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Abstract

Introduction. Tendon and ligament injuries affect people of all ages, including professional athletes. Tumor Growth Factor 8
(TGF- B) isoforms play a significant role in the regeneration of tendons and ligaments, such as through the recruitment of mac-
rophages and fibroblasts or the regulation of the formation of extracellular matrix (ECM). Although the TGF- B family regulates
signalling pathways related to the healing process, excessive TGF-  activation can lead to fibrosis and the formation of scars and
adhesions. This article recapped the significance of TGF- f isoforms TGF- 1, TGF- 2, and TGF- B3 in the physiological healing
of injured tendons and ligaments. Material and Methods. A total of 1434 articles were identified using the PubMed search
string (TGF-f isoforms or TGF-fI or tgfbl or TGF-B2 or tgfb2 or TGF-B3 or tgfb3) and (tendon or ligament). Human studies,
animal models and in vitro cultures were included in the search. Forty-nine published articles were included. Results. Histo-
logic evidence demonstrated greater ligament and tendon regeneration and collagen type I expression when using TGF-f31, often
leading to fibrosis. TGF-B3 inhibits the TGF-pl and TGF-B2 by switching Smad2/3 signaling to Smad7 and CREB-I transcription
factor. There was a delay in TGF-f3 level peak compared to other isoforms. Conclusions. All 3 TGF-f isoforms seem to play
asignificant role in the subsequent stages of healing. We state a hypothesis that during the initial phase of tendon and ligament
healing, TGF-p1 levels need to be elevated. Further, TGF-B3 may inhibit the action of TGF-p1 and TGF-B2, which leads to the

inhibition of inflammation and changes in ECM production, and consequently to a reduction in the level of scarring.
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Introduction

Tendon and ligament injuries constitute a significant pro-
portion of musculoskeletal injuries, and they are a prevalent
injury, affecting individuals of all ages, including professional
and amateur athletes. Tendons and ligaments are classified as
soft tissues, primarily composed of connective tissue that con-
nects muscles and bones or bone to bone, thereby stabilizing
the joint.

In the case of damage in both tissues, the healing process
is similar, divided into 3 main phases. As a result of the injury,
initially, up to 7 days, accumulation of blood and immune cells
is observed at the site of injury [1]. The infiltration of platelets,
macrophages and neutrophils is associated with the initiation of
the inflammatory process, resulting in the release of pro-inflam-
matory cytokines and growth factors. The released factors are
a signal for fibroblasts that migrate to the site of injury and
to start the synthesis of elements of the extracellular matrix
(ECM). The main component of the extracellular matrix (ECM)
of tendons is hierarchically organized type I collagen, supple-
mented by other types of collagen, elastins and proteoglycans
[2]. In addition to type I collagen, type III collagen and elastin
play a significant role in the construction of ligaments, thereby
facilitating some degree of flexibility [3].The proliferation phase
follows, recruited tendon progenitor cells and fibroblasts inten-
sively divide and mature, taking part in the production of pro-

teoglycans and collagen, especially type III [4]. Intensified ECM
deposition at the injury site increases tendon strength. In the
formation phase, the structure and organization of the depo-
sited collagen change, related to its rearrangement, and aimed
at recreating the original arrangement of fibers. After about 6-8
weeks after the injury, the reconstruction phase begins, which
is estimated to last up to two years [5]. A further reorganization
occurs in the ECM of the tendons/ligaments. The predominant
type III collagen, which was prevalent in the initial phases, is
replaced by type I collagen, which exhibits greater mechanical
resistance. The process that leads to the regeneration of injured
tendons may be disrupted, for instance, by prolonged inflam-
mation or the proliferation phase. The overproduction of ECM
results in the formation of scars and adhesions, significantly
affecting the functionality and resistance of the newly formed
tissue [4].

