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Abstract. Tendon-related disorders are common musculo-
skeletal system disorders in clinical practice, accounting for
30-50% of all sports-related injuries, and they are difficult
to treat due to the hypovascular structure of the tendons.
Platelet-rich plasma (PRP), including pure PRP and leuko-
cyte- and platelet-rich plasma (L-PRP), has been attracting
increasing attention, as it may stimulate tissue regeneration
through the release of growth factors and cytokines. The aim
of the present review was to provide a summary of the effects
of L-PRP on tendon disorders and the underlying mechanisms
through a comprehensive examination of the published litera-
ture, including in vitro, animal and clinical studies. It has been
demonstrated that L-PRP results in comparatively greater pain
relief and improved function in patients suffering from tendon
disorders. Furthermore, L-PRP may exert its effects through a
diverse range of mechanisms, such as neovascularization, cell
proliferation and differentiation of tendon/progenitor stem cells
into tenocytes, as well as extracellular matrix reorganization
by transforming type III to type I collagen fibers. It has also
been indicated that the effects of leukocytes in L-PRP depend
on the biological state of the injured tissue and its surrounding
microenvironment. L-PRP is beneficial and promotes tendon
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healing at the early stage, whereas it is likely detrimental to the
repair of tendon at a later stage because of the risk of excessive
catabolic and inflammatory responses. Overall, the application
of L-PRP in tendon disorders appears to be a promising field
that is worthy of further research.
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1. Introduction

Tendons are the uniaxial connective tissue component of the
musculoskeletal system; they are responsible for transmitting
the contractile force between musculoskeletal tissues and they
are viscoelastic and sensitive to different degrees of strain (1).
When a tendon is acutely injured or subjected to repeated
excessive use (collectively referred to as tendon disorders), its
structure and function may be altered, affecting the ability of
millions of individuals to perform physical exercise or work.
Regrettably, tendon disorders are common and the most
frequent injuries include the flexor and extensor tendons of the
hand (incidence rates of 4.83 and 17.87/100,000 individuals
per year, respectively), the Achilles tendon (11.33/100,000 per
year) and the rotator cuff tendon (3.73/100,000 per year) (2).
The treatment options for tendon disorder mainly include
surgical repair, mechanical stimulation (sports rehabilita-
tion) and topical anti-inflammatory drugs, supplemented by
interventions such as physical therapy and tissue engineering.
Recent studies have indicated that platelet-rich plasma (PRP)
is a promising therapeutic approach for musculoskeletal
injuries, as it is simple, safe, cost-effective and minimally inva-
sive (3-5). PRP has been indicated to be an optimal autologous
biological blood-derived product that releases high concentra-
tions of growth factors and cytokines on injection, such as
platelet-derived growth factor (PDGF), vascular endothelial
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growth factor (VEGF), basic fibroblast growth factor (bFGF),
transforming growth factor-f3 (TGF-p) and insulin-like growth
factor-1 (IGF-1), which contribute to tendon healing. The func-
tions of growth factors are summarized in Table I (6-9). These
growth factors perform their respective functions, where they
could promote tendon healing by promoting angiogenesis,
cellular proliferation, cellular differentiation and collagen
production. Previous research has indicated that PRP, including
leukocyte- and PRP (L-PRP) and pure PRP (P-PRP) (10), has
a key function in promoting tendon regeneration, repair and
healing, as it may enhance the formation and healing of the
tendon tissue structure.

Although several studies have reported favorable clinical
outcomes after the application of PRP, other studies have
indicated no significant improvement in pain or tendon func-
tions after L-PRP treatment (11-13). These conflicting data
may be mainly attributed to variations in PRP preparation
procedures, disease stage and patient-related factors (12).
A previous study investigated the cellular components of
PRP and indicated that the leukocyte concentration varies
significantly among different PRP preparations as compared
with platelets and fibrinogen (14). Furthermore, the leukocyte
concentration and composition strongly affect the quality of
the PRP. Most previous studies did not specify the type of PRP
in terms of whether it did or did not contain leukocytes (15,16).
However, due to the controversy regarding the efficacy of PRP,
an increasing number of studies have clarified the specific
components of PRP (17).

The present review provided a summary of the effects of
L-PRP on tendon disorders and the underlying mechanisms
through a comprehensive examination of the relevant published
literature, including clinical, animal and in vitro studies, with
the aim of providing evidence supporting the application of
L-PRP in tendon disorders in the future and resolving the
controversy surrounding the use of PRP to a certain extent.

