; Thermo Fisher
Scientific, Inc.). For the PCR procedure, predenaturation
was performed at a temperature of 94°C for 5 min followed
by 40 cycles of denaturation at a temperature of 94°C for
30 sec, annealing at 58°C for 30 sec and extension at 72°C
for 1 min. The mRNA levels of HSP70 and GAPDH genes
in the experimental and control groups were measured and
calculated utilizing the 224°4 method (20). The quantification
cycle (Cq) at which fluorescence intensity is accumulated at a
certain quantity was obtained. The 2244 method was used to
determine the ratio of expression of the target genes between
the experimental and control groups. The following formula
was employed: AAC =AC AC and

ACq:Cq HSP70'Cq GAPDH*

q experimental group™ q control group?

Western blot analysis. Newly formed tendons (0.1 g) were
obtained from rats at the 4th and 8th week following surgery
in each group. Total protein was then harvested from the
tendon tissues of all groups using a TRIzol reagent kit (Gibco;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. The protein concentration of the tendon
cells was then measured using a bicinchoninic acid protein
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Figure 1. TP reduced tendon adhesion and HSP70-siRNA increased tendon
adhesion in rat models with tendon injury. There were 10 rats in each group,
with 5 rats observed 4 weeks following surgery and 5 rats observed 8 weeks
following surgery. The data were analyzed by repeated-measures analysis of
variance. "P<0.05 vs. the normal group; “P<0.05 vs. the model group. NC,
negative control; TP, thermal pretreatment; HSP, heat shock protein; siRNA,
small interfering RNA.

assay kit (Beyotime Institute of Biotechnology, Beijing,
China). The extracted protein was then mixed with loading
buffer, boiled for 10 min at 100°C and loaded at a density of
400 pg per well. The proteins were then separated using 10%
sodium dodecyl sulfate-polyacrylamide gel (Wuhan Boster
Biological Technology, Ltd.) electrophoresis. The voltage for
transfer ranged from 80-120 V. Following the aforementioned
transfer, the proteins were transferred onto a polyvinylidene
fluoride membrane with wet spinning at a voltage of 100 V
for 45-70 min and subsequently blocked using 10% dried
skimmed milk at room temperature for 1 h. The proteins were
then incubated with the following primary antibodies at 4°C
overnight: Rabbit anti-rat HSP70 monoclonal antibody (1:300;
cat no. sc-221731), transforming growth factor-p (TGF-f3;
1:200; cat. no. sc-203295), insulin-like growth factor I (IGF-1;
1:200; cat. no. sc-1422) and p-actin (1:100; cat. no. sc-47778).
All antibody used above were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). The proteins were
washed using tris-buffered saline with 0.5% Tween 20 (TBST)
three times (3 min per wash). Then, the secondary antibody,
horseradish peroxidase-conjugated goat anti-mouse antibody
(1:1,000, ab97057, Abcam, Cambridge, MA, USA) were added
and incubated at room temperature for 1 h. Subsequent to
washing with TBST for an additional three times (each for
5 min), the samples were finally developed using an enhanced
chemiluminescence method (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Gray values of the protein bands were
analyzed by using SPSS version 21.0 (IBM Corp. Armonk,
NY, USA). The ratio of the gray values targeting proteins were
determined and [-actin was used as an internal reference for
targeted protein levels.

Statistical analysis. SPSS version 21.0 (IBM Corp., Armonk,
NY, USA) was used for statistical analysis. Measurement
data were expressed as the mean + standard deviation.
Comparisons among groups were analyzed utilizing a
one-way analysis of variance, followed by Tukey's post hoc
test. Repeated measures analysis of variance was used for
comparisons among multiple groups at multiple time points.
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 2. Successful transfection was confirmed based on GFP expression observed under an inverted fluorescence microscope. (A) GFP expression in each
group subsequent to transfection observed under a fluorescence microscope (magnification, x400). (B) Transfection efficiency in each group. (C) HSP70
mRNA expression levels in the cells transfected with different siRNAs detected by reverse transcription-quantitative polymerase chain reaction. “P<0.05 vs.
the NC-siRNA group. The data were analyzed using one-way analysis of variance. The experiment was conducted three times independently. NC, negative
control; HSP, heat shock protein; GFP, green fluorescent protein; siRNA, small interfering RNA.