The ability to regenerate poorly vascularized tendons or in-
tra-articular ligaments is limited. It has been demonstrated that
in the event of significant tears in the rotator cuff, a staggering
73% of patients fail to heal properly following surgery [6]. The
result is a tendency to re-injure. Currently, a significant number
of researchers are focusing on the identification of appropria-
te modulators of the biological environment of the injury site,
such as the administration of exogenous growth factors, with
the aim of enhancing the repair process and preventing the
emergence of pathological scars.
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Growth factors (GF) play a significant role in all phases of
tendon and ligament healing. The most extensively studied
are transforming growth factor B (TGF-p), vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF),
and fibroblast growth factor (FGF) [7]. Among mentioned GF,
exogenous PGDF administration is considered in the treatment
of difficult to heal injuries of tendons and ligaments, such as
rupture of the posterior cruciate ligament [8]. It is worth men-
tioning that in animal model the administration of exogenous
FGF significantly accelerated the healing of tendons and signifi-
cantly improved their biomechanical resistance [9]. The results
of studies reveal various mechanisms of action for isoforms, or
the occurrence of negative consequences associated with the
administration of growth factors in therapeutic interventions.
Therefore, further research on this topic is required.

This article focuses on the significance of TGF- isoforms
TGF-B1, TGF-B2, and TGF-B3 in the physiological healing of in-
jured tendons and ligaments.

Material and methods

The literature was searched through in the PubMed online
databases from the inception until August 1, 2023. The main
search strategy included terms: (TGF-B or TGF-B1 or tgfbl or
TGF-B2 or tgfb2 or TGF-B3 or tgfb3) and (ligament or tendon).
Human studies, animal models and in vitro cultures were inc-
luded in the search. For the growth factors’ section, search stra-
tegy included terms: growth factor in tendon healing or growth
factors in ligament healing. A restriction was imposed to publi-

Table 1. Comparison of TGF-f isoforms function in tendon healing
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cations only in English and articles no older than 25 years. The
published studies were included in the systematic review if they
were peer-reviewed original articles. An initial keyword search
yielded 1134 reports, of which 1052 were excluded due to repeat
publications in the databases, for inappropriate study design,
or results not relevant to the research questions. One reviewer
reviewed all studies by title and excluded clearly irrelevant stu-
dies, next checked all other abstracts. Ultimately, 49 publica-
tions were eligible to provide the contribution to the study aim.

Results

TGF-B role in regeneration

The TGF-B is a cytokine that regulates many processes in
the human body;, essential for the proper functioning of the im-
mune system, regulating inflammation, tissue regeneration and
angiogenesis [10]. The TGFf-family includes three isoforms:
TGF-Bl, TGF-B2, and TGF-B3; encoded by different genes. They
are present and play a significant role in the regeneration of
tendons and ligaments, such as by recruiting macrophages and
fibroblasts [11] or regulating the formation of ECM [12] (Tab. 1).

Regulating the above-mentioned processes is carried out
via two signaling pathways: canonical and noncanonical [13].
The canonical pathway is well understood - the ligand binds
to the TPRI and TPRII receptors present on the surface of the
cell membrane. The change in gene expression is regulated by
Smad signaling, which is regulated by negative feedback [14].
The signaling pathway mediated by TGF-/Smad2/3 results in
the apoptosis inhibition and proliferation of fibroblasts, there-

Isoform

Function TGF-p1

TGF-B2 TGF-p3

1) increases COL1A1 and COL3A1 mRNA in
cultured tendon fibroblasts [19]

1) increases COL1A1 mRNA in cultured

1) the strongest increase in COL1A1 mRNA
in cultured tendon fibroblasts, of all isoforms;

tendon fibroblasts [19] increase in COL3A1 mRNA in cultured

Effect on collagen

2) upregulates expression of type | and type
Il collagen in a rat model of Achilles tendon
healing [30]

2) upregulates of collagen types |, IV, V,

VIII, X1, XlI, XV, and XVIII in bone marrow-

derived Mesenchymal Stem Cells [46]

tendon fibroblasts [19]

