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Abstract. Tendon injury is a common disorder of the 
musculoskeletal system caused by overuse or trauma. With 
increasing incidence of tendon injuries, it is necessary to find 
an effective treatment. Mesenchymal stem cells (MSCs) are 
attracting attention because of their high proliferative and 
self‑renewal capacity. These functions of MSCs show promise 
in treating a variety of diseases, including immune and muscu‑
loskeletal system disorder and cardiovascular disease, and 
show especially satisfactory effects in the treatment of tendon 
injury. First, since MSCs have multidirectional differentiation 
potential, they differentiate into specific cells after induc‑
tion in vivo and in vitro. Furthermore, MSCs have paracrine 
functions and can secrete biologically active molecules and 
exosomes such as cytokines, growth factors and chemokines 
to promote tissue repair and regeneration. In tendon injury, 
MSCs promote tendon repair through four mechanisms: 
Decreasing inflammation and promoting neovasculariza‑
tion and cell proliferation and differentiation. They are also 
involved in extracellular matrix reorganization by promoting 
collagen production and transforming type III collagen fibers 
to type I collagen fibers. The present review summarized 
preclinical experiments with different sources of MSCs and 

their mechanisms in tendon repair, as well as the limitations of 
MSCs in current clinical applications and directions that need 
to be explored in the future.

Contents

1. Introduction
2. MSCs and other cell therapy in tendon repair
3.  Structure, composition and mechanical properties of 

tendons
4. Sources of MSC in preclinical studies
5. Mechanisms of MSCs in tendon repair
6. Conclusion

1. Introduction

The tendon is composed of longitudinally arranged collagen 
fibers and a scattered distribution of spindle‑shaped tendon 
cells. Its primary function is to transmit the force generated 
by contraction of the muscles and to drive the movement of the 
bones (1). It is hypothesized that when the tendon is overused 
for a long time, bears a large load or is stretched repeatedly, 
many pathological changes will occur in the tendon including 
cell and extracellular matrix (ECM) lesions, increased proteo‑
glycan and damage to the collagen structure (2), which leads to 
tendon injury. In addition, other factors may also lead to tendon 
injury, including age, incorrectly performed exercise, previous 
injury, weight and medication (3). In recent years (4), injured 
athletes have accounted for the majority of injured people. 
Numerous athletes suffer from chronic tendinopathy due to 
overwork, especially those who play basketball, football and 
volleyball, as well as those who perform in the high jump. The 
injured areas include the Achilles and patellar tendon, rotator 
cuff and the tendons around the elbow joint, all of which result 
in inconvenience to the lives of those affected.

Many effective treatment methods (Fig. 1) have been 
employed in a number of clinical practices. Patients with tendon 
injury initially engage in conservative treatment, including 
eccentric training, shock wave therapy and injection therapy. 
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However, in 10% of patients, conservative treatment has no 
significant effect (5). For example, patients with partial tears of 
the supraspinatus tendon and shoulder pain lasting >3 months 
were treated with mesenchymal stem cell (MSC) injections at 
the lesion site. However, final treatment effect in terms of pain, 
shoulder function and tear size was smaller and less significant 
than the clinical effect of MSC injection compared with the 
control treatment (6). However, there is potential of MSCs in 
tissue regeneration. Therefore, surgical treatment, including 
open and arthroscopic surgery, is required for the small 
percentage of patients who do not do well with conservative 
treatment. Although the aforementioned treatment approaches 
have achieved good results in the treatment of tendon injury, 
they still cannot fully restore the composition, structure, and 
mechanical properties of the injured tendon (5).

In recent years, studies have shown that MSCs are a prom‑
ising treatment method. Many clinical trials have demonstrated 
that MSCs have good therapeutic effects (7‑9). Firstly, MSCs 
differentiate into targeted cell types, and under specific induc‑
tion conditions in vivo or in vitro, they can differentiate into 
tendon cells to stimulate tendon tissue regeneration. Secondly, 
they have a paracrine effect and can secrete cytokines and 
growth factors into neighboring cells, thereby promoting 
vascularization and cell proliferation in damaged tissue and 
helping to repair the damaged area (10). MSCs also have 
immunomodulatory properties and decrease the inflammatory 
response of damaged tissue (11). Additionally, MSCs have a 
wide range of sources; they can be isolated and prepared from 
bone marrow, adipose tissue, placenta, umbilical cord and 
other tissues. Overall, MSCs have numerous advantages over 
other conservative treatments such as NSAIDs, low level lasers, 
including strong multiplication capability, safety, economy and 
efficiency. The present review summarized the mechanisms, 
progress, and challenges of MSCs in the treatment of tendon 
injury based on published literature and provides support for 
future clinical practice and research.

Search strategy. References cited in the manuscript were 
retrieved from PubMed (pubmed.ncbi.nlm.nih.gov/), a data‑
base of papers on biomedical sciences. Some literature was 
also retrieved from the MEDLINE database (https://www.
webofscience.com/wos/medline/basic‑search). The keywords 
we applied in the search were: mesenchymal stem cells, 
tendon injury, exosomes, tendon repair, function. The Boolean 
algorithms we applied were: (‘mesenchymal stem cells’ 
or ‘exosomes’) and (‘tendon injury’ or ‘tendon healing’ or 
‘tendon repair’). The time frame of the searched literature 
was from 2000 to 2023. The inclusion and exclusion criteria 
for the literature were that articles were included if their topic 
was related to MSCs and tendon repair, and if the article was 
a review or an experimental paper. The search process is 
presented in Fig. 2.

2. MSCs and other cell therapy in tendon repair

Cell‑based tissue regeneration therapies are attractive and 
well‑explored therapeutic approaches, especially in the appli‑
cation of tendon repair (12,13). The most discussed cell‑based 
therapies include MSCs (from sources such as bone marrow, 
adipose, umbilical cord) and tendon, embryonic and induced 

pluripotent SCs (iPSCs) (14‑17). Tables I and II summarize 
the properties of MSCs and other cellular therapies in tendon 
repair and their characteristics.

MSCs are widely available, relatively simple to obtain 
and can be injected directly or following processing, purifi‑
cation and amplification. Several studies have shown that 
MSCs in the tendon are actively involved in the tendon repair 
process (15,18). They migrate to the injury site following tendon 
injury and secrete growth factors and other soluble cytokines 
that induce cell proliferation and regulate signaling, in addi‑
tion to enhancing the tendon‑forming properties of tendon 
stem/progenitor cells (TSPCs), thereby promoting tendon 
repair (19). Studies have showed that the efficiency of differ‑
entiation of MSCs into tendon cells could be better improved 
by injecting growth factors such as bone morphogenetic 
protein‑12 (BMP‑12), growth/differentiation factor‑5 (GDF‑5) 
and TGF‑β compared to treatment with MSCs alone (20,21). 
There are numerous studies on the use of exogenous MSCs 
of different sources in tendon repair following injury through 
intravenous or topical wound injection, bioengineered scaffolds 
and gels (22‑24). For example, Smith et al (25) injected bone 
marrow MSCs (BMSCs) into racehorses with tendon injury; 
after 6 months of treatment, the tendons of racehorses showed 
enhanced biomechanics, morphology and normalization of 
extracellular matrix (ECM) component of the tendon (25). In 
particular, adipose‑derived MSCs (ADSCs) show advantages 
over other sources of BMSC in terms of decreased donor 
morbidity and avoiding ethical concerns. Therefore, it has a 
high value in the treatment of tendon injuries (26).