Results

TP reduces tendon adhesion and HSP70-siRNA increases
tendon adhesion. Tendon adhesion in each group was observed
at weeks 4 and 8 subsequent to the operation. A single-blind
method was used for the evaluation of the tendon adhesion in
each group. As presented in Fig. 1, at the 4th week following
surgery, the adhesion grades of tendon adhesion among the
model, TP, HSP70-siRNA, NC-siRNA and combined groups
exhibited significant differences compared with the normal
group (P<0.05). Compared with the model group, no signifi-
cant difference was observed between the NC-siRNA group
and the combined group (P>0.05). Compared with the model
group, the TP group presented a significantly lower adhesion
score (P<0.05), whereas the HSP70-siRNA group exhibited a
significantly increased adhesion score (P<0.05). These scores
indicated that TP reduces tendon adhesion, whereas HSP70
gene silencing increases adhesion.

Successful transfection of HSP70-siRNA in vitro. Five days
following transfection, a fluorescence inverted microscope
was used to observe GFP in transfected tendon cells. The
transfection was confirmed through GFP expression tracked
by fluorescence photography. The transfection confirmed an
efficiency between 50 and 70% (Fig. 2A-B), indicating that
the transfection of HSP70-siRNA was successful. RT-qPCR
was used to detect HSP70 expression upon transfection with
different siRNAs (Fig. 2C). Compared with the NC-siRNA
group, HSP70 mRNA expression levels in the HSP70
siRNA-1, HSP70 siRNA-2 and HSP70 siRNA-3 groups were

significantly decreased (P<0.05), and the greatest decrease
in HSP70 mRNA expression was observed in the HSP70
siRNA-2 group. Therefore, HSP70 siRNA-2 was selected for
subsequent experiments.

Morphological changes in the tendon tissues in rats with
tendon injuries. A microscope was used to thoroughly
examine morphological changes in blood vessels and collag-
enous fiber. Four weeks post-surgery, the model, NC-siRNA
and combined groups exhibited active fibroblast and collagen
fiber proliferation, and the infiltration of inflammatory cells
and collagen fibers at the broken ends in addition to the anas-
tomosis site, including the production of active phagocytes.
Substantial capillary proliferation was observed in the para-
tendon at the anastomosis site, with notable congestive edema
and infiltration of inflammatory cells, which mainly included
neutrophils and monocytes. The inflammation at the anas-
tomosis site was categorized into 3 grades. Comparatively,
fewer inflammatory cells were observed in the TP group, and
the inflammatory response was characterized as grade 2. The
HSP70-siRNA group exhibited a higher number of inflam-
matory cells in comparison with the normal group. Given
this increase, the inflammatory response was characterized
as grade 4. At week 8 following surgery, congestive edema
and infiltration of inflammatory cells at the broken ends of the
tendon were reduced in the model, NC-siRNA and combined
groups. Substantial fibroblast proliferation was observed in
the tendon parenchyma close to the broken ends, and newly
formed collagen was additionally observed in the broken
ends. The number of novel capillaries formed was increased,
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Figure 3. H&E staining indicated that TP may alleviate the infiltration of inflammatory cells and collagenous arrangement (magnification, x200). (A) H&E
staining in the normal group. (B) H&E staining in the model group. (C) H&E staining in the negative control-siRNA group. (D) H&E staining in the combined
group. (E) H&E staining in the TP group. (F) H&E staining in the heat shock protein 70-siRNA group. H&E, hematoxylin and eosin; TP, thermal pretreatment;

siRNA, small interfering RNA.

whereas the caliber was broader compared with that noted one
week prior. The TP group presented a regular arrangement
of the collagen fibers that were almost parallel with the long
axis of the tendon. The number of infiltrated inflammatory
cells and capillaries at the anastomosis site and paratendon
were considerably reduced compared with that noted 4 weeks
previously. The inflammatory response was reduced to
grade 1. HSP70-siRNA resulted in an irregular arrangement
of collagen fibers at the anastomosis site. Net migration of
the tendon fibroblasts from the anastomosis site to the outer
tendon was observed. Four weeks following surgery, the TP
group exhibited a notable difference in the optimized infil-
tration of inflammatory cells at the early stage and a more
regular arrangement of collagen fibers in the middle and late
stages compared with the model, NC-siRNA, HSP70-siRNA
and combined groups (Table III). These results demonstrated
that TP optimized infiltration of inflammatory cells and the
collagenous arrangement.

