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Abstract: Background: The injured flexor tendon has poor healing ability, which is easy to15

cause tendon adhesion. It can affect the recovery of tendon function, which is still a long-16

term and difficult task for surgeons. Transforming growth factor β (TGF-β) has been widely17

considered to play an important role in flexor tendon repair in recent years. Aim: This work18

was to investigate the anti-adhesion and anti-inflammatory effects of TGF-β3 on flexor19

digitorum longus (FDL) tendon repair rats. Method: Anastomosis models of tendon20

laceration in the flexion toes of rats were delivered with no treatment, vehicle or TGF-β3 -21

overexpressed adenovirus vector (ad-TGF-β3) locally to the injured tendon area from day 322

to 8. Subsequently, the expression of TGF-β3, TGF-β1/2, Smad3, Smad7, JNK,23

phosphorylation (p)-JNK, c-Jun and phosphorylation (p)-c-Jun were detected by western blot,24

the expression of Mmp9 and Mmp2 by RT-qPCR, the Range of motion (ROM) and sliding25

resistance by adhesion formation testing, the mechanical strength of tendon healing by26

biomechanical testing, the pathologic changes of flexor tendon tissues by HE staining, the27

expression of collagen type III by immunohistochemical staining, and the levels of IL-6,28

TNF-α, COX2 and IL-1β in serum by ELISA, respectively. Results: Rat models treated with29

no treatment showed a lower elevation of TGF-β3 and Smad7 expression, and a higher30

elevation of TGF-β1/2 and Smad3 expression, during day 14 to day 28. Besides, under the31

treatment of ad-TGF-β3, significantly increase was reflected in the expression of TGF-β3 and32

Smad7, ROM, as well as mechanical strength of flexor tendon, whereas significantly33

reduction was shown in sliding resistance, content of inflammatory cytokines, ratio of p-34

JNK/JNK, p-c-Jun/c-Jun, as well as the expression of TGF-β1/2, Smad3, Mmp9 and Mmp235

genes, as compared to those from vehicle treatment. Meanwhile, TGF-β3 demonstrated better36

pathologic recovery process with no obvious necrosis or fracture of collagen fibers. Besides,37

TGF-β3 revealed a significant reduction of collagen type-III expression in the flexor tendon38

healing tissues. Conclusion: These findings suggested that TGF-β3 effectively protected39
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against flexor tendon injury via regulating adhesion formation.40
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Introduction43

The injured flexor tendon has poor healing ability, which is easy to cause tendon44

adhesion. It can affect the recovery of tendon function, which is still a long-term and45

difficult task for surgeons (1,2). After tendon trauma, the synovial cells of the tendon46

sheath are damaged with secondary inflammatory reactions (3). Once the tendon sheath47

synovial cells are damaged, macrophages, neutrophils and other cells release a variety of48

cytokines such as Mmp9 and TNF-α, which will stimulate the proliferation of peripheral49

fibroblasts, inhibiting the growth of tendon cells and matrix synthesis, and causing50

irreversible apoptosis in tendon sheath synovium cells (3). Though the proliferation of51

fibroblasts and the synthesis of matrix will restore the continuity and strength of tendon52

fibers and promote tendon healing, it will cause the formation of fibrous scar tissue and53

adhesion as well, leading to the loss of postoperative tendon slippage and finger54

dysfunction.55

Transforming growth factor β (TGF-β) is a multifunctional family of polypeptide56

cytokines that play an important role in regulating cell proliferation and differentiation,57

ECM component metabolism, tissue injury healing and organ fibrosis. Previous studies58

have shown that TGF-β regulates a wide variety of cells involved in tissue repair, and such59

factors are considered key to tendon scarring and adhesion during tendon healing (4). TGF-60

β3 has the effect of antagonizing the biological function of TGF-β1 (5). Foreign studies61

have reported that TGF-β3 is believed to have the dual effects of antagonizing TGF-β1 and62

improving post-traumatic scar formation (6, 7). In the scarless healing process after tendon63

injury in sheep embryos, expression of TGF-β1 is decreased, while TGF-β1 expression is64

increased in the healing process after tendon injury in adult sheep (8). In the development65

of chicken embryo tendon, TGF-β1 expression is absent in the development of the tertiary66

tendon tract on day 13, 14 and 15, and TGF-β3 expression shows a dynamic change (9).67
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However, the molecular mechanism of TGF-β3 therapy, especially the anti-adhesion and68

anti-inflammatory response during flexor tendon healing, is still unclear.69

In the preliminary experiment, we studied the regulation of Smad3 and Smad770

proteins in the TGF-β/Smad signaling pathway of tendon cells (10). It revealed that TGF-β371

could down-regulate the expression of Smad3 protein and up-regulate the expression of72

Smad7 protein in the process of tendon cell injury healing, which preliminarily elucidated73

the possible regulatory mechanism of TGF-β3 in promoting scar-free tendon healing (10),74

and may therefore be an effective treatment in anti-adhesion formation.75

Our research team has conducted a series of studies on the synovialization of76

tendons over the years. Here, in the process of tendon healing, we proposed the77

construction of the controlled-released tissue engineering synovial sheath using TGF-β3.78