The tendon also contains a small population of resident cells 
that maintain homeostasis of tendon growth and repair (27). 
Similar to other SCs, these TSPCs have the capacity to undergo 
self‑renewal and multidirectional differentiation. Numerous 
studies have exploited this feature to promote the self‑prolif‑
eration of TSPCs and induce differentiation to tendon cells by 
injecting growth factors such as TGF‑β and basic fibroblast 
growth factor (bFGF) in vivo or creating hypoxic states in vitro. 
Subsequently, TSPCs upregulate IL‑10 and TIMP‑3 through 
the JNK/STAT signaling pathway, thus playing a regulatory 
role in inflammation and tendon remodeling (16,28). However, 
alterations in the tendon microenvironment following injury 
may lead to misdifferentiation of TSPCs to chondrocytes, 
osteoblasts and adipocytes, resulting in failure of tendon 
healing (29). There are many triggers that lead to misdiffer‑
entiation, including age‑associated cellular aging, mechanical 
stretch stimulation >8% and some inflammatory factors such 
as prostaglandin E2 (PGE2) (30,31). Understanding the factors 
that induce TSPC (mis)differentiation may facilitate use of 
TSPCs in the treatment of tendon injuries.

Embryonic SCs (ESCs) are isolated from early embryos 
(before protointestinal embryonic stage) that have properties 
of unlimited proliferation, self‑renewal and multidirectional 
differentiation (32). ESCs can be induced to differentiate into 
almost all cell types, both in vitro and in vivo. Therefore, 
they have potential in regenerative medicine (17). It has been 
shown that human ESCs can be induced to differentiate into 
tendon‑like cells by the addition of exogenous BMP‑12, GDF‑7 
and BMP‑13 (33). It has also been shown that tendon injury sites 
treated with ESCs recover better and collagen fibers can be 
restored to a more normal linear fiber pattern compared to other 
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cellular therapies (33). However, there are concerns regarding 
the use of ESCs. First, ESC isolation destroys the embryo, which 
may be considered a violation of bioethics. Despite the potential 
use of ESCs in both basic research and clinical applications, 
research on ESCs and their applications is prohibited in some 
countries, such as the United States and some European coun‑
tries where religious organizations are prevalent (14). ESCs can 
theoretically be induced into various types of somatic cells for 
tissue regeneration. Therefore, there is a risk of teratoma forma‑
tion following application of ESCs for treatment (34). Teratomas 
consist of three embryonic germ layers, which are due to residual 
undifferentiated cells in the transplanted population. Therefore, 
it is necessary to remove residual undifferentiated stem cells 
from ESCs before application (35). Similar to ESCs, iPSCs) can 
be prepared from the patient's own somatic cells, thus avoiding 
immune rejection (36). Compared with ESCs, iPSCs can be 
obtained from more convenient sources, such as fibroblasts and 
hepatocytes, and do not involve ethical concerns. In horses, the 
application of iPSCs promotes tendon tissue regeneration and 
significantly decreases the frequency of re‑injury (37). However, 
since iPSCs have the ability of multidirectional differentiation, 
there is also a risk of teratoma formation (38). In addition, the 
time and cost required to prepare iPSCs may prevent them from 
becoming a therapeutic option.

3. Structure, composition and mechanical properties of 
tendons

Tendons are dense tissues that connect muscle and bones. 
Their unique composition and structure give them appropriate 
mechanical properties (39). Therefore, understanding of the 
association between the composition, structure and mechan‑
ical properties of normal tendons can help to prevent tendon 
injury and select the most appropriate method for treatment.

In terms of ultrastructure, tendons are hierarchical struc‑
tures with a regular arrangement of collagen fibers (40). This 
hierarchical structure provides ideal load‑bearing and tensile 
force transmission properties (41). The smallest structural 
unit of the tendon is the fibril, with a diameter of 20‑500 nm, 
consisting of rod‑shaped collagen molecules (42). Electron 
microscopy in the absence of load shows fibrils become 
‘crimped’. This is thought to be due to a non‑linear change in 
the strain‑stress curve caused by small tensile forces at low 
strains. Studies have shown that this change can be effective 
for cushioning and shock absorption in tendons (43,44). The 
fibrils are cross‑linked to form a stable structure, referred 
to as a collagen fiber. Multiple collagen fibers reassemble to 
form the tendon fascicle, which is the largest structural unit 
of the tendon. The tendon fascicle is a tubular‑like structure 

Figure 1. Effective treatment for tendon injury. These treatments are mainly divided into surgical and non‑surgical treatments.
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150‑500 µm in diameter, aligned parallel to the long axis of 
the tendon. Each fascicle is surrounded by connective tissue 
called the endotenon, thus forming a complete tendon struc‑
tural unit (45). The tendon is covered with a layer of connective 
tissue attached to the endotenon called the epitenon. The 
epitenon effectively reduces friction between the tendon and 
adjacent tissue (46). In addition, there are nerves and blood 
and lymphatic vessels on the endotenon and epitenon, which 
serve a key role in development of the tendon. A layer of loose 
connective tissue, called paratenon, surrounds the tendon away 
from the joint area. During joint movement, the paratenon 
facilitates the smooth gliding of the tendon and completion of 
the movement (47). Normal tendons consist of collagen, water, 
proteoglycans, glycoproteins, cells and other components (48). 
Type I collagen is the primary component of tendons and is also 
the main element in connective tissue responsible for transmit‑
ting force (49). Type III collagen is less abundant in normal 
tendons (50). Due to its rapid cross‑linking properties, type III 
collagen increases rapidly following tendon injury, allowing 
for rapid repair in the injured area and tendon healing (51). 
In addition to containing high amounts of type I and type III 
collagen, collagen fibers expressed at lower levels, including 
types V, VI, XI, XII and XIV, serve key roles in regulating the 
biological properties of fibers in terms of diameter, number 
and density (52‑54). Tendons also contain a large amount of 
water; studies have shown that the higher the water content, 
the lower the stiffness of tendons (55,56).

In addition to collagen, non‑collagenous glycoproteins, 
proteoglycans, elastin, and other components of the ECM 
also play important roles in the growth and development 
of tendons (57). Non‑collagenous glycoproteins mediate 
signaling between TSPCs and muscle, thereby promoting 
maturation of the tendon‑muscle junction and maintaining 
tendon stability (58). Proteoglycan is an important component 

of extracellular matrix (59); it mainly regulates the diameter 
of linear and lateral fibers during the later stage of tendon 
development and cooperates with growth factors to regulate 
cell proliferation, thus promoting collagen production (60,61). 
Glycoproteins are part of the ECM; cartilage oligomeric 
matrix protein (COMP) is the most abundant glycoprotein in 
tendons. The amount of COMP is positively associated with 
tensile stress and stiffness (62). Tenascin‑C is glycoprotein 
expressed at low levels that is primarily present in locations 
where the tendon is subjected to higher load (63). Tenascin‑C 
maintains mechanical properties of the ECM by interacting 
with collagen fibers (64). Different numbers of elastic fibers 
are found between tendon fascicles and around tenocytes; 
multiple elastic fibers surround groups of tenocytes and travel 
longitudinally along tendon, whereas fibers present between 
fascicles form a loose mesh‑like organization oriented in 
the transverse direction (65); these play important roles in 
maintaining tendon strength and conferring elasticity to tissue 
such as ligaments, aorta and skin (66). Thus, elastin fibers may 
contribute to recovery of fibers to their original form after 
stretching (46).

