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Abstract
Tendon injury is a common injury with slow healing and is usually treated surgically and non-surgically.  However, 

the clinical results are not always satisfactory.  Growth factors play an important role in tendon healing, and people 
increasingly believe that biological intervention can accelerate and improve healing. In recent years, it has been 
discovered that therapies using bioaugmentation technology have potential benefits and injuries during the healing 
process of tendon. Transforming growth factors-β1 (TGF-β1) has been identified as a promising therapeutic target in 
tendon healing.  A lot of evidence shows that exogenous TGF-β1 can accelerate the process of tendon repair.  TGF-β1 
plays an important role in tendon repair and is a very effective therapeutic agent for tendon diseases.  This review 
summarizes the mechanism and function of TGF-β1 in the repair of tendon injuries. 

Introduction
As a highly specialized structure, tendon plays an essential role in 

the transmission of force between muscles and bones. However, tendon 
injury is the most common musculoskeletal disease, especially Achilles 
tendon, patellar, and rotator cuff tendon.  These tendon injuries 
account for more than 30% of all musculoskeletal diseases that people 
have in major healthcare systems, and there are 30 million tendon 
surgeries worldwide each year. Tendon disorders bring an extremely 
high personal burden to the individual patient by reducing quality 
of life, and collectively place enormous economic burden on society. 
The hypocellular and the hypovascular of the tendon determine its 
poor self-healing ability after injury [1].  Due to poor healing ability, 
it is almost impossible to completely repair the tendon, which often 
leads to persistent symptoms and re-injury.  At present, the tendon is 
usually treated by conservative treatment and surgical treatment, but 
the treatment result is usually unsatisfactory [2,3].  Over the years, 
biological therapies have made great progress under the impetus of 
scientists. Growth factor therapy is one of them [1].  Transforming 
growth factor-β1 has been identified as a promising therapeutic target in 
tendon healing.  It has been proven to accelerate the healing process of 
tendons [4-6]. To clarify the mechanism and role of TGF-β1 in tendon 
healing, it is inevitable to accelerate the process of tendon healing.

TGF-β1 Promotes Inflammation
Inflammation is a physiological response to injury and is part of 

tendon healing.  The initial inflammation phase begins shortly after 
the injury. Inflammatory cells such as neutrophils, monocytes, and 
macrophages are attracted to the injury site by pro-inflammatory 
cytokines and produce cytokines and growth factors [7].  The expression 
level of TGF-β1 increases immediately after tendon injury, released from 
degranulated platelets, and secreted by all major cell types involved in the 
repair process, including lymphocytes, macrophages, endothelial cells, 
and smooth muscle cells, epithelial cells and fibroblasts [8,9].  TGF-β1 
attracts inflammatory cells such as white blood cells and macrophages.  
These cells will release more TGF-b1 and induce a more pronounced 
inflammatory response [10].  In vitro experiments have shown that the 
addition of exogenous TGF-β1 (2 ng/ml) to mast cells enhances the 
expression of COX-2 in tendon cells and reaches a peak in 6 hours.  The 
TGF-β1 receptor ALK5 kinase inhibitor A83-01 significantly blocked 
COX-2 mRNA and COX-2 protein expression [11].  COX-2 is one of 
the main enzymes that contribute to the production of PGE2, which is 
the main inflammatory mediator in tendons [12].  Therefore, Mast cell-

derived TGF-β1 plays an important role in enhancing the production 
of inflammatory mediator PGE2 by human tendon cells.  In contrast, 
neutralizing TGF-β1 with anti-TGF-β1 antibodies can reduce 
inflammation and angiogenesis.  In addition, no inflammatory cells 
were found at the site of sheep fetal tendon injury. In contrast, there 
are inflammatory cells in adult tendons.  And comparing the fetal 
tendon with the injured tendon specimen, the injured fetal tendon 
did not show an increase in TGF-β1 expression, and there was strong 
TGF-β1 staining around the injured adult tendon and the temporary 
wound area.  The decrease of TGF-β1 in the fetal tendon may be the 
reason for the lack of inflammatory infiltration in the tendon injury 
site [13].  It can be concluded from the above that TGF-β1 is a growth 
factor, but it plays a pro-inflammatory role in the healing of tendon 
injuries.  

Whether inflammation is beneficial to tendon healing is difficult to 
say. On the one hand, inflammation can promote tendon healing and 
closure through fibrosis and scar formation, and can prevent tendon 
infection; on the other hand, scar healing caused by inflammation can 
hinder tissue regeneration and may further reduce the function of 
tissues or organs [14].  However, inflammation is an inevitable process 
of adult tendon injury healing. In most cases, the inflammatory 
process will gradually subside, but in some case, it will enter the 
chronic inflammation stage.  This chronic tendon inflammation is 
thought to be a long-term imbalance and maladaptive response to 
injury [15].  Therefore, inflammation should not be prevented as a 
necessary step for healing, but inflammation should be regulated 
and controlled.  However, the molecular and cellular mechanisms 
involved in inflammation are poorly understood and need to be 
further understood.
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TGF-β1 Affects Tenocytes
Tendons are hypocellular tissues mainly composed of tenocytes, 

and a stem and progenitor cell population [16]. Tenocytes make up 
the majority of the cellular content of the tendon and are integral in 
indispensable the healing process following injury [17]. Many previous 
literatures have studied the role of TGF-β1 after tendon injury to 
promote the healing of tendon injury. The following summarizes the 
effect of TGF-β1 on tenocytes.