The tissue engineering synovial sheath was constructed by synovial cells to wrap the79

injured flexor tendon, which played the role of secreting synovial fluid and related80

cytokines, promoting the synovization of the tendon surface, and effectively reducing the81

tendon adhesion formation (11).82

As a serine/threonine kinase, mitogen-activated protein kinase (MAPK) is a class of83

protein kinases distributed in cytoplasm with the dual phosphorylation capacity of serine84

and tyrosine. JNK signal transduction pathway is an important branch of MAPK pathway,85

which plays an important role in various physiological and pathological processes such as86

cell cycle reproductive apoptosis and cell stress (12). Notably, TGF-β can activate the JNK87

signal. JNK plays an important role in inflammatory response by expressing specific88

proteases and cytokines (13,14), therefore, it is a promising molecular target for the89

treatment of tendon adhesion formation.90

However, the adhesion problem after flexor tendon injury is still not well solved, it91

is necessary to clarify the pathogenesis and molecular mechanism of tendon tissue after92
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trauma, so as to find a better treatment. In this study, we hypothesized that overexpression93

of TGF-β3 could reduce the inflammatory response after flexor tendon injury, reduce94

adhesion formation, and enhance the repair strength after tendon injury. To test this95

hypothesis, the deep flexion tendons of the hind leg in rats models were ruptured and96

repaired, and the injection of ad-TGF-β3 were initiated in early hyperplasia. Therefore, the97

aim of the present study was to investigate the inhibitory effect of TGF-β3 on the98

inflammation and adhesion of flexor tendon repair.99

Materials and methods100

Animal study.101

All healthy SD male rats (age: 10-12 weeks, weight: 320±20g) were obtained from102

the west China Hospital of Sichuan University. Rats were maintained under standard103

laboratory condition, with free access to food and water and housed prior to experiments in104

an animal room under standard conditions (23±2 ºC; 60±10% humidity; 12 h light/dark105

cycle). The rats were free of all viral, bacterial, and parasitic pathogens. Experimental106

animals were not used for breeding purposes. All experiments were performed in107

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory108

Animals (NIH Publications No. 8023, revised 1978) and were approved by the Ethical109

Committee of the west China Hospital of Sichuan University (Chengdu, China).110

Experimental design.111

Following 1 week of feeding and adaptation, two separate experiments were112

conducted in this study. Experiment Ⅰ was designed to assess the expression of TGF-β3 in113

flexor tendon injury healing model: 30 rats were used for RT-qPCR and western blot114

related experiments at 3, 7, 14, 21 and 28 days after injury repair, respectively. Experiment115

Ⅱ was designed to assess the effects of TGF-β3 overexpression on improvement of116

adhesion after healing of flexor tendon injury in rats: 18 rats with the vehicle treatment and117
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18 rats with the TGF-β3 adenovirus vector treatment simultaneously at 14, 21 and 28 days118

after injury repair, respectively. All the rats were given pentobarbital sodium (Sigma119

Aldrich; CAS: 57-33-0) to induce general anesthesia, and the towel was routinely sterilized.120

Incision was made along the side of the middle toe of the posterior claw, and the flexor121

tendon of the leaky toe was broken. Then the flexor tendon was cut laterally. After the122

operation within 1-3 days, there was no braking, and antibiotics were injected to prevent123

infection. None of the rats in experiment Ⅰ received treatment. In experiment Ⅱ, rats in the124

TGF-β3 group received target-specific injection of TGF-β3 adenovirus vector (ad-TGF-β3,125

50μl of 1×10^10 IU/ml) into the tendon repair site from day 3 to 8 after surgery, once daily.126

The vehicle group received the same amount of vehicle in the corresponding position from127

day 3 to 8 after surgery, once daily. Then the tendon specimens were collected, and the rats128

with no treatment were sampled on days 3, 7, 14, 21, and 28, while the rats with TGF-β3129

adenovirus vector or vehicle were separately sampled on days 14, 21 and 28, respectively.130

The blood samples were centrifuged at 3000×g for 10 min at 4ºC and the serum was131

collected. Blood serum was collected for subsequent hematological or biochemical assays.132

Death of the rats was verified by the complete cessation of the heartbeat and breathing, and133

disappearance of reflexes. In addition, flexor tendon tissues of rats treated with no134

treatment were harvested on post-repair days 3, 7, 14, 21, and 28 for RT-qPCR and western135

blot, and flexor tendon tissues of rats treated with vehicle or ad-TGF-β3 were harvested on136

post-repair days 14, 21 and 28 for western blot, adhesion testing, gliding coefficient,137

biomechanical testing, eosin (H&E) staining, immumohistochemical staining, RT-qPCR,138

and ELISA (each n=6 rats per treatment per time point).139

Adhesion testing and gliding coefficient.140

Adhesion tests were performed on days 14, 21, and 28 during flexor tendon healing.141

The hind leg of the sacrificed rat was immediately dislocated and the flexor tendon was142
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released from the surrounding tissue of the adjacent tarsus. The proximal end of the flexor143

tendon was fixed between the two bands. The limbs were fixed in a special device, and the144

shin bones were held firmly in the clamp to prevent rotation with the toes passively145

extended to a neutral position. Then the neutral position of the metatarsophalangeal joint146

(MTP) was determined by digital image (zero load). The added weight (0-19g) was applied147

to the tendon and a digital photograph was taken for each additional weight. When the148

angle was normalized to neutra, each image of the metatarsal bone (MTP) bending angles149

were measured by ImageJ software (http://rsb.info.nih.gov/ij/), and the diagram was drawn150

with the corresponding load. The gliding resistance was determined by the single-phase151

exponential equation fitted with the bending data, which the MTP bending Angle =β x (1-152

exp(-m/α)), where m was the applied load (Prism GraphPad 6.0a; GraphPad Software, Inc.,153