Tendon cells are primarily divided into two categories. 
Tendon cells present between collagen fibers, known as 
tenocytes, are the main cells in the tendon tissue. These 
produce ECM components such as collagen, fibronectin 
and proteoglycans, and therefore serve an important role 
in maintaining tendon homeostasis (67). Furthermore, 
tenocytes increase expression levels of the junctional and 
stress fiber components when exposed to tensile load. 
Thus, in tendinopathy, loading with an appropriate tensile 
load promotes recovery of mechanical properties of the 
damaged tendon (68). Another group of cells located in 
the interfascicular matrix (IFM) is called interfascicular 
cells (69). Interfascicular cells are round in shape and are 
more densely distributed compared with tenocytes. They 
are also more metabolically active because of faster protein 
turnover in the IFM (47). Marr showed that CD146+ cells 
are interfascicular cells (70). Following injury to a rat 
Achilles tendon, CD146+ cells migrate toward the injury 
on days 4 and 7 and to fill the wound on day 21 after the 
injury (70). Studies have demonstrated that CD146+ cells 
promote cell proliferation through mTORC2 signaling and 
thus serve a role in tendon repair (71,72). CD146+ cells also 
bind Laminin α4 and may play a role in the resolution of 
inflammation but the exact mechanism of action is currently 
unknown (73). The presence of interfascicular cells may 
be key for maintaining tendon function but their exact 
mechanism of action requires further study. In addition to 
the aforementioned cells, other cells are present in tendons, 
such as chondrocytes, synovial cells and tendon SCs (46). 
Among them, the recently identified tendon SCs have good 
ability to maintain homeostasis of tendons and promote 
repair of tendinopathy (74). Tendon SCs have the ability 
to self‑renew and differentiate into tendon cells (75). Their 
differentiation into tendon cells is promoted at low levels 
of mechanical stretch (4%) and produces collagen, thereby 
promoting remodeling of the tendon ECM. However, at 
high mechanical stretch (8%), tendon SCs are induced to 
differentiate into non‑tendon cells, such as adipocytes, 
chondrocytes and osteocytes, resulting in histopathological 

Figure 2. Article retrieval and inclusion and exclusion criteria. MSC, mesen‑
chymal stem cell.
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features of lipid deposition, proteoglycan accumulation and 
calcification in the tendon, thus leading to the development 
of tendinopathy (76).

Because of the unique layered structure and composition, 
tendons have characteristic biomechanical properties such 
as high mechanical strength and viscoelasticity (46). The 
unique mechanical properties of tendons are reflected in a 
stress‑strain curve composed of four regions. In the initial 
area when the tendon is stretched <2%, the curled fiber is 
straightened. When the degree of stretch is 2‑4%, it is referred 
to as the linear area. As the tendon is stretched, the stiffness 
of fibers increases rapidly and they distort in a linear manner. 
The slope of this region is called the Young's modulus of 
the tendon and is used to express the stiffness of the tendon. 
When a tendon is stretched >4%, microscopic tears occur in 
the fibers. Tendons undergo significant tissue damage when 
subjected to >8% strain and continued stretching leads to 
tendon rupture (46). Tendons have several other mechanical 
properties, including non‑linearity, viscoelasticity, and hetero‑
geneity (77). Viscoelasticity may result from the interaction 
between collagen, water and proteoglycan (78). Viscoelasticity 
is important for load transfer in tendons. Tendons are more 
prone to deformation at low strain rates and are less effec‑
tive in transferring loads. At high strain rates, tendons are 
less prone to deformation with higher stiffness and are more 
effective at transmitting larger loads (79). Thus, the unique 
mechanical properties of tendons are key to their function of 
carrying and transmitting loads. The high levels and regular 
arrangement of collagen create high tensile strength required 
to provide efficient load transfer. However, it is not clear how 
small changes in the structure and composition of the tendon 
lead to changes in mechanical properties.

4. Sources of MSC in preclinical studies

MSCs are considered to be ‘medicinal cell factories’ that are 
capable of secreting a range of bioactive molecules, either in the 
form of soluble biofactors or through MSC‑exosomes (Exos), 
which have functions in immunomodulation, anti‑apoptotic 
activity, and promoting synthesis of ECM components, such as 
collagen (80). MSCs have been used in regenerative medicine 
since their discovery in the late 1960s (80). MSCs are isolated 
from a number of tissues, including adipose, muscle, tendon, 
synovial sac, dental pulp, skin, lung, placenta and umbilical 
cord (11). Furthermore, MSCs self‑renew and differentiate to 
produce specialized cell types such as chondrocytes, muscle 
cells, and skin cells (82). MSCs derived from BM and adipose 
are most frequently used in the treatments of tendon injury as 
they exhibit self‑renewal, multidirectional differentiation, and 
paracrine functions. And they can also lead to tendon healing 
and functional improvement through minimally invasive 
treatment approaches (83). The effect of MSCs from different 
sources in tendon healing is summarized in Table III.

MSCs were originally isolated from BM (84). BMSCs 
are usually obtained from the iliac crest by minimally inva‑
sive puncture and isolated by density centrifugation (85). 
Chong et al (86) identified two roles of BMSCs in tendon 
healing. BMSCs secrete growth factors and promote tendon 
healing by differentiating into tenocytes and participating 
in collagen synthesis and remodeling. However, activity of 
alkaline phosphatase is increased after treatment of tendon 
injury using BMSCs, which leads to the formation of ectopic 
bone (84,87) and impedes tendon healing.

In recent years, more attention has turned to ADSCs 
because they are easier to isolate compared to other sources of 

Table I. Properties of MSCs and other cell therapy in tendon repair.

  Multidirectional Paracrine Infinitely
SC Self‑renewal differentiation function  proliferating (Refs.)

Mesenchymal Yes Yes Yes No (15,19)
Tendon stem/progenitor Yes Yes No No (16,28,239)
Embryonic Yes Yes No Yes (17)
Induced pluripotent No Yes No No (38)

MSC, mesenchymal stem cell.

Table II. Characteristics of MSCs and other cell therapy in tendon repair.