2) favorable changes in the ratio of type | to
type lIl collagen [37]

Tenocytes activity

promotes fibrotic activity in rotator cuff
tenocytes [65]

promotes tenocytes differentiation into a
fibrotic phenotype [43]

promotes tenogenic differentiation of
adult adipose derived stem cells and
mesenchymal stem cells [66]

Cells migration

promotes migration in rotator cuff tenocytes
[69]

increases tenocyte migration [46]

enhances migration of adipose derived
mesenchymal stem cells [67]

Proliferation

increases expression of proliferation
genes in fibroblasts, promotes tenocytes
proliferation [65]

stimulates fibroblasts proliferation, but no
data from tendon were found [68]

increased cell proliferation at the repair site
only till 28th day post injury in in vivo studies

MMPs and its inhibitors

1) decreases MMP-1 expression and
increases MMP3 expression in human
tenocytes [51]

2) enhances expression of MMP-1, -2, -3,
and -12 genes in fibroblasts [37]

3) decreased expression of MMP-16 [69]

1) downregulates MMP 9, TIMP 3, TIMP4
in bone marrow-derived Mesenchymal
Stem Cells [46]

1) reduces expression of MMP2 and MMP9
genes in in vivo studies [63]

ECM components, except
collagens

downregulates decorin and upregulates
biglycan [69]

upregulates tenascin-C, biglycan, elastin,
and fibronectin in bone marrow-derived
Mesenchymal Stem Cells [46]

enhances gene expression of decorin,
tenascin-C and elastin genes combined with
Mohawk overexpression [70]

Scars/ Adhesion formation

Increased risk

Increased risk

Probably decreased risk
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by facilitating the repair and production of ECM in damaged
tissues [15]. Other signaling pathways activated by TGF-f in-
clude all three MAPK signaling pathways: extracellularly ac-
tivated protein kinase (ERK), p38 mitogen-activated kinase
(MAPK), and Jun-N-terminal kinase (JNK) [13]. The activation
of TGF-B by TAKI leads to the induction of NF-B, which persists
throughout the healing process of tendons and ligaments [14].
The inhibition of the NF-kB signal has been associated with
reducing inflammation and tendon cell proliferation, as well
as reducing fibrous tissue formation [16]. The activation of the
ERK1/2 signaling pathway by TGF-f has been implicated in the
proliferation of cells and fibrosis after injury to the tendon or
ligament [17]. In tendon cells, the p38/JNK signaling pathway is
associated with the Smad-dependent pathway, which regulates
metalloproteinase (MMP) 13 expression. The collagenase MMP
13 levels increase in injured tendons [18]. The p38 signaling pa-
thway is crucial for tendon growth after injury. As can be seen,
the TGF-P family regulates the activity of several signaling pa-
thways directly and indirectly related to the healing processes
of tendons and ligaments. It is noteworthy that TGF-f excessive
activation can result in fibrosis and the formation of scars and
adhesions.

TGF-PI in tendon/ligament healing

Numerous studies conducted on animal models, in vitro
cultures, and clinical analyses have confirmed the important
role of TGF-B1 in the regeneration of tendons and ligaments.
In the acute inflammatory phase, an increase in the concentra-
tion of TGF-PI is observed and is present in all early stages of
healing [19, 20].