San Diego, CA). The curve fit was regulated by the maximum flexion angle (β), for the154

normal tendons application load was previously determined to be 19g at 75° (15,16). The155

gliding resistance (α) was determined by non-linear regression, which was an effective156

method for measuring the buckling resistance of MTP joints due to sliding damage (17).157

Besides, the difference in buckling angle between 0g and 19g loads was determined as the158

MTP buckling range of motion (ROM).159

Biomechanical testing.160

Biomechanical tests were performed on the day 14, 21, and 28 after surgery to161

evaluate changes in biomechanical properties of the flexor tendon in repair, using the 8841162

Instron DynaMight axial servo-hydraulic testing system (Instron Industrial Products,163

Norwood, MA). The flexor deep toe tendon of the middle toe of the posterior claw was cut164

off at the metatarsophalangeal joint with a length of nearly 1.5 cm, with the kirschner165

needle cut through the proximal 1/3 and distal 1/3 lengths of the proximal phalangeal166

diaphysis, and the kirschner needle tightened on the dorsal side of the phalangeal diaphysis.167
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Clamps were used to fix the kirschner needle on the dorsal side of the phalanges, and the168

specimen was fixed on the lower clamps. The flexor digitorum profundus tendon was169

wrapped in thick sandpaper and fixed directly on the upper clamp, and the whole length of170

the tendon was in the same line. The tension-displacement control test was carried out at171

the speed of 30mm/min until failure. The force-displacement data was automatically172

recorded and plotted to determine the maximum load at failure.173

Histological Examination.174

The cut tendon segments were carefully removed and fixed in 4% (v/v)175

paraformaldehyde at room temperature for 48 h. The tendon was embedded in paraffin and176

cut into 4-µm sections. The sections were heated at 60ºC for 1 h and dewaxed with xylene.177

Following hydration, the sections were stained with 0.5% H&E at room temperature for 5178

min, dehydrated with gradient ethanol, cleared with xylene and mounted with neutral gum.179

Optical microscopy (BA400 Digital, McAldy industrial group co. LTD) was used to180

examine pathological changes of the flexor tendon tissue (magnification, ×200). The181

histological morphology of the tendon and denatured collagen fibers were observed under182

the light microscope.183

Immumohistochemical Staining.184

The expression of collagen III in the tendon tissue was evaluated using185

immumohistochemical staining. The tendon segments were embedded in paraffin and186

sectioned. Then, the paraffin sections were deparaffinized in xylene, rehydrated by ethanol187

and incubated with 3% hydrogen peroxide. Tendon tissues samples were blocked at room188

temperature with 3% BSA (Beijing Solarbio Science & Technology Co., Ltd.) and189

incubated with rabbit anti-collagen III antibody (1:100, cat. no. ab7778; Abcam) at 4ºC190

overnight. Samples were then washed three times with PBS, treated with horseradish191

peroxidase goat anti-rabbit IgG secondary antibody (1:2000, cat. no. ab205718; Abcam) for192
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20 min at 37˚C and rinsed three times with PBS. After incubating with 0.05%193

3‑3'diaminobenzidine (DAB) substrate buffer solution for 10 min, it was rinsed with194

distilled water, then redyed and sealed. The positive expression area and strength of195

collagen type III were observed under a 100× optical microscope.196

RNA Extraction and Real-Time RT-qPCR.197

Total RNA from individual FDL tendons surrounded by the scar (3, 7, 14, 21, 28198

days pre-repair and 14, 21, 28 days post-repair, respectively) was extracted according to199

TRIzol instructions. 5 μg of total RNA was taken and synthesized into cDNA by reverse200

transcription reaction, in which the total reaction system was 20 μl. Real-time PCR was run201

with cDNA, PerfeCTa SYBR Green Super Mix (Quanta Biosciences, Gaithersburg, MD)202

and gene specific primers for TGF-β3, TGF-β1, TGF-β2, Smad3, Smad7, Mmp9 and Mmp2.203

All primers were designed by Sangon Biotech (Shanghai) Co., Ltd (Table 1). The reaction204

conditions were as follows: 1 cycle at 95ºC for 30 sec followed by 40 cycles at 95ºC for 5205

sec, and 60‑66ºC for 30 sec. After the reaction, the Ct value of each sample was206

automatically analyzed by the computer, and the relative mRNA expression was calculated207

by 2-ΔΔCt with β-actin as the internal control. The specificity of PCR reaction was208

determined by the melting curve.209

Gene Forward(5’-3’) Reverse((5’-3’)

TGF-β3 5'-TGCGCCCCCTCTACATTG-3' 5'-GGTTCGTGGACCCATTTCC-3'

TGF-β1 5'-TGAGTGGCTGTCTTTTGACG-3' 5'-ACTTCCAACCCAGGTCCTTC-3'

TGF-β2 5'-ATGTGCAGGATAATTGCTGCC-3' 5'-TGGTGTTGTACAGGCTGAGG-3'

Smad3 5'-GCAGGCTCTCCAAACCTCT-3' 5'-GTGGAATGTCTCCCCAACTC-3'
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Table 1. RT-qPCR Primer Sequences.210

Western blot analysis.211

Western blot analysis was performed to detect protein expression in individual FDL212

tendons surrounded by the scar. Protein extraction kit (Pierce, Thermo Fisher, Ltd.) was213

used to extract protein. The concentration of the sample was determined according to the214

instructions of KCTMBCA protein quantitative kit. According to the total protein215

concentration measured, equal amounts of proteins (30 µg) with different molecular216

weights in the lysate were then separated adopting 10% SDS-PAGE and transferred onto217