SC Advantages Disadvantages

Mesenchymal Relatively easy to obtain Possibility of heterotopic ossification; ethical concerns
Tendon stem/progenitor More induction methods Low levels in the body; possibility of misdifferentiation
Embryonic Easily differentiate into multiple cell types Ethical concerns; risk of teratoma formation
Induced pluripotent Easily differentiate into multiple cell types Risk of teratoma formation; longer preparation time 
  and higher cost

MSC, mesenchymal stem cell.
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MSCs. And because BMSCs need to be collected using a trocar 
to drill through the iliac crest, while ADSCs can be collected 
using only minimally invasive liposuction techniques, this is 
easier and less painful for the patient. In addition, over time, 
the donor site providing BMSCs is prone to pain and stiff‑
ness, whereas ADSCs have a much lower incidence (15,88,89). 
Specifically, adipose tissue is easily aspirated from abdominal 
subcutaneous adipose; collected tissue is passed through 
specific systems including forming, granulating, cutting, 
purification, centrifugation, nitrification, absorption of anti‑
microbial or antitoxin arrangements, cleansing, partition, and 
lyophilization to obtain ADSCs (90,91). Furthermore, ADSCs 
can be obtained from autologous or allogeneic sources, but 
ADSCs isolated from autologous adipose tissue are the best 
candidates for the treatment of tendon injuries because they 
do not induce immune rejection after application in injured 
tendons (92). Studies have detected transcription factors 
associated with hypoxia, such as hypoxia‑inducible factor‑1 
(HIF‑1), in models of ruptured Achilles tendon that show 
ectopic ossification; therefore, hypoxia may be associated with 
formation of cartilage in tendons (93,94). Adding ADSCs in 
the early stage of tendon healing can reverse or prevent hypoxia 
by inhibiting inflammation and promoting formation of new 
blood vessels to inhibit occurrence of heterotopic ossifica‑
tion (95). Consequently, ADSCs have advantages over BMSCs 
in the treatment of tendon injury. In addition, compared with 
MSCs from other sources, ADSCs enhance tenogenic proper‑
ties of tendon resident cells, increase the ratio of collagen I/III 
and promote repair of ECM (15). These characteristics make 
ADSCs promising in tendon healing.

5. Mechanisms of MSCs in tendon repair

MSCs secrete biologically active soluble factors (cytokines, 
growth factors, chemokines, MSC‑Exos) to accelerate healing 
of tendons (96,97). MSC‑Exos are extracellular vesicles (EVs) 
containing complex RNAs and proteins that target cells via 
endocytosis, membrane fusion or receptor‑ligand interactions 
and are key paracrine factors for MSCs. MSC‑Exos serve 
important roles in immune regulation, apoptosis and tissue 
regeneration in numerous types of disease such as osteoar‑
thritis (98). In recent years, there have been numerous studies 
on the use of MSC‑Exos in tendon repair (99‑101). MSC‑Exos 
serve roles in tendon repair by regulating biological factors and 
activating signaling pathways (102). For example, MSC‑Exos 
inhibit the inflammatory response, primarily by promoting 
AMPK signaling (103). The angiogenesis phase, which is 
important for tendon healing, also involves MSC‑Exos, which 
secrete growth factors such as vascular endothelial growth 
factor (VEGF), which is associated with angiogenesis (104). 
In addition, MSC‑Exos play a key role in subsequent cell 
proliferation and collagen synthesis. MSC‑Exos promote 
proliferation and differentiation of tenocytes by activating 
the SMAD signaling pathway and increasing the ratio of 
type I/III collagen genes, thereby promoting type I collagen 
synthesis (105,106). Other growth factors secreted by MSCs 
that serve important roles in tendon repair include insulin‑like 
growth factor‑I, TGF‑β, platelet‑derived growth factor (PDGF) 
and bFGF. These growth factors promote tendon repair by 
participating in intercellular messaging, as well as signaling 

pathways during the three phases of tendon healing: inflamma‑
tion, proliferation, and remodeling (10,107). The biologically 
active soluble factors secreted by MSCs and their effects on 
the molecular structure of the tendon are presented in Fig. 3. 
In addition, mechanical stimulation induces MSCs to differen‑
tiate into tenocytes, thereby accelerating the repair of tendon 
tissue (108,109). For example, in Zhu's (110) experiments, 
a mechanical stretching force of 10% was applied to MSCs 
and stimulated for 6 h with 30 cycles per minute. However, in 
Kasper's (111) experiments, he applied a mechanical load of 
10 kPa to MSCs at a frequency of 1 Hz for 72 h of stimulation.

MSCs decrease the inflammatory response. After tendon 
injury, the injury site may show signs of pain, exudation, 
redness and dysfunction (112). Although studies have shown 
that tendon injury is a degenerative condition caused by exces‑
sive use of tendons and does not involve inflammatory cells, 
there is mounting evidence that inflammatory factors serve 
an important role following tendon injury (113‑115). Tendon 
healing involves three phase: Inflammatory, proliferative and 
remodeling phase (116). The inflammatory phase removes 
necrotic cells and creates a temporary ECM to prepare for 
proliferation and differentiation of new tenocytes in the subse‑
quent repair process. The immune system begins to recruit 
immune cells, such as macrophages and mast cells. It also 
starts to secrete cytokines such as IL‑1β, IL‑4 thus stimulating 
cell proliferation and tissue remodeling. These inflammatory 
responses are directed by type I (pro‑inflammatory) and 
type II (anti‑inflammatory) immune regimens (117). S100A9, 
an alarmin that can form calprotectin (CP) heterodimers with 
S100A8, is mainly produced by keratinocytes and innate 
immune cells. In the type I immune response, S100A8 and 
S100A9 serve as alarm elements that are released into the 
extracellular environment by necrotic cells or activated 
immune cells (118). This leads to enhanced recruitment of 
immune cells [T helper (Th)1 T, neutrophils, M1‑type macro‑
phages] and promotes release of pro‑inflammatory factors 
such as tumor necrosis factor‑α (TNF‑α), IFN‑γ, IL‑1β and 
inducible nitric oxide synthase (iNOS) from tendon cells (119). 
Subsequently, downstream inflammatory signaling pathways 
such as NF‑κB and NLRP3 are activated, regulating inflam‑
matory gene expression and transcription (120,121). The 
presence of pro‑inflammatory factors breaks down ECM and 
promotes new ECM deposition (122). To prevent the excessive 
pro‑inflammatory type I immune response, the body activates 
the type II immune anti‑inflammatory response by secreting 
IL‑4 or IL‑33 from damaged cells (123). The release of IL‑33 
triggers downstream responses from macrophages, T regula‑
tory cells (Tregs) and other intrinsic immune cells (124). Tregs 
can produce IL‑10, which acts as a key anti‑inflammatory 
factor to resolve inflammation caused by the type I immune 
response. IL‑4 also promotes conversion of naive CD4 T cells 
and macrophages to Th2 cells and M2‑type macrophages, thus 
exerting anti‑inflammatory effects (125).

Chemokine receptors are expressed by MSCs; MSCs 
detect inflammation signals through chemokine receptors 
and migrate to them. Under stimulation of pro‑inflammatory 
factors, MSCs exert immunomodulatory effects by secreting 
immunomodulatory mediators such as chemokines, cytokines 
and growth factors (Fig. 4). For example, TGF‑β1, IL‑6 and 
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PGE2 inhibit proliferation of Th1 and Th17 cells, M1‑type 
macrophages and other pro‑inflammatory cells (126). MSCs 
also express and secrete soluble factors such as PGE2, TGF‑β 
and hepatocyte growth factor. These factors induce prolifera‑
tion of Tregs, thereby controlling inflammation (127).