2. Effects of L-PRP on tendon healing based on basic studies

General. Tendon healing is a complex process, which largely
occurs through three overlapping phases: Inflammation, prolif-
eration and remodeling (1,3,18). L-PRP accelerates the process
of tendon healing, with the platelets initiating wound repair
by releasing locally acting growth factors via degranulation
of a-granules (6). The growth factors released from L-PRP
and their effects on the molecular structure of the tendon are
presented in Fig. 1. L-PRP can promote angiogenesis, prolif-
eration and differentiation of TSCs into tenocytes, in addition
to type I collagen production.

Angiogenesis. A number of in vitro and animal studies have
reported that administration of L-PRP significantly increased
angiogenesis during the early phase of the tendon repair
process (19-24). It has been suggested that poor vascularity is
a major factor limiting tendon healing capacity (25).

L-PRP contains higher concentrations of growth factors
involved in neovascularization compared with whole blood
or platelet-poor plasma, such as VEGF (6,20,26-29) and
PDGF (6,20,28,29), which together promote vessel wall perme-
ability, as well as the growth and proliferation of vascular
endothelial cells. Increased growth factor concentration and

expression may be an intrinsic mechanism involved in inducing
angiogenesis as part of the tissue repair process. Following
angiogenesis, the resumption of blood flow promotes the
recruitment of reparative cells from the peripheral blood and
bone marrow, so that the intrinsic tenocytes and fibroblasts of
surrounding tissues migrate to the injured site and begin to
proliferate and synthesize collagen (30).

Therefore, one of the mechanisms through which L-PRP
accelerates tendon healing is the enhancement of blood supply
to the injured soft tissue. The neovascularization proceeds
along the surface of the epitenon, passing through normal
vascular areas and providing the injured area with extrinsic
cells, nutrients and growth factors (7). This effect is mediated
by angiogenic growth factors, such as VEGF and PDGF, which
are contained in L-PRP. Furthermore, Kobayashi ez al (31)
reported that the leukocyte concentration in L-PRP was posi-
tively correlated with the concentrations of PDGF and VEGF,
while it was negatively correlated with the concentration of
bFGF (32). In conclusion, L-PRP accelerates the angiogenic
process and, subsequently, leads to the acceleration of the
tendon healing process.

Cell proliferation and differentiation. There are two cell types
in tendons: Tenocytes, which are the predominant cell type,
and the tendon stem/progenitor cells (TSCs), which represent
a small proportion (<5%) of the total tendon cells. Although
certain cell culture studies have indicated that PRP treatment
increases tenocyte proliferation (26,27), the rate of tenocyte
proliferation is limited after tendon injury. On the contrary,
TSCs have a high proliferation rate, which may be further
enhanced by PRP (33,34). Also, similar to other adult stem
cells, TSCs are able to self-renew and differentiate into teno-
cytes that are responsible for the maintenance and repair of the
tendons (34,35).

Regarding the effect of L-PRP on tendon cell proliferation
and differentiation, studies have indicated that it may be attrib-
uted to the high amount of growth factors in L-PRP, including
PDGF (6,20,28,29), TGF-f (6,20,31,36) and IGF-1 (32). Those
previous in vitro or animal studies demonstrated that these
growth factors are present at high concentrations in L-PRP
and have an important role in cell proliferation and tenocyte
differentiation of TSCs (Table I). L-PRP may modulate STAT3
and p27 expression to upregulate the expression of cyclins and
cyclin-dependent kinases to increase the proliferation of tendon
cells (37). Furthermore, according to Zhou et al (35), L-PRP
treatment induced significantly higher proliferation and differ-
entiation of tenocytes compared with P-PRP in a cell culture
experiment. However, Zhang et al (28) reported opposite results,
namely that L-PRP exerts a harmful effect on TSCs, inhibiting
their proliferation, accelerating non-tenocyte differentiation
and inducing their apoptosis. Of note, TSCs in that study were
isolated from young healthy rabbits, which are different from
the cells of older human adults with chronic tendinopathy. A
stricter experimental design may be required to obtain evidence
on this in the future and research should particularly focus on
whether the TSCs were derived from healthy or injured tendons,
and whether tendon injury was acute or chronic.