During the inflammatory phase, immune cells infiltrate the
damaged tissue. It has been demonstrated that TGF-f1 at this
stage is predominantly derived from external sources and is not
produced by tenocytes or fibroblasts, as factor mRNA was detec-
ted in a limited number of cells present in the tissue [19]. The re-
gulation of the inflammatory reaction is one of the functions of
TGF-B1, for example by changing the phenotype of macrophages
from M1 to M2, important during healing and suppression of
inflammation [21]. Macrophages might be one of the main so-
urces of TGF-B1 [22]. In a study conducted by de la Durantaye et
al. [23], it was observed that the depletion of circulating mono-
cytes/macrophages in a mouse model of Achilles tendon injury
resulted in a decrease in the level of detected TGF-f1 and a mo-
dification in its distribution as early as 7 days after injury. At day
28, the depletion of circulating macrophages also resulted in
areduction in cell proliferation, ECM formation, and scar forma-
tion. The significance of the observed modifications in TGF-§1
is supported by investigations in a transgenic mouse model.
The effect of macrophage depletion was abrogated by growth
factor overexpression, and pathological fibrotic processes were
observed in the damaged tissue. Another potential external
source of TGF-PI during the initial stages of healing could be
platelets, which release growth factor through the degranula-
tion of a-granules during inflammation [24]. Although TGF-f1
is an important mediator of angiogenesis and ECM formation,
it is known that it contributes to the formation of scar tissue by
stimulating collagen synthesis and inhibition of collagen degra-
dation [25].

Depending on the environment, the pattern of release and
localization of TGF-Pl may be important for the course of the
healing process. Earlier conclusions are confirmed by studies
on exogenous factor therapies for the damage to tendons and
ligaments. The administration of exogenous platelet-rich pla-
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sma (PRP) resulted in significant changes in the localization
and level of TGF-B1 in the injured tissue [26]. There was a shift
in TGF-f1 levels, which peaked in the first week but decreased
significantly by week 4. In this case, the indicated peak shift
confirms the important role of platelets, derived from PRP, as
a source of TGF-BL. In the groups not treated with PRP, peak va-
lues were observed at 2 weeks after injury, while they remained
high even at 4 weeks [26]. It should be emphasized that in the
period of 2 and subsequent weeks from the injury, the origin of
TGF-PLl is cellular, depending on the initial presence of endo-
thelial and inflammatory cells at the site of injury. The enrich-
ment of tenocyte exosomes with TGF-fI resulted in increased
cell proliferation and migration to the site of inflammation [17].
The administration of exogenous TGF-f1 in the replacement of
the anterior cruciate ligament increased the binding strength
of the graft to the tunnel wall, hence the conclusion that, in the
early stages of healing, increasing levels of this protein were be-
neficial [27]. However, for the patellar tendon, an increased ten-
sile strength of the regenerated fibrous tissue was found [28].
Administration of exogenous TGF-Bl via the Smad3 signaling
pathway inhibits the loss of ECM by human utero-sacral liga-
ment fibroblasts [29].

In the advanced stages of healing, exogenous TGF-f1 chan-
ges the pattern of expression of type I and type III collagen,
which results in better biomechanical properties of healing ten-
dons and ligaments [28, 30]. During week 4, the initial eleva-
tion of TGF-f1 throughout the lesion is reduced to being present
in the lateral margins of the wound [19]. In the animal model,
it was observed that mRNA expression for collagen I and III was
observed starting from the 14th day, accompanied by an incre-
ase in cellular activity at the site of injury to the patellar tendon
[19].