EVs secreted by MSCs (MSC‑EVs) play an important 
role in the anti‑inflammatory response. The inflammatory 
response at the injury site stimulates MSCs to secrete EVs. 
MSC‑EVs target macrophages and decrease NF‑κB activity 
and IL‑1β expression, thereby decreasing inflammation in the 
early stage of tendon repair (128). IL‑1 is a key inflammatory 
cytokine (129). It plays an important role in degrading ECM, 
inhibiting tendon cell marker expression and inducing pain. 
Following tendon injury, inflammatory factors such as IL‑1 and 
TNF‑α are released by inflammatory cells such as neutrophils 
and macrophages during the exogenous healing phase (130). 
IL‑1β downregulates gene expression of early growth response 
gene 1 and type I and III collagen while upregulating expres‑
sion of MMP1, 3, 8, and 13 (131). MMPs mediate catabolism of 
collagen, leading to sustained tissue degradation (132). In addi‑
tion, IL‑1β downregulates expression of tendon cell markers 
scleraxis (SCX) and tenomodulin (TNMD), which leads to a 
decrease in ultimate tensile strength and elastic modulus of 
the repaired tendon (133). In damaged tissues, PGE2 acts to 
promote vasodilation and elicit a pain hypersensitivity response. 
IL‑1β accelerates the conversion from PGH2 to PGE2 and 
causes an increase in pain by enhancing expression of prosta‑
glandin E synthase (134). This suggests that IL‑1 serves a key 
role in the development of the inflammatory response. After 

IL‑1 and TNF‑α are released, they bind to toll‑like receptor 
4 (TLR4) on the cell membrane (135). The polymerization of 
TLR4 enables signal transduction into cells; there is a toll/IL‑1 
receptor region in the cell membrane of TLR4 that binds to the 
carboxy terminus of myeloid differentiation primary response 
gene 88 (MyD88) (136). The amino‑terminal death domain 
of MyD88 binds to the amino‑terminal death domain of IL‑1 
receptor‑associated kinase (IRAK). This promotes the phos‑
phorylation of IRAK and acquisition of free IRAK1, 2 and 4, 
which in turn activates TNF‑α receptor‑associated factor 6 
(TRAF‑6). TRAF‑6 binds to NF‑κB kinase and phosphory‑
lates the β subunit (IKKβ), thereby activating the IκB kinase 
(IKK) complex (137). IKK induces IκB phosphorylation at 
residues Ser32 and Ser36 of IκBα and residues Ser19 and 
Ser23 of IκBβ via the 26S proteasome (138). IκB is an inhibi‑
tory protein of NF‑κB, which binds to NF‑κB dimer to inhibit 
its activity. IκB is degraded, which results in entry of p50‑p65 
complex into the nucleus to initiate expression of downstream 
genes regulated by NF‑κB (139,140). NF‑κB serves as a 
powerful pro‑inflammatory signaling pathway that drives 
the production of pro‑inflammatory cytokines, including 
IL‑1, IL‑6, C‑C motif chemokine ligand 2 and TNF‑α. These 
inflammatory factors reactivate NF‑κB activity so there 
is often a persistent inflammatory response during tendon 
healing (141). The persistent inflammatory environment has a 
negative impact on tendon healing and leads to tissue adhesion 
during the collagen remodeling phase (142). MSCs‑Exos can 
downregulate phosphorylated (p‑)P65 by secreting microRNA 
(miR)‑23a‑3p (143). While NF‑κB is a typical heterodimer, its 

Figure 3. Biologically active soluble factors released by MSCs act on the molecular structure of tendons. MSC, mesenchymal stem cell; PDGF, platelet‑derived 
growth factor; bFGF, basic Fibroblast Growth Factor; TGF, Transforming Growth Factor; GDF, Growth Differentiation Factor; EGF, Epidermal Growth 
Factor; BMP, Bone Morphogenetic Proteins. MSCs are involved in intercellular messaging by secreting exosomes, growth factors such as PDGF, bFGF, TGF‑β. 
They also play a role in the three healing processes of angiogenesis, cell proliferation and matrix remodeling in tendon healing.
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common structure is a complex composed of proteins P65 and 
P50; MSCs‑Exos directly inhibits NF‑κB activity by down‑
regulating activity of p‑P65 (144). In addition, Shen et al (128) 
showed that ADSC EVs inhibit NF‑κB activity in an indirect 
manner by inhibiting IL‑1β secretion via macrophages, thereby 
blocking IL‑1β‑induced activation of the NF‑κB signaling 
pathway.

MSC‑Exos have been shown to reduce inflammatory cell 
infiltration (129). MSC‑Exos may act by promoting the AMPK 
signaling pathway. β‑catenin is a protein that accelerates the 
inflammatory response and is an effector of Wnt signaling. 
MSC‑Exos maintain a stable metabolic environment in 
tendon cells by promoting AMPK signaling while inhibiting 
the Wnt/β‑catenin signaling pathway, thereby decreasing the 
inflammatory response and promoting tendon healing (145). 
In injured tendon tissue, inflammatory cell infiltration is 
dominated by macrophages, which are primarily divided into 
phenotypes M1 and M2 (8). M1 macrophages have pro‑inflam‑
matory effects. Together with leukocytes and other cells, they 
secrete pro‑inflammatory factors such as IL‑1β and TNF‑α. 
They promote the inflammatory response, while the increase 
in IL‑1β leads to production of MMPs and decreased type I 
collagen, which in turn leads to the breakdown of ECM (95). 
M2 macrophages have anti‑inflammatory effects. MSC‑Exos 
secrete miR‑23a‑3p and target IFN regulatory factor 1, 
which has been reported to be a key regulator of inflamma‑
tion and M1 macrophage polarization (143). Markers of M1 
macrophages (iNOS, IL‑6, IL‑1β and TNF‑α) are significantly 
decreased after treatment with MSC‑Exos, while markers of 

M2 macrophages (CD163, IL‑10, TGF‑β and Arginase 1) are 
increased. These results suggest that miR‑23a‑3p secreted by 
MSC‑Exos mediates macrophage polarization (143). During 
inflammation, released cytokines promote expression of iNOS 
or indoleamine 2,3‑dioxygenase (IDO) in MSCs. IDO regu‑
lates immune activity by inducing monocytes to differentiate 
into M2 macrophages, thereby decreasing inflammation (126). 
Additionally, M2 macrophages inhibit inflammation via immu‑
nosuppressive cytokines, such as IL‑10 and IL‑4, secreted by 
MSCs (146), which promote the proliferation of tenocytes 
and tissue repair and guide remodeling of the ECM (119). 
However, while MSCs exert anti‑inflammatory effects, they 
also promotes the infiltration of monocytes, macrophages and 
neutrophils to the inflammation site in a chemokine‑dependent 
manner, thereby promoting progression of inflammation (126). 
Although this effect seems to be contradictory, it is key to 
maintain the balance between pro‑ and anti‑inflammatory 
responses. A study used MSCs‑EVs to culture M2 macrophages 
in vitro to generate EV‑educated macrophages (EEMs) (147). 
The injection of EEMs into the injured site tendon accelerates 
healing and significantly improves tendon function and regen‑
eration. Additionally, the anti‑inflammation effect is greater 
compared with direct injection of MSCs or MSCs‑EVs. This 
provides a potential novel approach for the treatment of tendon 
injury because EEMs are terminally differentiated and do 
not proliferate or differentiate into undesirable cell types. In 
addition, IL‑10 and IL‑6 are expressed at high levels in EEMs, 
while IL‑12 and TNF‑α are expressed at low levels (147). This 
serves a key role in controlling inflammation during tendon 

Figure 4. MSCs exert immunomodulatory effects by secreting immunomodulatory mediators and extracellular vesicles. MSCs exert immunomodulatory 
effects by secreting immunomodulatory mediators such as chemokines, cytokines and growth factors. TGF‑β1, IL‑6 and PGE2 inhibit proliferation of Th1 
and Th17 cells, M1‑type macrophages and other pro‑inflammatory cells. MSCs also express and secrete soluble factors such as PGE2, TGF‑β and hepatocyte 
growth factor. These factors induce proliferation of Tregs, thereby controlling inflammation. Also MSCs can promote the conversion of macrophages from 
a pro‑inflammatory M1 type to an anti‑inflammatory M2 type by secreting biologically active ingredients. MSC, mesenchymal stem cell; Th, T helper cells; 
Treg, regulatory T cells; HGF, Hepatocyte growth factor.
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healing. The proliferation phase only begins when necrotic 
tissue and waste products are removed from the injured site in 
the inflammatory phase (148).