Table III. Inflammatory response grading.

Grade

Group Sample  4th week  8th week
Normal 10 0 0
Model 10 3 2
Negative control-siRNA 10 3 2
Combined 10 3 2
Thermal pretreatment 10 2 1
Heat shock protein 10 4 3
70-siRNA

There were 10 rats in each group, with 5 rats observed 4 weeks
following the surgery and 5 rats observed 8 weeks following the
surgery. siRNA, small interfering RNA.




Bzl SPANDIDOS
7] .§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 20: 205-215, 2019

Table IV. Maximum tensile strength and tendon gliding distance 4 and 8 weeks following surgery.
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Maximum tensile strength (N)

Tendon gliding distance (mm)

Group Sample 4th week 8th week 4th week 8th week
Normal 10 84.48+4.34 88.47+541 3.30+0.34 3.26+0.45
Model 10 61.55+3.41* 70.67+4.67* 1.90+£0.27° 1.86+0.22*
Negative control-siRNA 10 59.45+3.56* 69.58+4.42* 1.94+0.17° 1.82+0.322
Combine 10 60.54+4.21* 69.77+£3.56* 1.91+0.57* 1.80+0.38*
Thermal pretreatment 10 79.05+4.68° 87.34+4.53° 2.51+0.41%° 3.21+0.24°
Heat shock protein 70-siRNA 10 45.78+4.32%° 51.67+3.78* 1.34+0.56*" 1.21+0.58**

There were 10 rats in each group, with 5 rats observed 4 weeks following the surgery and 5 rats observed 8 weeks following the surgery. The
data were analyzed using repeat measures analysis of variance. *P<0.05 vs. the normal group; *P<0.05 vs. the model group. siRNA, small

interfering RNA.

TP increases the maximum tensile force and tendon gliding
distance in rats with tendon injury. Biomechanical tests were
performed to detect the maximum tensile strength along
with the tendon sliding distance. As presented in Table IV, at
week 4 post-surgery, significant differences were identified
in maximum tensile strength and tendon gliding distance
in all 5 groups compared with the normal group (P<0.05).
Compared with the model group, the NC-siRNA and combine
groups exhibited no differences in maximum tensile strength
and tendon gliding distance (P>0.05). In contrast, the TP
and HSP70-siRNA groups presented a significantly greater
maximum tensile strength and tendon gliding distance
compared with the model group (P<0.05). At week 8 following
surgery, no significant differences were noted in the tendon
gliding distance between the normal and TP groups (P>0.05).
These results suggested that TP positively increased the tensile
strength and tendon sliding distance.

Pathological changes in the tendon tissues in rats with tendon
injuries. H&E staining was used to detect any pathological
changes the tendon tissue in SD male rats. At weeks 4 and
8 following surgery, the normal group exhibited intact
collagen fibers, orderly arranged tendon cells with clear
nuclei of uniform size, evenly distributed chromo-plasm
and an intact nuclear membrane without cell swelling. At
week 4 subsequent to surgery, irregular collagen fibers
were observed at the tendon anastomotic sites in the model,
NC-siRNA and combined groups. In addition, few fibroblasts
and collagenocytes of irregular shape and inflammatory cell
infiltration were observed in the peripheral tissue. Collagen
fibers observed in the rat tendons at week 8 following surgery
were arranged in a more orderly manner compared with those
observed at the 4th week following surgery. Collagen fibers
at the tendon anastomotic sites in the TP group at week 8
following surgery were more orderly arranged compared with
those at 4th week post-surgery. In addition, collagen fibers and
fibroblasts exhibited a regular arrangement. At the 8th week
following surgery, considerable scar tissue with pleomorphic
fiber formed at the incision site of the rat tendons in the model
group, whereas the scar tissues of the TP group were more
mature and better aligned, exhibiting lower inflammatory cell

infiltration. At week 4 and 8 post-surgery, the HSP70-siRNA
group exhibited extremely disordered collagen fibers at the
tendon anastomotic sites (Fig. 3A-F). These results indicated
that TP may improve inflammatory cell infiltration and collag-
enous arrangement.