Before the start of ECM reconstruction, TGF-B1significantly
increased the number of fibroblasts by promoting proliferation
and apoptosis inhibition [15]. In vitro studies have revealed an
increase in the mitogenicity of patellar tendon fibroblasts and
an increase in proteoglycan synthesis in explants [31]. The cano-
nical signaling pathway promotes the synthesis of collagens, as
well as its proper transformation from collagen III to the more
mechanically resistant collagen I [28, 30, 32]. The increased
expression of TGF-B1/Smad2/3 in the damaged Achilles tendon
significantly enhanced collagen production [33]. Long-term
high levels of TGF-f1 are associated with a greater risk of adhe-
sion formation and impairment of tendon/ligament functiona-
lity. In vitro studies already indicated TGF-BI as a pro-fibrotic
factor, 30 years ago [34]. Inhibition of the canonical signaling
pathway decreased collagen III mRNA expression [35]. Further-
more, TGF-P1 regulates matrix remodeling by also regulating the
production of metalloproteinase inhibitors (TIMP) and MMPs
within the body [36]. In fibroblasts, TGF-B1 has been shown
to enhance the expression of the MMP-], -2, -3, and -12 genes
[37]. The decrease in MMP-1 expression and the rise in MMP3
and collagen III expression were associated with mechanical
stress, and the canonical TGF-f signaling pathway was respon-
sible for initiating this process [38, 39]. The importance of the
environment in the regulation of the healing process by TGF-f1
is proven by the latest research on a mouse model. Extensive
gene expression analysis revealed significant differences betwe-
en mouse strains in their response to exogenous TGF-B1. Signa-
ling pathways related to ECM organization and cell migration
were enriched, and in one of the studied groups, additionally,
the regulation of the cell cycle, mitosis and DNA transcription
[40]. Various factors influence the level of endogenous TGF-f1,
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including the presence of low-density lipoproteins (LDL) in the
ECM. LDL reduces the production of TGF-fB1 by tenocytes, the-
reby reducing collagen deposition [41].

TGF-Bl is essential for proper tendon and ligament healing
and extracellular matrix reconstruction. Nonetheless, its eleva-
ted level in the later stages hinders the regeneration process and
leads to scarring and the formation of adhesions. In order to
fully exploit its therapeutic properties, further research should
focus not only on the dose, but also on the method and time of
distribution at the site of damage.

TGF-B2

Unlike the other TGF-f isoforms, research on the role of
TGF-B2 has received relatively little attention. This trend has
been slowly changing in the last few years, providing interesting
data on the effect of TGF-B2 on the healing process of tendons
and ligaments. It is known that its level reaches its highest po-
int later than TGF-f1, which may be related to the antagonistic
effect of the isoforms on each other [19].

The role of TGF-B2 in tendon development was recognized
quite early on. In animal models, embryos with knockouts of the
Tgfb2 and Tgfb3 genes lost most of their tendons and ligaments
[42]. This indicates the tenogenic properties of these factors.
The differentiation of mature tenomodulin-expressing tenocy-
tes is associated with TGF-B2 [43]. The accumulation of type I
and III collagens after stimulation with this isoform was demon-
strated in vitro, in a dose-dependent manner [12]. Said changes
appear to be mediated via canonical signaling by Smad3 pho-
sphorylation. It is interesting that the tenogenic effect of TGF-
B2 is weaker in mature cells. The study conducted by Brown et
al. on mesenchymal stem cells and embryonic tendon progeni-
tor cells revealed alterations in the activation of identical genes.
However, the observed increases in expression were significan-
tly lower in the second group [44]. TGF-B2 affects the expression
of the gene for collagen [, i.e. COLIA], but to a lesser extent than
TGF-f3. It was important to note that there was no effect on the
expression of collagen III gene - COL3Al [19]. This demonstra-
tes the importance of TGF-f2 for ECM reorganization and ma-
turation rather than its production. Like TGF- Bl, the observed
level of the factor in the tissue or organism is also important for
TGF-f2. Studies on Emery-Dreifuss muscular dystrophy type 2
and musculoskeletal dystrophy revealed the key role of TGF-f32
in the pathology development. Significantly higher levels of the
factor were observed both in patients and animal models. The in
vitro culture demonstrated the inhibition of myocyte differen-
tiation and the activation of the fibrogenic program in tenocytes
[43]. TGF-B2 has been implicated in scarring and adhesion for-
mation during the healing of tendons and ligaments. Research
on microRNA-378a, which inhibits the production of TGF-f2,
has confirmed the importance of this gene in the healing of liga-
ments after injury. The miRNA-378a knock-in mutants showed
a decrease in the production of type I collagen and a decrease in
the levels of Scleraxis (Scx) and Mohawk (Mkx) transcription
factors, as well as an inhibition of tenogenic differentiation,
which in turn led to a delay in the healing process [45].