MSCs promote angiogenesis. Tendons have a specific struc‑
ture with lower metabolic demands compared with other tissue 
and therefore have lower cellular and vascular content (149). 
However, tendons are surrounded by a rich network of blood 
vessel. Degenerative lesions of tendons tend to occur in areas 
with decreased vascularity and decreased blood supply can lead 
to hypoxia (150). Hypoxia is one of the most common environ‑
mental stresses experienced by cells and serves an important 
role in the early stages of tendinopathy (151). Following 
tendon injury, decreased tissue perfusion and increased 
energy demands lead to a lack of oxygen and nutrients in local 
tissue, which in turn creates a hypoxic environment (152). 
In tenocytes, hypoxia induces expression of key cytokines 
and pro‑inflammatory molecules, including platelet‑derived 
growth factor, IL‑6, IL‑8 and platelet‑activating factor, 
which may disrupt the balance of ECM repair (153). HIF‑1 
is a heterodimer composed of subunits HIF‑1α and HIF‑1β. 
HIF‑1α is ubiquitous in cells and plays an important role in 
intracellular hypoxia response (154). During hypoxia, the 
activity of hydroxylase such as Prolyl Hydroxylase (PHD) and 
factor‑inhibiting hydroxylase, is inhibited, which activates the 
NF‑κB signaling pathway (155). At the same time, the activated 
NF‑κB pathway leads to upregulation of HIF mRNA levels, 
which further promotes the activation of signaling. HIF‑1 can 
induce expression of NF‑κB target genes, including cyclo‑
oxygenase‑2, TNF‑α, IL‑6 and macrophage phagophageal 
inflammatory protein‑2, which leads to the continued develop‑
ment of inflammation (155). Thus, decreased vascularity in 
injured tendons and a hypoxic state induce an inflammatory 
response in tendon cells and lead to decreased synthesis of 
collagen matrix. Moreover, the recovery process takes longer 
in less vascularized tissue, with a greater likelihood of 
re‑injury occurring before full recovery (156). Therefore, it is 
key to promote neovascularization in tendon repair.

MSCs secrete VEGF to enhance the proliferation and 
differentiation of vascular endothelial cells, thereby directly 
promoting angiogenesis (157‑159). Studies have identified 
numerous cytokines that promote blood vessel formation, 
such as VEGF, PDGF and bFGF; VEGF has been proven 
to act on vascular endothelial cells (160,161). Angiogenesis 
is caused by the degradation of the basement membrane by 
MMPs. In the early stages of tendon healing, high levels of 
VEGF are secreted after injection of MSCs and its receptors 
are highly expressed (162). VEGF stimulates the expression 
of MMPs, accelerates degradation of the basement membrane 
and ECM components and initiates migration of endothelial 
cells. Subsequently, it responds to locally produced factors 
such as PDGF and bFGF, promoting development of capil‑
lary structure and forming an anastomosis with other blood 
vessels (163,164). VEGF may be considered the most effect 
mitogen promoting vascular growth. After VEGF secreted by 
MSCs binds to receptors VEGFR 2 and vascular endothelial 
growth factor receptor 1 (Flt‑1) on endothelial cells with high 
affinity, it directly stimulates proliferation of vascular endo‑
thelial cells, inducing their migration and leading to formation 
of new blood vessels. At the same time, it can increase the 

permeability of capillaries (165). The ability to drive angio‑
genesis is significantly enhanced after culturing MSCs under 
hypoxic conditions (166,167). This is because hypoxic condi‑
tions inhibit cellular senescence, increase cell proliferation 
and enhance the differentiation potential of MSCs. Thus, 
the biological activity of MSCs is significantly increased in 
hypoxic environments, while hypoxia activates the angiogenic 
pathway by regulating the paracrine function of MSCs, leading 
to enhanced secretion of growth factors, including VEGF and 
IL‑6 (168,169).

Studies have also shown that MSC‑Exos deliver biologi‑
cally active molecules, including microRNAs (miRs), to 
endothelial cells and mediate angiogenesis (129,170). miR‑30b 
serves a key role in MSC‑mediated angiogenesis. Delta‑like 
protein 4 (DLL4), an miR‑30 family target, is responsible 
for regulating blood vessel growth and branching during 
angiogenesis (171). In addition, miR‑125a is a key factor in 
promoting angiogenesis. In the early stages of tendon healing, 
MSC‑Exos promote secretion of MMP2 and miR‑125a, which 
targets endothelial cells, thereby increasing endothelial cell 
migration and leading to increased angiogenesis, thereby 
accelerating tendon healing (172). MSCs promote endothelial 
cell proliferation via paracrine cytokines and MSC‑Exos to 
increase blood vessel formation, which is necessary in tendon 
healing. The formation of new blood vessels ensures that 
sufficient nutrients, such as oxygen and growth factors, are 
provided to the injured area (150,173).