Effect on metabolism. L-PRP has been indicated to affect the
metabolism of tendon cells involved in the wound healing
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Table I. Summary of the functions of growth factors (6-9).

Growth
factor Function
VEGF ¢ Angiogenesis
* Migration and mitosis of endothelial cells
* Chemotactic for macrophages and granulocytes
TGF-f  * Promotes cellular proliferation and differentiation
Angiogenesis
e Stimulates matrix and collagen synthesis
IGF-1 * Promotes cellular growth, proliferation and
differentiation
e Stimulates matrix production
PDGF ¢ Angiogenesis
* Triggers the activities of neutrophils, fibroblasts
and macrophages
* Chemoattractant/cell proliferator
* Regulates the expression of other growth factors
bFGF * Angiogenesis

* Promotes cellular proliferation and migration
* Promotes collagen production and tissue repair

VEGEF, endothelial growth factor; TGF-f, transforming growth factor
beta; IGF-1, insulin-like growth factor-1; PDGF, platelet-derived
growth factor; bFGF, basic fibroblast growth factor.

process in in vitro and animal studies (20,23,30,35,38). In the
proliferation phase, tendon fibroblasts promote the synthesis of
abundant type III collagen, granulation tissue and other extra-
cellular matrix (ECM) components (such as proteoglycans) and
deposit them to the wound site. In fact, normal tendon consists
of type I and type III collagen, with type I collagen being the
major component that is responsible for tensile strength (1).
When tendons are injured, type I collagen is downregulated
and type III collagen synthesis is intensified, and its synthesis
occurs earlier in the progress of tendon healing compared with
that of type I collagen (39). PRP is known to enhance type I
collagen synthesis instead of type III collagen in order to
accelerate tendon healing (40). However, leukocyte inclusion
in L-PRP has been controversial, as certain studies indicated
a beneficial effect and others reported a deleterious effect on
tissue regeneration, as leukocytes may cause more inflamma-
tion (28).

Certain studies have suggested that L-PRP exerts both
catabolic and anabolic effects (19,41), whereas P-PRP exerts
mainly anabolic effects on injured tissues. Regarding the
anabolic effects of L-PRP, the collagen fiber arrangement time
is shortened, which is caused by the direct stimulation of local
stem cells and ECM genes to accelerate collagen synthesis
via the profibrotic growth factors, such as TGF-f3 and bFGF
contained in the L-PRP (20,22,26). Among these, TGF-f has
been indicated to act in almost all phases of tendon healing
and serves as a stimulator of extrinsic cell migration, regula-
tion of proteinases and collagen production (7).

With regard to the catabolic effects, the increased numbers
of leukocytes in L-PRP may stimulate fibroblasts to release
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catabolic cytokines, such as interleukin-1p (IL-1f), tumor
necrosis factor-o (TNF-a) and matrix metalloproteinases
(MMPs), which are capable of degrading the ECM of various
tissue types (26,30,35). Regarding catabolic factors, the levels
of MMP-1, MMP-3 and MMP-9 were indicated to be strongly
correlated with the leukocyte concentration (26,31,35) and they
may accelerate the proteolysis of the ECM through invading
blood vessel endothelial cells, resulting in impaired mechan-
ical stability. Based on the catabolic effect of leukocytes in
PRP, it may be inferred that an increased platelet concentra-
tion in L-PRP would have a positive effect by suppressing the
expression of catabolic cytokines; however, it was reported
that increasing the platelet/leukocyte concentration ratio in
L-PRP was not beneficial (42). In addition, based on the current
knowledge, it is difficult to determine whether increased gene
expression levels of MMP1 and MMP3 may be beneficial for
the healing of degenerative or ruptured tendons (26).

Catabolism and anabolism are balanced in normal tendons;
however, this balance is disrupted in injured tendons. Whether
catabolism or anabolism prevails depends on the different
types of tendon injury and healing stage (23,30). In a chronic
rabbit Achilles tendinopathy model at 4 weeks after collage-
nase induction, Yan et al (30) observed that both P-PRP and
L-PRP promoted the formation of larger collagen fibrils, but
P-PRP exerted a stronger effect than L-PRP. However, in the
early model at 1 week after collagenase induction, Li et al (23)
detected higher collagen I and lower collagen III content
following L-PRP injection compared with that following
P-PRP injection.