TP increases HSP70-positive expression in the tendon tissues.
Immunohistochemistry was used to measure the positive
expression of the HSP70 protein. The tendon cells exhibiting
yellow-brown particles in either the cytoplasm or nucleus were
considered to be HSP70 positive. The immunohistochemical
results demonstrated that HSP70 protein expression was
particularly low in the normal group and the highest in the TP
group. At week 8 following surgery, HSP70 protein expression
levels significantly increased in the TP group compared with
the normal group (P<0.05). The normal, model, NC-siRNA
and combined groups exhibited various levels of HSP70
expression, but these levels were lower compared with the TP
group. HSP70 expression levels in the HSP70-siRNA group
were also significantly reduced compared with the normal
group (P<0.05; Fig. 4A-B). Thus, TP increased HSP70 protein
expression.

TP increases HSP70 mRNA expression in tendon tissues.
RT-qPCR was used to detect HSP70 mRNA levels. As
presented in Fig. SA-B, compared with the control (normal)
group, significant differences in HSP70 mRNA expression
levels were noted among the 5 groups (P<0.05). Compared
with the control group, HSP70 mRNA levels were signifi-
cantly increased in the TP group (P<0.05) but reduced in the
HSP70-siRNA group (P<0.05). Compared with the model
group, HSP70 mRNA levels between the NC-siRNA group
and the combined group exhibited no significant differences
(P>0.05). HSP70 mRNA levels were significantly enhanced
in the TP group (P<0.05) and reduced in the HSP70-siRNA
group (P<0.05) compared with the model group. These results
indicated that TP may increase HSP70 mRNA levels.

TP increases HSP70, TGF-3 and IGF-1 protein levels. Western
blot analysis was used to detect HSP70, TGF-f and IGF-1
protein levels. As presented in Fig. 6A-D, compared with the
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control group, significant differences in HSP70, TGF-f§ and
IGF-1 protein levels were noted in the 5 other groups (P<0.05).
Compared with the control group, HSP70 protein expression
levels were significantly enhanced in the TP group (P<0.05)
but reduced in the HSP70-siRNA group (P<0.05). Compared
with the model group, HSP70, TGF-p and IGF-1 protein levels
between the NC-siRNA and combined groups did not differ
(P>0.05), and HSP70, TGF-p and IGF-1 protein levels were
significantly increased in the TP group (P<0.05) but decreased
in the HSP70-siRNA group (P<0.05). The aforementioned
results demonstrated that TP enhances HSP70, TGF-f and
IGF-1 protein levels.

Discussion

Tendon injury often results in the formation of tendon adhe-
sion, causing the deterioration of the range of motion of the
joint (21). Patellar tendon adhesion substantially influences
patellofemoral and tibiofemoral biomechanics and exhibits
a close association with tendon shortening, changes of
patellofemoral contact and tibiofemoral contact and knee
arthrofibrosis (22). HSP-72 is upregulated in response to
heat and mechanical stress, and this response is mediated
by human fibroblasts and involves the nuclear translocation
of HSP-72 (23). In the present study, the effect of HSP70
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Figure 6. Western blot analysis demonstrated that TP increased HSP70, TGF-f and IGF-1 protein levels. There were 10 rats in each group, with 5 rats observed
4 weeks following surgery and 5 rats observed 8 weeks following surgery. (A) Quantification analysis of HSP70, TGF-f3 and IGF-1 protein levels in each group
at the 4th week following surgery. (B) Protein bands of HSP70, TGF-f3 and IGF-1 4 weeks following surgery in each group. (C) Quantification analysis of
HSP70, TGF-f3 and IGF-1 protein levels in each group at the 8th week following surgery. (D) Protein bands of HSP70, TGF-f3 and IGF-1 8 weeks following
surgery in each group. Data were analyzed by repeat measures analysis of variance. "P<0.05 vs. the normal group; “P<0.05 vs. the model group. NC, negative
control; TP, thermal pretreatment; HSP, heat shock protein; siRNA, small interfering RNA; TGF-f, tumor growth factor f; IGF-1, insulin-like growth factor 1.

expression following the completion of TP on tendon healing
and adhesion was investigated. The results revealed that TP
increased HSP70 expression while reducing traumatic inflam-
mation and postoperative adhesion in the tendon, thereby
improving the tendon healing process in rats.