Proliferation

After the tendon tissue is injured, its natural healing is extremely 
slow and inefficient when it is severely damaged due to its intrinsic 
hypocellularity [18,19]. TGF-β1 increases the proliferation of tenocytes. 
In a recent in vitro study, acellular amnion released TGF-β1 to cause 
the rapid proliferation in tenocytes of adult Leghorn chickens with 
relatively static properties [20]. Identically，after 48 hours of exposure 
to 1ng/ml TGF-β1 in human tenocytes, there was a significant increase 
in cell proliferation, as shown with crystal violet method, as compared to 
control [21]. In addition, TGF-β1 promotes the proliferation of tendon 
stem cells (TSC, and when TGF-β receptors are blocked by TGF-β 
receptor inhibitor (ITD-1), the proliferation of TSC will be significantly 
reduced [22]. The activation of TGF-β/BMP signaling pathway by 
TGF-β1 may promote proliferation during tendon injury. TGF-β1 
may promote the proliferation during tendon injury by activating the 
TGF-β/BMP signaling pathway [23]. The molecular mechanism of 
the proliferation of tendon cells may be through the up-regulation of 
proliferating cell nuclear antigen(PCNA) gene and protein expression 
through TGF-β1[24] (Figure 1).

Migration

The migration of tenocytes is a fundamental biological behavior 
and is a significant factor to promote tendon repair [25]. In the 
process of tendon healing, tenocytes migrate into the injured site, 
secreting collagen and reorganizing the extracellular matrix (ECM) 
to repair the tendon [16]. In vitro experiment showed that treatment 
of TGF-β1 promoted cell migration. However, inhibition of TGF-β1 
by transfection of sh-TGF-β1 or treatment of TGFR I/II inhibitor 
partially reversed the migration of tenocytes [26]. In a wound healing 
experiment, the migration effect of TGF-β1 carried by the exosomes of 
TSC on TSC, compared with the control group, the migration ability of 
TSC was significantly enhanced.  In addition, TGF-β receptor inhibitors 
can significantly reduce TSC migration [22]. However, the molecular 
mechanisms controlling the migration of TSC during tendon repair are 
not well understood.

Differentiation

It is generally accepted that cellular activation stimulates the 
conversion of fibroblasts and tenocytes to myofibroblasts represents 
a key event during wound healing and tissue repair [27]. Because 
myofibroblasts induce the expression of alpha-smooth muscle actin 
(α-SMA), they gain contractility and contribute to the repair of 
physiological tissues. It is well established that tendon fibroblasts can 
increase the expression of α-SMA and activate its transformation into 
myofibroblasts after treatment with TGF-β1 [28,29]. In addition, the 
contraction of myofibroblasts also results in the release of TGF-β1 
from these cells, which may promote the further trans-differentiation 
of fibroblasts through a feed-forward mechanism [30,31].  Activation 
of TGF-β1 causes phosphorylation of smad2/3 to up-regulate the 
expression of α-SMA [32]. In addition, in vitro experimental studies 
have shown that TGF-β1 can induce tendon stem cells to differentiate 

into tendon cells. During the differentiation process, the levels of 
phosphorylated Smad1/ 5/8 and Smad2/3 were increased [23]. Further 
studies have shown that the inhibitor-Smad seems to be related to 
tendon Stem cell differentiation is negatively correlated, meaning that 
TGF-β/BMP signaling is involved in the differentiation process of TSC 
[33]. Further research will be required to determine the extent to which 
TGF-β1 promotes fibroblast and TSC trans-differentiation, as this 
may represent an important mechanism through which TGF-β1 may 
provide benefit to tendon repair.

TGF-β1 Affects The Metabolism Of Extracellular Matrix
  TGF-β1 is known for its effect on the production of extracellular 