PVDF membrane (Thermo Fisher Scientific, Inc.). Subsequently, the membrane was218

blocked with 5% skim milk and probed with primary antibodies: mouse anti-TGF-β1 (1:500,219

ab190503), mouse anti-TGF-β2 (1:1000, ab36495), rabbit anti-TGF-β3 (1:1000, ab36495),220

rabbit anti-Smad3 (1:1000, ab40854), rabbit anti-Smad7(1:500, ab216428), rabbit anti-c-221

Jun(1:1000, ab40766), rabbit anti-p-c-Jun(1:1000, ab32385), rabbit anti-JNK(1:1000,222

ab179461), rabbit anti-p-JNK((1:1000, ab124956). The membrane was incubated with223

horseradish peroxidase‐labeled goat anti-rabbit immunoglobulin G (IgG; 1:2000, ab205718)224

or goat anti‐mouse IgG(1:500, ab150117) at room temperature for 1 h . All antibodies were225

purchased from Abcam (Cambridge, MA, UK). After X film exposure and development,226

Bio-Rad automatic gel imaging system was used for imaging preservation. Using ImageJ227

image analysis software to analyze gray scale, the gray value of the target protein was228

Smad7 5'-CTCAAACCAACTGAGACTGTC-3' 5'-AGGCTCCAGAAGAAGTTGGG-3'

Mmp9 5'-GCCGTCTACTC CTCCCCGTG T-3' 5'-GTCTCTCTCCTACCCTCTGG-3'

Mmp2 5'-TCAGTCGATCACTAGCGTCAAT-3' 5'-CTAACTTCTCCCCACAGGGA-3'

β-actin 5'-CACGATGGAGGGGCCGGACTCATC-3' 5'-TAAAGACCTCTATGCCAACACAGT-3'

Forward and reverse primer sequences used for RT-qPCR. Expression levels were normalized to the

internal control β-actin, with each sample run in triplicates.
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divided by the internal reference gray value to correct the error. The relative content of229

target protein was analyzed statistically. β-actin served as an internal reference.230

Determination of inflammatory factors IL-6, TNF-α, COX2 and IL-1β levels in flexor231

tendon tissues.232

Levels of inflammatory factors IL-6 (ab100712), TNF-α (ab208348), COX2233

(ab210574) and IL-1β (ab197742) were determined by ELISA Kits all from Abcam234

(Cambridge, MA, UK) according to the manufacturer’s instructions. A blank well and a235

sample well were set up respectively. The optical density (OD) of each well was measured236

at 450 nm, and the concentration of inflammatory cytokines was quantified in accordance237

with the standard curve.238

Statistical analysis.239

Data were expressed as mean ± standard deviation. The Kolmogorov-Smirnov test240

was used to assess the normal distribution of variables. SPSS19.0 software (IBM Corp.,241

Armonk, NY, USA) was used to conduct one-way analysis with Dunnett’s post-hoc test or242

two-way ANOVA with Bonferroni’s post-hoc test. Differences were considered statistically243

significant at P < 0.05 and P < 0.01.244

Results245

Low kurtosis Occurred in TGF-β3 and Smad7 Expression, and high Peak appeared in246

TGF-β1/2 and Smad3 Expression during Flexor Tendon Repair from day 14 to day 28.247

To investigate the effect of TGF-β3 on the flexor tendon injury healing rat models,248

the intrasynovial FDL tendon repair models with no treatment were used to determine the249

expression profile of TGF-β3, TGF-β1/2, Smad3, and Smad7, which would inform the250

optimum time for ad-TGF-β3 treatment in the study groups. Expressions of TGF-β3, TGF-251

β1/2, Smad3 and Smad7 in the rat models of flexor tendon injury healing were detected by252

RT-qPCR and western blot. Relative to the 3rd day, the mRNA expression levels of these253
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four genes in models all showed significant differences from day14 day to day28 (P<0.05),254

where TGF-β3 and Smad7 showed significantly lower elevations, and TGF-β1/2 and255

Smad3 showed significantly higher elevations (Fig.1A). Compared with day 3, TGF-β3256

protein showed a significantly reduced change from day 14 to day 28. In order to257

investigate when the TGF-β3 protein reduction occurred, two adjacent groups were258

compared in pairs, and it was found that TGF-β3 protein significantly decreased between259

day 7 and day 14, while there was no significant change between day 14 and day 28.260

Besides, the proteins of TGF-β1/2 and Smad3 both gradually increased from day 7, and261

they all showed a significantly increased change between day 7 and day 14. The expression262

of Smad7 protein showed a significantly downward trend from day 7 to day 28, and a263

significant downward trend was shown from day 7 to day 14. (Fig. 1)264

265

Figure 1. Temporal Expressions of TGF-β3, TGF-β1/2, Smad3, and Smad7 in flexor tendon266
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tissue of post-injury healing models. (A) Relative mRNA expressions of TGF-β3, TGF-267

β1/2, Smad3 and Smad7 in FDL tendon tissues by RT-qPCR. *P<0.05, **P<0.01, vs. day 3.268

(B) Protein bands for TGF-β3, TGF-β1/2, Smad3, Smad7 and β-actin by western blotting269

assay. (C) Relative protein expressions of TGF-β3, TGF-β1/2, Smad3 and Smad7 in FDL270

tendon tissues by western blotting assay. Expression was normalized to β-actin. *P<0.05,271