One of the major conclusions is that tendon adhesion is
associated with HSP70. When HSP70 expression was reduced,
tendon adhesion increased. HSPs are ubiquitous proteins that
serve critical functions in the response to biotic and abiotic
stresses (24). A previous study by Peterson et al (25) demon-
strated that HSPs promote epithelial wound healing in various
tissues, whereas reduced HSP70 expression may potentially
prolong the healing process in the pathologic cornea of
animals. Certain HSP70s, including molecular chaperones,
serve a pivotal function in various biological processes,
including the regulation of protein folding, interactions
between proteins and translocation and degradation across
membranes (26). A previous study indicated that HSP70
suppresses heat-induced apoptosis via inactivation of BCL2
associated X, apoptosis regulator; thus, preventing the release
of pro-apoptotic factors from the mitochondrial intermem-
brane space (27). HSP also serves a cytoprotective function
in stressed muscle (28). Furthermore, a study consistent with
the results of the present study demonstrated that the HSP70
expression level in chondrocytes exhibited a close association
with the histological severity in osteoarthritis (29). In addition,

HSP70 overexpression promotes the metabolic activity of
chondrocytes while protecting the chondrocytes from multiple
stresses (30).

In addition, the present study provided evidence that TP
increased HSP70 expression while reducing traumatic inflam-
mation and tendon adhesion following surgery. TP alters tissue
stiffness through the regulation of collagen composition,
altering tissue susceptibility to histotripsy (31). As previously
reported, TP is associated with the induction of HSP70 protein
synthesis, and this mechanism may mitigate tissue damage
in lung fibrosis (32). Li et al (33) also identified that appro-
priate TP may substantially increase HSP70 expression levels,
reduce serum aspartate aminotransferase and alanine amino-
transferase levels, decrease liver injury and promote liver
repair following carbon tetrachloride-induced liver injury. In
contrast, HSPs additionally influence cell protection, inflam-
mation and immune system function (34). In addition, as an
anti-apoptotic chaperone and through its chaperone activity,
HSP70 tightly regulates inflammatory responses via the
nuclear factor-xf signaling pathway, which is a critical pathway
in mediating inflammatory responses (35). A previous study
additionally demonstrated that TP reduced tendon adhesion
via upregulating HSP72 expression (36). Furthermore, HSPs
serve a substantial role in dealing with environmental stresses,
including heat stress, whereas TP increases the mRNA levels
of rhopalosiphum padi HSPs (37).
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To conclude, the results obtained in the present study also
demonstrated that TP promoted tendon healing via its increase
in tensile strength and tendon sliding distance. Heat stress
contributed to satellite cell proliferation and protein synthesis
in the repair of injured skeletal muscle. Thus, the recovery of
injured skeletal muscle may benefit from heating (38). HSP70,
TGF-p and IGF-1 protein levels were found to be increased in
the TP group but decreased in the HSP70-siRNA group in the
present study. TGF-f3 exerts a positive effect on tendon healing
through the knockout of TGF-f inducible early gene in the
absence of the Smad pathway (39). One study demonstrated
that increased TGF-f3 expression of bone marrow-derived
mesenchymal stem cells facilitates tendon healing via modu-
lating the TGF-B/mitogen activated protein kinase signaling
pathway (40). Furthermore, TGF-B1 and IGF-1 served a notable
role in tendon cell proliferation and tendon tissue regenera-
tion, and these processes were beneficial in the tendon healing
process by regulating tenocyte proliferation and collagen
metabolism (41). Another study also demonstrated that IGF-1,
as an exogenous modulator, served a critical role in the promo-
tion of tendon healing without promoting tendon adhesion
given that it induces cell proliferation and collagen production
and functions as strong angiogenetic factor (42). Therefore,
the present study hypothesized that the increased expression
of TGF-f and IGF-1 induced by TP promotes tendon healing.

In conclusion, increased HSP70 expression following
TP contributes to tendon healing in rats through attenu-
ating traumatic inflammation and reducing postoperative
tendon adhesion. Therefore, the present study provided an
experimental baseline for the prevention of tendon adhesion
in the clinic. However, due to the lack of a guaranteed preven-
tion/treatment method, further studies are mandatory to obtain
a more comprehensive understanding of the specific mecha-
nisms involved with increased HSP70 expression following TP
and how it benefits tendon healing.
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