RNA sequencing studies have revealed that TGF-B2 has
a wide range of biological activity. After TGF-B2 treatment of
bone marrow-derived mesenchymal stem cells, a change in the
expression of as many as 2,467 genes was found, including those
related to the pathways of extracellular matrix formation (colla-
gens, fibronectin and elastin), tissue development, binding of
cell adhesion molecules and growth factor activity [46]. Studies
clearly confirm the significant role of TGF-B2 in the healing of
tendons and ligaments. However, as with TGF-f1, too high levels
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of the factor can lead to pathological changes in the advanced
stages of regeneration.

TGF-B3

TGF-B3 is essential for the proper development and healing
of tendons and ligaments. As previously mentioned, the Tgfb2
and Tgfb3 knockout mutants lacked formed tendons or liga-
ments [42]. In rotator cuff injury, the administration of exoge-
nous TGF-f3 in vivo has been shown to accelerate the healing
process and improve structural properties through changes in
cellularity, vascularity, and cell proliferation [47]. Additional-
ly, improvements in collagen organization and biomechanical
properties, such as load resistance, are observed [48]. TGF-f3
is also indicated to be a tenogenic factor, especially in an envi-
ronment rich in other growth factors, such as FGF and insulin-
-like growth factor 1 [49, 50, 51]. It is noteworthy to mention
that radiotherapy, which is widely and efficaciously employed
in soft tissue injuries, enhances the expression of TGF-f3 in the
damaged tissue [52]. Although numerous studies have posited
TGF-B3 as an anti-fibrotic factor, there are studies that do not
confirm this effect (Tab. 2).

According to literature data, the level of TGF-$3 in dama-
ged tissue peaks slightly later and is significantly lower than
TGF-B1 [19]. It is important to note that in embryos, high levels
of TGF-B3 and low levels of TGF-1 are seen in scar healing, while
adults have low levels of TGF-B3 and high levels of TGF-1 [53].
It appears that the ratio of isoform levels is crucial for the he-
aling process. According to Chan et al., a concentration of 1 ng/
ml TGF-fI antagonizes the effect of TGF-B3 on the expression
of COLIAI, while in isolated cultures the addition of TGF-3 at
a concentration of 0.1 ng/ml increased the level of COLIAlL
mRNA significantly higher than the other isoforms [19]. Fur-
thermore, increased expression of COL3Al was demonstra-
ted under the influence of TGF-B3 [19,52,54]. Studies confirm
a positive correlation between the level of TGF-3 and the total
number of fibroblasts and their activity, which translates into
the effectiveness of the healing process and ECM production
[42]. Interestingly, increased TGF-33 levels correlate with de-
creased Smad3 expression in human and animal mesenchymal
stem cells, indicating inhibition of the Smad2/3 pathway asso-
ciated with TGF-l signaling [55]. The decreased expression of
Smad2/3 is correlated with a higher level of the transcription
factor Scx, which plays a significant role as a tenogenic factor and
in the formation of ECM in both embryos and mature animals
[56]. At the same time, Smad7 expression increases at the site
of injury [57]. This difference in the signaling pathway probably
results in the reduction of scarring and the risk of adhesions
mentioned at the beginning. Smad7 expression is suggested to
be associated with the CREB-I transcription factor, which is also
indicated as antagonizing the pro-fibrotic effect of TGF-f1 [58].
A strong relationship between the level of CREB-1 and the level
of TGF-3 was established. CREB-1 inhibition resulted in a de-
creased level of TGF-B3 expression and an unfavorable change
in the ratio of type I to type III collagen [59]. Research by Orfei
et al. suggests an inhibitory effect of TGF-f33 in the early phase
on decorin production, necessary for the proper production and
arrangement of collagen, while increasing the level of tenogenic
markers — decorin, Mkx and COLIAI - in the later phase of he-
aling. The inhibition of ROCK, strongly associated with incre-
ased adhesion, was also indicated by activation of integrins du-
ring healing after TGF-33 stimulation [68]. The collected data
allow us to state a hypothesis that during the healing of ten-
dons and ligaments, TGF-f3 inhibits the action of TGF-B1 and
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Table 2. Examples of TGF-f3 effects on collagen secretion and scar formation
Model Effect Form of distribution Ref
. , The administration of TGF-B1 resulted in a greater
In vitro culture of fibroblast from human o ) . .
1. atellar tendon populated on collagen gels degree of collagen gel contraction in the fibroblasts In vitro culture supplementation 60
P compared to those receiving TGF-33
Soraque-Dawley rats supraspinatus fendon The administration of TGF-B3 resulted in a greater
acputegre ot t{ ansosszouspsuture et | expression of COLIin comparison with COLII at the
2. par by healing enthesis, indicating a more favorable ratio Injectable Ca-P matrix with TGF-b3 47