**P<0.01, ***P<0.001, vs. day 3; #P<0.05, ##P<0.01, vs. day 7.272

273

TGF-β3 Expression was Effectively Increased by ad-TGF-β3 in the Repaired Flexor274

Tendon Tissue.275

In order to investigate the effect of TGF-β3 on adhesion formation in murine model of276

flexor tendon repair, ad-TGF-β3 was target-specific injected into the tendon repair sites of277

rats. The ad-TGF-β3 treated rats showed a significant increase trend of TGF-β3 expression in278

flexor tendon tissues compared to those treated with vehicle on days 14, 21 and 28 post-repair279

(Fig.2A and B). On days 14, 21 and 28 post-repair, the TGF-β1/2 expressions and Smad3280

expressions in ad-TGF-β3 treated groups were all significantly decreased than those in281

vehicle groups (Fig.2C and Fig.2D). Furthermore, compared to vehicle groups, there was a282

significant increase trend of Smad7 expression on days 14, 21 and 28 post-repair (Fig.2E).283
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284

Figure 2. TGF-β3 and Smad7 Expression Increased, and TGF-β1/2 and Smad3 Expression285

Decreased in ad-TGF-β3 Treated Flexor Tendon Tissues. (A) Protein bands for TGF-β3,286

TGF-β1/2, Smad3, Smad7, and β-actin were detected by western blotting assay. (B-E)287

Relative protein expressions of TGF-β3 (B), TGF-β1/2 (C), Smad3 (D) and Smad7 (E) in288

flexor tendon tissues were detected by western blotting assay. Expression was normalized289

to β-actin. *P<0.05, **P<0.01, ***P<0.001 vs. vehicle group.290

291

Ad-TGF-β3 Showed an Early and Transient Improvement in Gliding Function during292

Flexor Tendon Healing by Adhesion Testing.293

Significant increase of MTP flexion angle was seen on day 14 and 21 post-repair in294

ad-TGF-β3 group relative to that in vehicle group, though this significant difference was not295

shown on day 28 post-repair (Fig.3A). Besides, rats treated with ad-TGF-β3 had a296

significantly reduced sliding resistance than that in vehicle groups on day 14 and 21 post-297

repair, and this difference was disappeared on day 28 (Fig.3B).298
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Figure 3. Ad-TGF-β3 Significantly Increased MTP Flexion Angle (A) and Decreased Sliding299

Resistance (B) during Flexor Tendon Healing. *P<0.05, **P<0.01, vs. vehicle group.300

301

Ad-TGF-β3 Changed Mechanical Strenth and Stiffness during Flexor Tendon Healing.302

In terms of the maximum load, there was a significant difference between the vehicle303

group and the ad-TGF-β3 group on the 21st (vehicle group: 1.93N±0.08N; ad-TGF-β3 group:304

2.20N±0.10N)and 28th day post-repair(vehicle group: 2.03N±0.07N; ad-TGF-β3 group:305

2.27N±0.11N), but there was no significant difference between the vehicle group and the ad-306

TGF-β3 group on the 14th day (vehicle group: 1.73N±0.08N; ad-TGF-β3 group:307

1.85N±0.08N) (Fig.4A).308

There was no significant difference in the repair stiffness between the vehicle group309

and ad-TGF-β3 group at any given time. Even so, on day 14 and 21, the stiffness of ad-310

TGF-β3 group was higher than that in vehicle group (Day14: vehicle311

group:5.61N/mm±0.50N/mm, ad-TGF-β3 group: 6.65N/mm±0.47N/mm; Day21: vehicle312

group:7.67N/mm±0.45N/mm, ad-TGF-β3 group: 8.33N/mm±0.78N/mm), and the stiffness313

of ad-TGF-β3 group and vehicle were equal on day 28 (Day28: vehicle314

group:7.86N/mm±0.48N/mm, ad-TGF-β3 group: 7.90N/mm±0.40N/mm) (Fig.4B).315
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316

Figure 4. No Significant Differences were observed in Max Load at Failure and Stiffness317

during Flexor Tendon Healing. (A) Maximum load at failure and (B) Stiffness were present318

between 14-28 days during tensile testing, which was no different between vehicle group and319

ad-TGF-β3 treated group at any given-time. *P<0.05, vs. vehicle group.320

321

Ad-TGF-β3 Demonstrated a Better Pathologic Recovery Process and a Significant322

Reduction of Collagen Type-III Expression in the Flexor Tendon Healing Tissues.323

HE staining revealed a pathologic process of gradual recovery from day 14 to day 28 in324

the vehicle and ad-TGF-β3 group. On day 14, vehicle group demonstrated a loose and325

disordered arrangement of collagen fibers in the tendon tissue, with the rupture or dissolution326

of the tendon tissue, accompanied by a large amount of degeneration and necrosis of collagen327

fibers, while in the ad-TGF-β3 group, collagen fibers were arranged in a disordered manner,328

with part collagen fibers denaturated and necrotic. By day 21, both the vehicle group and the329

ad-TGF-β3 group were found to have disordered arrangement of collagen fibers in a few330

areas of tendon tissue, but the amount of collagen fiber degeneration and necrosis in the ad-331

TGF-β3 group was less than that in the vehicle group. By the 28th day, collagen fibers in332

tendon tissues in both the vehicle group and the ad-TGF-β3 group were neatly arranged, and333

a small amount of collagen fibers in the vehicle group were occasionally necrotic and334

fractured, while the tendon tissues in the ad-TGF-β3 group were intact and clear, with335
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uniform cytoplasmic staining, and no obvious necrosis or fracture of collagen fibers (Fig.5A).336