In fact, the current opinion is that the effect of L-PRP on
metabolism is closely associated with the timing and the phase
of tendon healing. Application of L-PRP at the early stage of
tendon disorders or acute injury causes higher expression of
collagen I, while its delivery at a later stage results in higher
expression of collagen III (20,23,30,38). In other words, early
delivery of L-PRP promotes matrix maturation, while late
delivery impairs the matrix modeling process in tendon repair.

Inflammatory response. Tissue healing is a process of
inflammation requiring leukocytes, which are contained
in L-PRP. In the inflammatory phase, inflammatory cells,
including neutrophils, monocytes and lymphocytes, migrate
from surrounding tissues to the wound site. Tendon healing
begins with local hemostasis, followed by the migration of
neutrophils and phagocytes to the lesion site to clear foreign
bodies and necrotic tissues (43). Tissue macrophages are
known to become activated and polarized into M1 and M2
phenotypes under the influence of the surrounding matrix and
environmental factors; in this paradigm, M1 macrophages
predominate early and have a proinflammatory function via
the release of IL-1f3, TNF-a and IL-6, while M2 macrophages
accumulate later and serve an anti-inflammatory role via the
release of IL-10 and TGF-p1 (44). Macrophages have key roles
in promoting inflammation at the early stage and resolving
inflammation at the late stage of tendon healing.

The inclusion of leukocytes in L-PRP remain controver-
sial (14). Regarding the positive effects, inflammation causes
release of growth factors and cytokines, which induce neovas-
cularization and chemotaxis of fibroblasts and stimulate
collagen synthesis. Furthermore, leukocytes in PRP recruit
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Figure 1. Key molecular, cellular and collagen changes in tendon caused by growth factors released from L-PRP at the early stage. L-PRP promotes angio-
genesis, tendon cell proliferation (both TSCs and tenocytes) and differentiation of TSCs into tenocytes, as well as type I collagen production. The exact
location of TSCs is still debated (therefore indicated with *?”). L-PRP, leukocyte- and platelet-rich plasma; VEGF, vascular endothelial growth factor; PDGF,
platelet-derived growth factor; TSCs, tendon stem/progenitor cells; TGF-f, transforming growth factor beta; IGF-1, insulin-like growth factor-1; bFGF, basic

fibroblast growth factor.

more macrophages through angiogenesis during the early
phase of tendon repair (38). Although leukocytes have key
roles in tissue repair and provide desirable protection against
infectious agents, their proinflammatory and immunological
effects may also induce undesirable local cell and tissue
damage that compromises the intended healing effect. With
regard to the negative effects, leukocytes are considered to
be the major source of pro-inflammatory cytokines (such as
IL-1B, TNF-a and IL-6) and catabolic enzymes, which may
cause injury of therapeutic tissue (45).

However, it is well known that controlled inflammation
has certain advantages in tissue repair, while excessive or
persistent inflammation may be harmful (46). Therefore,
whether inflammation is beneficial for tendon healing depends
on the different stages of tendon disorders. A previous study
demonstrated that delivery of L-PRP at the early rather than
the late stage promoted the repair of Achilles tendinopathy in
rabbits and suggested that L-PRP may alleviate inflammation
at the early stage, whereas L-PRP exerted a less prominent
beneficial effect at the late stage of tendinopathy (23). This is
consistent with the findings of Zhang et al (28), Zhou et al (35)
and Jiang et al (38).

For the treatment of acute tendon injuries, leukocytes
in L-PRP may be helpful when inflammation is at a critical
stage by inducing a catabolic response, which may clear
foreign bodies and necrotic tissues by leukocyte recruit-
ment to the lesion site and by fighting off infectious agents.
However, the prolonged duration of infiltration by excessive
numbers of neutrophils may impair the healing process as
chronic disease replaces acute inflammation. Administration
of L-PRP at the later stage would lead to local inflamma-
tory edema after tendon injury, with scar tissue formation

and angiofibroblastic dysfunction in chronic tendinopathy
homeostasis (30).

3. Effects of L-PRP on tendon healing based on clinical
studies

General. The clinical manifestations of tendon disease are
characterized by pain and dysfunction. The symptoms are
well defined and frequently long-lasting, limiting the patients'
functioning regarding physical exercise and daily activities.