MSCs stimulate proliferation and migration of tenocytes. 
Tenocytes (also known as tendon fibroblasts) are the primary 
cells in tendons. They produce ECM components such as 
collagen, fibronectin and proteoglycans; thus, tenocytes play 
a crucial role in maintaining the stability of the ECM (67). 
During the proliferative phase of tendon healing, tenocytes 
gradually move to the injury site and proliferate, while 
production of collagen and glycoprotein increases to promote 
tissue regeneration (77). However, the proliferation and 
remodeling phases of tendon healing are usually slow due to 
low levels of tenocytes, as well as the relatively poor blood 
supply due to the low vascularity in the tendon, resulting 
in a mismatch between the rates of production of ECM 
components and tendon healing, which eventually leads to 
incomplete recovery of mechanical properties (174). Studies 
have identified another cell population in tendons, TSPCs, 
which account for 1‑4% of the total number of cells within 
the tendon (85,175). TSPCs differentiate into tenocytes as 
well as chondrogenic, osteogenic and adipogenic lineages 
following induction in vitro and may then form tendon, 
cartilage, bone and tendon‑bone junction tissues in animal 
models (176,177). Injection of TSPCs into a rat model of 
Achilles tendon injury shows strong healing ability (178). 
TSPCs are primarily responsible for the rapid replenishment 
of tenocytes after tendon injury to maintain numbers of teno‑
cytes (179). However, the limited number of TSPCs isolated 
from tendon tissue requires expansion in vitro; this process 
may lead to genetic drift, which negatively affects prolif‑
eration and differentiation into tenocytes (180). Therefore, 
during in vitro amplification of TSPCs, the construction of a 
medium suitable for the amplification and survival of TSPCs 
is crucial for tendon regeneration.
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Therapeutic approaches have focused on expansion of 
endogenous TSPCs and tenocytes by MSCs, as well as secretion 
of growth factors that induce TSPC differentiation to promote 
tendon regeneration (181). MSCs promote activation of protein 
kinase B (Akt) and extracellular signal‑regulated kinase 
(ERK)‑1/2, which are involved in tenocyte proliferation and 
migration via MEK/ERK1/2 and PI3K/Akt signaling (182). In 
addition, MSCs‑Exos can promote activation of SMAD2/3 and 
SMAD1/5/9 signaling pathways, which significantly increases 
expression of TNMD, type I collagen and SCX protein (183). 
SCX and Mohawk are the major tendon cell‑specific tran‑
scription factors that support matrix generation, tenocyte 
proliferation and differentiation. Moreover, they inhibit the 
differentiation of non‑tendinous lineages including osteo‑
genesis, chondrogenesis, and adipogenesis, thus promoting 
proliferation and differentiation of TSPCs to tenocytes (184). 
Thus, MSCs promote tendon healing in indirect and direct 
manners. A number of growth factors promote differentiation of 
co‑cultured MSCs into tenocytes, including connective tissue 
growth factor (CTGF), TGF‑β, GDF‑7 and GDF‑5 (20,21,185). 
Among them, CTGF, a member of the CCN protein family, has 
satisfactory effects on tendon repair when co‑cultured with 
ADSCs; differentiation of ADSCs to tenocytes is induced by 
CTGF. CTGF significantly enhances the mRNA and protein 
expression of SCX and TNMD in a time‑ and dose‑dependent 
manner (186). The most effective dose and treatment duration 
of CTGF is 100 ng/ml for 14 days (187). On the other hand, 
CTGF can induce the self‑proliferation of ADSCs. This may 
be mediated by the FAK/ERK1/2 signaling pathway, which is 
the typical pathway for cell division and proliferation (188). 
Research (187) has shown that treatment of ADSCs with CTGF 
promotes proliferation in a dose‑dependent manner on days 5 
and 7. CTGF induces ERK1/2 phosphorylation in 5 and FAK 
phosphorylation in 15 min, both of which can last for 120 min. 
DNA methylation is induced via the FAK/ERK1/2 signaling 
pathway, increasing chromatin condensation and nuclear 
stiffness, thereby promoting cell migration (189). Therefore, 
combining CTGF with ADSCs can effectively increase tendon 
healing and provide a molecular and cytological basis for better 
application of tissue engineering methods to promote tendon 
healing. Another growth factor, BMP‑12, induces differen‑
tiation of MSCs to tenocytes; this process is mainly mediated 
through the SMAD1/5/8 signaling pathway (190). However, the 
induction of differentiation of MSCs by transgenic BMP‑12 
is currently controversial: Although this has been shown to 
be effective in animal experiments, there are difficulties in 
clinical application of transgenic cells in humans, including 
possibility of side effects and ethical issues (191). In addition 
to the aforementioned growth factors, epidermal growth factor 
(EGF), platelet‑derived growth factor‑BB and TGF‑β3 can also 
effectively increase expression of tendonogenic genes such as 
SRY‑box containing gene 9 and TNMD when co‑cultured 
with MSCs (192).

Although BMSCs are frequently used in the treatment of 
tendon repair and express a number of tendon‑related markers, 
including SCX, TNMD, proteoglycan and type I and III 
collagen, it is hypothesized that levels of these markers are 
lower in BMSCs than in TSPCs (85). Therefore, co‑culture of 
TSPCs with BMSCs may be a good option for the treatment 
of tendon injuries. In vitro experiment (193) have shown that 

bi‑directional crosstalk between TSPCs and BMSCs upregu‑
lates tendon‑associated genes (including SCX and TNMD) 
and tendon ECM markers (such as type I collagen, decorin 
and tenascin) and promotes ECM deposition. Thus, co‑culture 
serves a role in inducing cell differentiation to tenocytes (193). 
Furthermore, adding mechanical stimuli to the surface of 
the medium can affect cell density, cellular arrangement and 
ECM deposition. For example, this results in a significantly 
higher cross‑sectional cell density and a 2.5‑fold increase in 
cell alignment (194,195). Cells can be cultured on micropat‑
terned silicone substrates and subjected to cyclic stretching 
to simulate the in vivo biomechanical environment during 
tendon healing (195). When cells in medium are exposed 
to intermittent cyclic strain, cell differentiation to tenocytes 
is induced (196). When the tensile strength is increased to 4 
and 8%, MSCs cultured in vitro exhibit a spindle‑like shape 
and produce type I collagen (197). In summary, studying the 
effects of growth factors or TSPCs in combination with MSCs 
and mechanical stimulation may provide novel options for 
differentiation of MSCs to tenocytes (198).

MSCs increase synthesis of collagen. In normal tendons, the 
levels of type I collagen in the ECM are high, accounting for 
95%, and type III collagen is expressed at lower levels (49,85). 
Type III collagen is weaker than type I collagen bearing 
mechanical loads and type I collagen plays a crucial role 
in the tensile strength of the tendon (199). The activity of 
MMPs is key in the remodeling phase of tendon repair. 
MMPs are collagen hydrolases that break down damaged 
collagen (200,201). During the collagen remodeling phase, 
MMP13 and MMP3 are highly expressed and their increased 
expression degrades type I and III collagen and proteoglycans 
in ECM. During the early stages of tendon healing, VEGF 
and its receptors are highly expressed, which stimulates the 
expression of MMPs (202). ADSC‑Exos significantly inhibit 
the expression of MMP9/13 genes and indirectly increase the 
ratio of type I/III collagen, thus promoting collagen synthesis 
and tendon healing (203). In addition, BMSCs cultured under 
hypoxic conditions exhibit high expression of type I/III 
collagen α1, decorin and TNMD in the early stages of tendon 
repair (168). Decorin regulates the diameter of collagen fibers 
and works in combination with growth factors to regulate cell 
proliferation, thereby promoting collagen production (61). 
TNMD is a specific marker of tendon maturation. TNMD 
promotes proliferation, migration and tendon differentiation 
of TSPCs and prevents scar formation during early stage of 
tendon healing; TNMD also regulates levels of type I collagen 
and promotes collagen remodeling (101). Therefore, BMSCs 
are an effective therapeutic method to promote tendon tissue 
regeneration. Similarly, ADSC‑Exos increase expression 
of TNMD, type I collagen and SCX in TSPCs by activating 
SMAD2/3 and SMAD1/5/9 signaling pathways, thereby 
promoting TSPC proliferation, migration and tendon differ‑
entiation (99). SMAD2/3 and SMAD1/5/9 are typical SMAD 
signaling pathways and SMAD3 is also a key transcription 
factor for type I collagen synthesis (204). SMAD3 activates 
TGF‑β signaling pathway via TGF‑β type I and II trans‑
membrane receptors (205); SMAD2 and SMAD3 dissociate 
from the receptor after phosphorylation, form a complex with 
SMAD4 and translocate to the nucleus (206). SMAD3 is 



JIANG et al:  MSCs IN TENDON REPAIR14

involved in transcription of genes associated with cell prolifer‑
ation, inflammatory response and ECM formation. Therefore, 
TGF‑β signaling is involved in regulating collagen formation, 
MMPs activity and tissue remodeling during tendon healing 
via the transcription factor SMAD3 (207).