Immunohistochemistry staining showed the expression of Collagen Type-III was lower in ad-337

TGF-β3 treated group than that in the vehicle group on day 14, 21, and 28 (Fig.5B).338

Semiquanttative analysis revealed that the relative IOD was significantly reduced in ad-339

TGF-β3 treated group compared to that in vehicle group on day 14, 21, and 28 post-repair340

(Fig .5C).341

342

Figure 5. HE Staining and Collagen Type-III Immunohistochemistry Staining. (A) HE343

staining of healing tendon at given days. The yellow arrow indicates the loose and344

disordered arrangement of collagen fibers, the green arrow indicates the rupture of tendon345

tissue, and the red arrow indicates the degeneration and necrosis of collagen fibers. Scale346

bars = 40 μm. (B) Immunohistochemistry of Collagen Type-III in Healing Flexor Tendon347

Tissues at Day 14, 21, and 28 post-repair. Scale bars = 40 μm. (C) Integral optical density348

(IOD) of Collagen Type-III level showed a significant decrease of ad-TGF-β3 treated group349

relative to vehicle group in Healing Flexor Tendon Tissues. *P<0.05, vs. vehicle group.350
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351

Ad-TGF-β3 Increased the mRNA Expression Levels of Mmp9 and Mmp2 in the Flexor352

Tendon Healing Tissues.353

In this study, RT-qPCR was used to investigate the effect of ad-TGF-β3 on Mmp9 and354

Mmp2 expression during flexor tendon healing. Expressions of Mmp9 and Mmp2 were355

significantly decreased in the ad-TGF-β3 group relative to those in vehicle group on 14, 21,356

and 28 days post-repair (Fig.6A and Fig.6B).357

Figure 6. Mmp9 and Mmp2 mRNA Expression Increased in Ad-TGF-β3 Treated Repairs by358

RT-qPCR. (A) Relative mRNA Expression of Mmp9 (A) and Mmp2 (B) in flexor tendon359

tissues. Expression was normalized to β-actin. . *P<0.05, **P<0.01, ***P<0.001 vs. vehicle360

group.361

362

Ad-TGF-β3 improved inflammation of the Flexor Tendon Healing Tissues.363

Levels of inflammatory factors were determined by ELISA Kits. Compared to vehicle364

group, the IL-6 (Fig.7A), TNF-α (Fig.7B), COX2 (Fig.7C) and IL-1β (Fig.7D) cytokines of365

the healing flexor tendon tissues in ad-TGF-β3 group were all significantly reduced at day366

21 and 28 post-repair, and these were accompanied by no significant difference on day 14367

post-repair.368
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369

Figure 7. Ad-TGF-β3 Reduced the Inflammatory Factors IL-6, TNF-α, COX2, and IL-1β370

during Flexor Tendon Healing. Concentration of IL-6 (A), TNF-α (B), COX2 (C), and IL-371

1β (D) in the flexor tendon healing tissues at given-days. *P<0.05, vs. vehicle group.372

373

Ad-TGF-β3 Inhibited the JNK/c-Jun Signaling Pathway in rats Models during Flexor374

Tendon Healing.375

Western blot was used to investigate whether ad-TGF-β3 has an effect on JNK/c-Jun376

pathway during Flexor Tendon Healing. Compared with the vehicle group, the ratio of p-377

JNK/JNK increased significantly in ad-TGF-β3 group on day 14, 21 and 28 post-repair378

(Fig.8A and B). Additionally, the ratio of c-Jun/p-c-Jun reduced significantly in ad-TGF-β3379

group compared to those in vehicle group on day 14, 21 and 28 post-repair (Fig.8C).380
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Figure 8. Ad-TGF-β3 Reduced JNK/c-Jun Signaling Pathway during Flexor Tendon381

Healing. (A) Protein bands for JNK, p-JNK, c-Jun, p-c-Jun and β-actin by western blotting382

assay. (B,C) Relative protein expression of p-JNK/JNK (B) and p-c-Jun/Jun(C). *P<0.05,383

**P<0.01, vs. vehicle group.384

Discussion385

Tendon adhesion refers to the proliferation and invasion of the surrounding tissues386

and the inflammatory reaction in the process of tendon healing, which can lead to tendon387

motor dysfunction. In this study we examined the anti-adhesion, anti-inflammatory and388

JNK/c-Jun pathway effects of TGF-β3 on the of flexor tendon repair models.389

TGF-β3 has been shown to exert its biological activity on the healing process of390

tendon cell injury by down-regulating Smad3 levels and up-regulating Smad7 levels in391

tendon cells (10). TGF-β3, as an isomer of TGF-β1 in vivo, can down-regulate the levels of392

TGF-β1 and TGF-β2, which plays the role of TGF-β1 antibody, to inhibit scar formation393