matrix in tendons. TGF-β1 can modulate the production of collagen. 
Collagen is an essential ECM component of tendons, and their formation 
and configuration are important factors that determine tendon repair. 
Although there are numerous collagen types, Type I collagen and Type 
Ⅲ collagen seem to play the most important role in tendon healing [34].  
A number of in vitro experiments showed that compared with control 
tendon fibroblasts, TGF-β treatment of tendon fibroblasts resulted in 
increased expression of type I collagen and type III collagen [28,35,36]. 
Eduardo Anitua, et al. [37] showed that regardless of the concentration 
of TGF-β1, the production of type I collagen is similar.  It is suggested 
that higher TGF-β1 concentration has nothing to do with the further 
increase of type I collagen. In another experiment, it was shown 
that TGF-β1 inhibited gene expression of procollagen Type III with 
fibronectin anchorage only at a low concentration (0.1 ng/mL) [38]. It 
is suggested that in the later stage of tendon healing, the reduction of 
TGF-β1 levels can inhibit the accumulation of type III collagen.  TGFβ1 
has been shown to mediate the expression of collagen through Smad 
and ERK pathways [39]. In a rat Achilles tendon rupture repair model, 
one week after the injection of exogenous TGF-β1, it was found that 
the expression of type I and type III procollagen mRNA increased in a 
dose-dependent manner and increased the mechanical strength of the 
rat tendon repair [40]. Collagen cross-linking is an important step to 
impart strength to collagen fibers [7]. This process is mainly promoted 
by lysyl oxidase, and the synthesis of lysyl oxidase can be up-regulated 
by TGF-β1.  And type III collagen is believed to be able to quickly form 
cross-links, thereby stabilizing the repair site.  TGF-β1 can regulate the 
synthesis of type III collagen and participate in matrix remodeling [5]. 
So, TGF-β1 can regulate the synthesis and cross-linking of collagen to 
increase the strength of collagen fibers.

Matrix metalloproteinases (MMPs) are zinc-dependent 
endopeptidases that can degrade various ECM components, including 

Figure 1: Possible mechanisms for TGF-β1 promote the migration, 
proliferation, and differentiation of tendon cells. TGF-β1 indicates 
transforming growth factor-β1; α-SM actin, alpha-smooth muscle actin; 
PCNA, proliferation cell nuclear antigen. Black arrows indicate promotion.
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collagen, fibronectin and proteoglycans [41]. Tissue inhibitors of 
metalloproteinases (TIMPs) are a class of proteins that bind to the active 
site of the MMP catalytic domain to exert an endogenous inhibitory effect 
on MMPs [42]. MMPs and TIMPs interact to make ECM in dynamic 
equilibrium. TGF-β1 can regulate their expression. The cultured flexor 
tendon cells were treated with TGF-β1, and the effect of TGF-β1 on the 
expression of MMP and MMP inhibitor was studied. The results showed 
that TGF-β1 had little effect on the expression of MMP-2, MMP-3 and 
MMP-14, but it resulted in a significant dose-dependent decrease in 
MMP-16 gene expression and did not affect TIMP-2 expression [35]. 
In the rat rotator cuff repair model, the expression of MMP-9 and 
MMP-13 in the TGF-β1 treatment group was significantly lower than 
that of the control group at 2 weeks postoperatively [43]. Farhat, et al. 
[44] proposed that TGF-β1 produces plasminogen activator inhibitor 
1 (PAI-1) that inhibits the production of plasmin and MMP-2. These 
experiments show that the effect of TGF-β1 on the extracellular matrix 
is inclined to favor the production of ECM. However, the regulation of 
TGF-β1 on the extracellular matrix is complex and diverse and requires 
in-depth study (Figure 2). 

TGF-β1 Promotes Angiogenesis
A well-known feature of TGF-β1 in tendon tissue is its ability to 

stimulate collagen synthesis.  Less attention is paid to the fact that 
TGF-β1 can indirectly promote angiogenesis.  Healthy tendon tissue 
is an area lacking blood supply. After tendon injury, blood vessels are 
destroyed, and new blood vessels form new vascular network and 
granulation tissue to transport nutrients necessary for tendon repair 
[45].  The formation of new blood vessels is mainly mediated by 
vascular endothelial cell growth factor (VEGF). The up-regulation of 
VEGF expression in endogenous tendon cells plays an important role 
in the process of neovascularization and tendon repair [46].  TGF-β has 
been shown to up-regulate the expression of VEGF in many connective 
tissues [47-49].  In the rotator cuff tear model, TGF-β1 slows the 
expression of VEGF in the extracellular matrix of fibroblasts [50].  In 
vitro, experiments have shown that TGF-β1 secreted by platelets leads to 
an increase in VEGF of tendon cells and induces a potential angiogenic 
response [37].  The above suggests that TGF-β1 promotes angiogenesis 
by up-regulating VEGF, which may be one of the mechanisms by which 
TGF-β1 promotes tendon repair.

Conclusion 
TGF-β1 is an important regulator of tendon repair.  Accelerate the 

healing process of tendons by promoting cell proliferation, angiogenesis, 
collagen remodeling, etc.  However, while exogenous TGF-β1 promotes 
tendon repair, it also promotes inflammation, collagen synthesis, and 
extracellular matrix deposition, and at the same time causes tendon 

adhesion and scar formation.  The formation of adhesions causes the 
tendons to bond with each other and with surrounding structures, 
thereby preventing normal sliding motion.  Scarring causes the tendon 
tissue to weaken.  Studies have shown that anti-TGF-β1 neutralization 
reduces tendon adhesions and scars, but reduces the mechanical 
strength of tendons.  In the future, it is possible to in-depth study of the 
mechanism of TGF-β1 on tendon repair, so that the tendon can heal 
under the condition of intact function, and can reduce the formation 
of minimal adhesion.
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