Studies have shown that MSCs injected following 
tendon injury secrete growth factors, including TGF‑β, 
bFGF and EGF (208,209). These factors accelerate ECM 
deposition and remodeling at the injured site and start 
collagen synthesis and maturation (210,211). TGF‑β 
promotes collagen production, which increases the strength 
of the repaired tendon; however, when TGF‑β is overex‑
pressed, the overproduction of disordered collagen may 
lead to the formation of adhesions at the tendon (212). 
bFGF promotes cell mitosis, increases proliferation of 
fibroblasts and secretes type I and III collagen (213). There 
is a unique pattern of collagen production during tendon 
repair. Type III collagen increases significantly in the early 
stages of tendon healing, providing a ‘quick fix’ for the 
damaged site. At 6‑8 weeks after injury, the tissue replaces 
type III collagen with type I collagen and restores its linear 
structure, resulting in increased collagen fiber crosslinking 
and tendine‑like tissue formation (113,173). In co‑culture 
experiments with ADSCs and tenocytes, ratio of ADSCs 
to tenocytes of 3:1 increases proliferation of tenocytes; 
ADSCs also differentiate into tendon cells and expression 
of tenascin‑C and SCX increases (214). Tenascin‑C regu‑
lates the number of collagen fibers as well as their growth 
direction and is key for maintaining the mechanical stability 
of the ECM (64). Likewise, SCX serves an important role 
in tenocyte differentiation as well as tendon development. 
In SCX‑knockout mice, tendon development is notably 
disrupted (215). Certain genes, including type I collagen 
α1 and TNMD, are potential direct target genes of SCX in 
tenocytes but how SCX regulates tenocyte differentiation is 
unknown (216). ADSCs increase proliferation rate and gene 
expression in tenocytes, thereby enhancing the function of 
tenocytes, accelerating the turnover of ECM and increasing 
the proportion of normal collagen structure in tendons. The 
strength of the tendon is quickly restored, thereby inhibiting 
further degeneration of the tendon (217).

6. Conclusion

Tendon injury is common in orthopedics. After tendon injury, 
the tendon shows a local inflammatory response, hypocel‑
lularity, lack of collagen and blood vessels and increase 
levels of proteoglycans (218). The injured tendon exhibits 
discontinuous and disorganized tendon fibers. Since tendon 
is a tissue with low cellular content and poor blood supply, 
the tendon has a limited ability to heal (219,220). The process 
of tendon healing is divided into three overlapping phases: 
Inflammatory, proliferative and remodeling phase. During 
the remodeling phase, scars often form (116). Scars have 
different biomechanical properties compared with natural 
tendons, including decreased strength, increased stiffness 
and greater tendency to form adhesions. Reconstructed 
tendon tissue exhibits poorer biochemical and mechanical 
properties compared with uninjured tendon (221). This 
leads to dysfunction in the limb and makes the tendon 

more prone to re‑rupture (11). With the development of SC 
research, MSCs have attracted attention (222). MSCs have 
high proliferation and self‑renewal capacity (223). MSCs 
differentiate into target cells and directly promote tissue 
regeneration; MSCs also secrete biological factors and EVs, 
thus indirectly affecting tissue repair (220). MSCs can be 
obtained from numerous types of tissue and MSCs from 
different sources show different characteristics, indicating 
potential advantages and disadvantages of each type of MSC 
for specific clinical applications (224). Among sources, the 
most commonly used are BM and adipose tissue. ADSCs 
are more readily available compared with BM, yield more 
abundant MSCs after isolation and also decrease donor site 
morbidity (225). This is because BMSCs need to be collected 
using a trocar to drill through the iliac crest, while ADSCs 
can be collected using only minimally invasive liposuction 
techniques, this is easier and less painful for the patient. In 
addition, over time, the donor site providing BMSCs is prone 
to pain and stiffness, whereas ADSCs have a much lower 
incidence (88). In addition to application in tendon injury, 
MSCs can also be used to treat fractures, osteoarthritis and 
other disease (226). MSCs have shown satisfactory results 
in tissue engineering and regenerative medicine, not only in 
promoting tissue regeneration, but also in restoring the tissue 
to its original biomechanical function to the greatest extent 
possible (227).

The roles and mechanisms of MSCs may involve 
promoting angiogenesis, cell proliferation and differen‑
tiation and collagen formation and decreasing inflammation 
during tendon repair (129,228). MSCs participate in local‑
ized anti‑inflammatory response in the early stage following 
tendon damage. Anti‑inflammatory factors and MSCs‑EVs 
are hypothesized to be intercellular messengers in immune 
regulation (229). They interact with various types of immune 
cell, including T and B lymphocytes, natural killer cells, 
macrophages, neutrophils and monocytes (230). MSCs 
promote angiogenesis mainly by releasing VEGF and 
Exos (157). During the remodeling and collagen production 
phase, in vitro experiment indicated MSCs enhance their 
ability to differentiate into tenocytes by co‑culture with 
growth factors and TSPCs, thus promoting tenocyte prolifer‑
ation and differentiation, as well as collagen fiber production 
and ECM remodeling (198,217).

The present review summarized the functions and 
mechanisms of MSCs in tendon repair but there are still some 
issues with the clinical application of MSCs that need to be 
addressed. To the best of our knowledge is no consensus on 
practical considerations regarding the source, dose, adminis‑
tration technique and timing of MSC usage (231). Although the 
commonly used sources of MSCs are adipose and BM tissue, 
there are still debates on the applications of both; for example, 
whether ectopic bone can develop after application of BMSCs 
for treatment and whether the application of ADSCs involves 
ethical issues. MSCs isolated from young living sources survive 
longer, secrete more Exos and have a broader differentiation 
capacity than MSCs isolated from older tissue (232). Therefore, 
MSCs isolated from embryonic sources may be promising 
therapeutic tools for tendon repair and regeneration (233). The 
current mode of administration is direct injection of MSCs at 
the site of injury, but a study (234) has shown that intravenous 
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MSCs can promote better interaction with the immune system 
and initiate systemic anti‑inflammatory effects. However, 
due to small sample, more research is needed on intravenous 
MSC administration (235). Although study have shown that 
MSCs show satisfactory therapeutic effects when co‑cultured 
with growth factors or TSPCs, few studies have compared the 
effects of culture conditions (236,237). Therefore, random‑
ized controlled trials are required (238). In addition, current 
treatments to promote tendon repair lack standardization so 
treatment results may differ. Therefore, future studies should 
investigate the effects of clinical treatment with MSCs alone 
to develop standardized treatment modalities, which may lead 
to more uniform outcomes.

In conclusion, MSCs are a promising cell therapy to 
promote tendon healing and understanding of the functions and 
mechanisms of MSCs in tendon healing can help improve its 
efficiency. However, further studies are required to maximize 
the therapeutic value of MSCs.
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