(18,19). Therefore, quantifying TGF-β3, TGF-β1/2, Smad3, and Smad7 in the repair sites394

could investigate whether TGF-β3 was effectively expressed. Multiple studies have found395

high levels of TGF-β3 and low levels of TGF-β1 and TGF-β2 during scar free healing in396

embryonic tissue after trauma, whereas in adults scar healing, the levels of TGF-β3 are397

lower than that of TGF-β1 and TGF-β2 (18,19). In the preliminary experiment, we further398

studied the regulation of Smad3 and Smad7 proteins in the TGFβ/Smad signaling pathway399
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of tendon cells (10). It was found that the addition of TGF-β3 in the process of tendon cell400

injury healing could down-regulate the expression of Smad3 protein and up-regulate the401

expression of Smad7 protein, which preliminarily elucidated the possible regulatory402

mechanism of TGF-β3 in promoting scar free tendon healing, suggesting that TGF-β3 may403

reduce tendon adhesion (10). Given the closely connection between TGF-β3 and scar404

formation (10), we tested the hypothesis that ad-TGF-β3 would reduce adhesion formation405

and improve tendon gliding function. Our data demonstrated that TGF-β3 and Smad7406

expressions declined significantly faster in rats with no treatment, while they increased407

significantly after treating with ad-TGF-β3 from the 14th day . Also from the 14th day, TGF-408

β1/2 and smad3 expressions significantly increased fastest with no treatment, while decreased409

significantly in the ad-TGF-β3 treated group. Such cases are all consistent with the results410

that ad-TGF-β3 improved tendon gliding function during flexor tendon healing at 14 days411

post-repair. This study showed that TGF-β3 up-regulated MTP flexion angle of FDL tendon,412

and down-regulated the sliding resistance from day 14. Though there were no significant413

differences in the results of repair stiffness between the vehicle group and ad-TGF-β3 group414

at any given time, a higher max load and a harder stiffness were displayed with the increase415

of time, and the max load in the ad-TGF-β3 group was relatively higher than that in the416

vehicle group. These mechanical experiments intuitively demonstrated the improvement417

effects of TGF-β3 on flexor tendon healing.418

Whether TGF-β3 improving the pathological features of recovering tendon tissue is419

still lacking direct evidence. To this end, we started from the pathological study of flexor420

tendon tissues in healing, observed the histopathological features of the tendon, analyzed its421

influence on the secretion of type III collagen, and preliminarily discussed the relationship422

between TGF-β3 and flexor tendon adhesion. Tendon was the dense connective tissue423

connecting muscle and bone, which was rich in collagen, mainly collagen I, and a small424
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amount of type collagen III (22). The characteristics of collagen matrix of tendon largely425

reflected the characteristics of tendon, and the pathological changes of tendon were mainly426

depended on the changes of collagen matrix (23,24,38). Studies had shown that higher levels427

of stromal remodeling were common in fractured tendons, and the amount of collagen in428

tendon disease animal model decreased significantly, but collagen type-Ⅲ percentage429

increased relative to normal tissues (25). Furthermore, the main reason for the pathological430

changes in tendon tissue was the change of collagen matrix, which lead to the interruption of431

collagen fiber bundle continuity, resulting in the loose structure and fractures (23,38). In this432

study, the transverse severance of flexor deep tendon ultimately lead to the imbalance of the433

homeostasis of the tendon tissue, which affected the synthesis of the extracellular matrix and434

lead to tendon degeneration (26,27). The results showed that, under the treatment of ad-TGF-435

β3 during flexor tendon tissue healing, a better pathologic recovery process was seen by HE436

staining. Besides, type III collagen secretion were significant decreased, indicating that ad-437

TGF-β3 reduced the synthesis and secretion of collagen III associated with injury repair,438

suggesting that ad-TGF-β3 reduced tendon degeneration, providing histological evidence for439

the inflammatory mediators theory of tendinopathy mechanism.440

Tendon adhesion is closely related to tendon healing. Previous studies had shown that441

MMPs were associated with tendon injury (28,29). The net effect of increased MMP activity442

was matrix degradation, which became part of the remodeling process in wound healing (30).443

Besides, Mmp9 was involved in collagen degradation, and Mmp2 was not only involved in444

collagen degradation, but also in collagen remodeling, which were closely related to445

adhesion formation (20). Mmp2 and Mmp9 could degrade many small tendon fragments, and446

some MMPs such as Mmp2 mediated the healing process (28,29). In this study, the447

inflammations of tendon tissue were aggravated, and the degradations of extracellular matrix448

were increased, resulting in tendon injury. Therefore, TGF-β3 decreasing the secretion of449
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Mmp9 and Mmp2 played an important role in tendon adhesion. Other studies had shown that450

Mmp9 could lead to tendon adhesion by comparing the repair model of tendon injury451

between Mmp9 gene deletion rats and non-gene deletion rats (31). On day 14, 21 and 28 after452

administration, ad-TGF-β3s were found to have significant inhibitory effects on Mmp9 and453

Mmp2. Some studies indicate that Mmp9 was a potential target to limit adhesion formation in454

tendon healing (32). In this study, a significant reduction of Mmp9 was maintained at any455

given time in the tendon tissue under the stimulation of ad-TGF-β3. These results indicated456

that ad-TGF-β3s inhibited not only collagen degeneration involved in Mmp9, but also457

collagen degeneration and remodeling involved in Mmp2.458

The strength of the tendon itself mainly depended on the endogenous repair459

mechanism, while the exogenous repair mainly formed adhesion (23,38). Research on the460

mechanism of tendon injury showed that excessive load lead to the injury of tendon fibers,461

which would release a large number of inflammatory factors (35). With the continuous462

accumulation of inflammatory and collagen stimuli, the healing flexor tendon tissues secreted463

inflammatory cytokines such as IL-6, TNF-α, COX2, and IL-1β, and these cytokines464

promoted the accumulation of fibrin, and then lead to the formation of fiber adhesion (21,465

36). Inflammatory cytokines played a significant role in the process of tendon repair (36-466