augmented with Ca-P matrix with TGF-3
use

between COLI and COLIII with the administration of
TGF-3

Sprague-Dawley rats supraspinatus tendons

The delivery of TGF-B3 to the healing tendon-to-bone

Fibrin matrices with the heparin/fibrin-

defect

3 acute repair with fibrin matrices incorporated insertion resulted in S|gn|2:::;;r|tr;provements in structural based delivery system with TGF-$3 61
Sprague-Dawley rats supraspinatus tendons | No significant difference between TGF-B isoforms in scar An osmoltic pump loaded with
4. | OPred y prasp g TGF-B isoforms s and/or neutralizing 62
acute repair volume Lo
antibodies
During flexor tendon tissue healing, type Il collagen
5 Sprague—DawIeylra_ts toes flexor tendon secretion was significantly Qecreased, |n_d|cat|ng that TGF-B3 adenovirus vector treatment 63
injury TGF-B3 reduced the synthesis and secretion of collagen
Il associated with injury repair
6. Sprague-Dawley rats supraspinatus tendons Histologic scores were improved by adding TGF-B3 Injectable scaffold - gel crosslinked 64

with transglutaminase

TGF-B2, both by negative feedback and by switching Smad2/3
signaling to Smad?7. It results in the inhibition of inflammation
and cell recruitment, and changes in ECM production, collagen
deposition and reorganization, and consequently a reduction in
the level of scarring.

Conclusions

All 3 TGF-f isoforms seem to play a significant role in the
subsequent stages of healing. Most of the currently conducted
works focus mainly on the creation of various types of scaffolds
providing the selected TGF-f isoform and finding new forms of
factor administration to the site of injury. In the literature, there
is abundant evidence of both the beneficial effects and the for-
mation of pathological changes within the healing tissue under
the influence of exogenous TGF-f. [t appears that it is impossible
to develop one proper model of treatment, and the process may
require individualization of the patient's therapy. The interac-
tion and reciprocal inhibition of TGF-f isoform expression has
physiological significance for the regeneration of tendon/liga-
ment injuries, which is difficult to replicate in studies of exoge-
nous administration of TGF- in vivo. The multitude of animal
models and in vitro studies used in studies on the effectiveness
of TGF-f in healing pose great difficulties in interpreting the
data. It is especially difficult to translate the results of research
when interspecies differences are observed, for example, for the
phosphorylation of Smad5 and Smad8 under the influence of
TGF-P. Both the time of injury and the tissue localization of iso-
form expression should be considered in further studies. The
authors believe that conducting such complex studies may be
challenging, but they are necessary for a proper understanding
of the healing processes of soft tissues and for the proper and
safe implementation of TGF-f therapy in the clinic. In the au-
thors' opinion, the best strategy for the regeneration of func-
tional tissues is to focus on creating a scaffold that releases both

TGF-B1 and TGF-f3 isoforms, but separates them temporarily
and thus imitates the most important stages of healing.
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