38). This study suggested that IL-6, TNF-α, COX2, and IL-1β showed a significant trend of467

decline, indicating that TGF-β3 prevented tendon adhesion by reducing local inflammatory468

response.469

TGF-β3 activated the JNK signal, which played an important role in inflammatory470

response by expressing specific proteases and cytokines (13,14). In order to further explore471

the anti-inflammatory molecular mechanism of TGF-β3 on adhesion of flexor tendon, the472

roles of inflammation-related JNK/c-Jun signaling pathway were investigated. JNK signal473

transduction pathway played an important role in various physiological and pathological474



25

processes such as cell cycle reproductive apoptosis and cell stress (12). TGF-β could475

activate the JNK signal, which expressed specific proteases and cytokines, thereby playing476

an important role in inflammatory response (13,14). Therefore, TGF-β3 might carry out477

meaningful activities by attenuating inflammatory responses through down-regulation of the478

JNK/c-Jun pathway. In this present study, p-JNK and p-c-Jun levels in the flexor tendon479

tissues during healing were markedly decreased by ad-TGF-β3 treatment relative to vehicle480

treatment, suggesting that the anti-inflammatory effect of TGF-β3 may occur by inhibition of481

the JNK/c-Jun signaling pathway.482

In conclusion, the present study successfully demonstrated the protective effect of TGF-483

β3 against flexor tendon damage. The possible mechanisms underlying the protective effect484

of flexor tendon damage may be associated with the improvement of adhesion, anti-485

inflammatory effect and inhibition of JNK/c-Jun pathway. The present findings have486

explored the regulatory mechanism of TGF-β3 during flexor tendon healing, which provided487

a new idea for the prevention and treatment of scar adhesion after tendon injury.488
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Figures

Figure 1

Temporal Expressions of TGF-β3, TGF-β1/2, Smad3, and Smad7 in �exor tendon tissue of post-injury
healing models. (A) Relative mRNA expressions 267 of TGF-β3, TGF-β1/2, Smad3 and Smad7 in FDL
tendon tissues by RT-qPCR. *P<0.05, **P<0.01, vs. day 3. (B) Protein bands for TGF-β3, TGF-β1/2, Smad3,
Smad7 and β-actin by western blotting assay. (C) Relative protein expressions of TGF-β3, TGF-β1/2,
Smad3 and Smad7 in FDL tendon tissues by western blotting assay. Expression was normalized to β-
actin. *P<0.05, **P<0.01, ***P<0.001, vs. day 3; #P<0.05, ##P<0.01, vs. day 7.



Figure 2

TGF-β3 and Smad7 Expression Increased, and TGF-β1/285 2 and Smad3 Expression Decreased in ad-
TGF-β3 Treated Flexor Tendon Tissues. (A) Protein bands for TGF-β3, TGF-β1/2, Smad3, Smad7, and β-
actin were detected by western blotting assay. (B-E) Relative protein expressions of TGF-β3 (B), TGF-β1/2
(C), Smad3 (D) and Smad7 (E) in �exor tendon tissues were detected by western blotting assay.
Expression was normalized to β-actin. *P<0.05, **P<0.01, ***P<0.001 vs. vehicle group.



Figure 3

Ad-TGF-β3 Signi�cantly Increased MTP Flexion Angle (A) and Decreased Sliding Resistance (B) during
Flexor Tendon Healing. *P<0.05, **P<0.01, vs. vehicle group.

Figure 4

No Signi�cant Differences were observed in Max Load at 317 Failure and Stiffness during Flexor Tendon
Healing. (A) Maximum load at failure and (B) Stiffness were present between 14-28 days during tensile



testing, which was no different between vehicle group and ad-TGF-β3 treated group at any given-time.
*P<0.05, vs. vehicle group.

Figure 5

HE Staining and Collagen Type-III Immunohistochemistry Staining. (A) HE staining of healing tendon at
given days. The yellow arrow indicates the loose and disordered arrangement of collagen �bers, the green
arrow indicates the rupture of tendon tissue, and the red arrow indicates the degeneration and necrosis of
collagen �bers. Scale bars = 40 μm. (B) Immunohistochemistry of Collagen Type-III in Healing Flexor
Tendon Tissues at Day 14, 21, and 28 post-repair. Scale bars = 40 μm. (C) Integral optical density (IOD) of
Collagen Type-III level showed a signi�cant decrease of ad-TGF-β3 treated group relative to vehicle group
in Healing Flexor Tendon Tissues. *P<0.05, vs. vehicle group.



Figure 6

Mmp9 and Mmp2 mRNA Expression Increased in Ad-TGF-β3 Treated Repairs by RT-qPCR. (A) Relative
mRNA Expression of Mmp9 (A) and Mmp2 (B) in �exor tendon tissues. Expression was normalized to β-
actin. . *P<0.05, **P<0.01, ***P<0.001 vs. vehicle group.



Figure 7

Ad-TGF-β3 Reduced the In�ammatory Factors IL-6, TNF-α, COX2, and IL-1β during Flexor Tendon Healing.
Concentration of IL-6 (A), TNF-α (B), COX2 (C), and IL- 1β (D) in the �exor tendon healing tissues at given-
days. *P<0.05, vs. vehicle group.



Figure 8

Ad-TGF-β3 Reduced JNK/c-Jun Signaling Pathway during Flexor Tendon Healing. (A) Protein bands for
JNK, p-JNK, c-Jun, p-c-Jun and β-actin by western blotting assay. (B,C) Relative protein expression of p-
JNK/JNK (B) and p-c-Jun/Jun(C). *P<0.05, **P<0.01, vs. vehicle group.
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