Pain. L-PRP has been indicated to decrease the pain of
patients in the clinical setting (25,36,47-51). According to the
classic model, inflammation is responsible for the pain asso-
ciated with tendon disorders. However, chronically painful
tendons may exhibit no evidence of inflammation and there is
no associated pain in several intratendinous lesions detected
on magnetic resonance imaging (MRI) or ultrasound. It has
been proposed that pain may be caused by a combination of
mechanical and biochemical factors (52). Tendon degeneration
with mechanical breakdown of collagen may theoretically
cause pain, whereas chemical irritants and neurotransmitters
may also generate pain in tendon disorders.

In one of the largest studies, Mishra er al (49) evaluated
230 patients with lateral epicondylitis who failed to respond
to conservative treatment for at least 3 months. Patients
treated with L-PRP exhibited a significant improvement in
pain compared with the bupivacaine control at 24 weeks.
More importantly, in a recent study (36), Pearson's correlation
analysis was performed between the clinical score and the
biological components and the Pearson correlation coefficient
was calculated between the Visual Analogue Scale score and the
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VEGF and PDGF released by L-PRP significantly increased angiogenesis| ..
during the early phase of the tendon repair process (19, 20, 23, 24, 29).

Cell Proliferation and Differentiation

TGF-B, PDGF and IGF-1 released by L-PRP increased cell proliferation and N

Based on basic | __| |promoted TSCs differentiation into tenocytes (20, 22, 29, 35).
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The effect tendon repair (20, 23, 30, 35, 38). tendon
e efiects healing at the
of L-PRPin| Inflammatoryresponse | ... early stage of
tendon Neutrophils and phagocytes of L-PRP at the lesion site helped clear foreign tendon
disorders bodies and necrotic tissues at the early stage, and at the late stage, they disorders.
lead to local inflammatory edema and scar tissue formation (19, 20, 23, 30, — .

35, 38).

Pain

Based on clinical 47-51).

L-PRP reduced pain in patients suffering from tendon disorders (36,

studies

Function

L-PRP recovered normal function of tendons, such as ROM, functional
activities and mechanical properties (36, 48, 53-55).

Figure 2. Major effects of L-PRP in tendon disorders according to basic and clinical studies. L-PRP, leukocyte- and platelet-rich plasma; VEGF, vascular endo-
thelial growth factor; PDGF, platelet-derived growth factor; TSCs, tendon stem/progenitor cells; TGF-f, transforming growth factor beta; IGF-1, insulin-like

growth factor-1; ROM, range of joint movement.

leukocyte concentration in L-PRP, demonstrating that L-PRP
was highly associated with pain relief in patients suffering from
tendon disorders. Of note, in the aforementioned studies, it was
observed that pain relief was first observed after 8 weeks after
L-PRP was applied to patients with chronic tendon injury for
>3 months, while pain relief was first observed earlier (seven
days later) in patients with acute tendon injury treated with
L-PRP (25,36,47-51). However, more research is required to
explain this phenomenon.

Function. Certain studies have confirmed that L-PRP
may improve tendon function in terms of the range of joint
movement (ROM) and the ability to perform physical
activities (36,48,53-55). Lim et al (36) indicated that L-PRP
enhanced the Modified Mayo Clinic performance scores and
MRI grade in patients suffering from lateral epicondylitis for
>3 months. The study also used Pearson's correlation coef-
ficient to demonstrate the association between the scores and
the growth factor levels in PRP, indicating that the TGF-3
level in L-PRP was highly correlated with the Modified Mayo
Clinic performance scores and MRI grade improvement,
whereas the VEGF level in L-PRP was highly correlated with
MRI grade improvement. Fitzpatrick er al (53) reported that
L-PRP improved the modified Harris Hip Scores in patients
suffering from gluteus medius and minimus tendinopathy for
>4 months. The constant score and Disabilities of the Arm,
Shoulder and Hand score were tested in patients with rotator
cuff tears/lateral epicondylitis who were treated with L-PRP,
with increasing scores reflecting less pain, as well as improved
ROM and ability to perform physical activities (48,54).
Charousset et al (55) also reported that, although there was
no significant difference between the L-PRP group and the
blank group, the L-PRP group had smaller iterative tears.
Collectively, these results indicated that L-PRP may promote

the recovery of normal function following tendon injury, as
well as the restoration of mechanical properties.

4. Conclusion and perspectives

Tendon disorders are a frequently encountered clinical
problem that commonly affects athletes and middle-aged
patients who do not exercise much, accounting for 30-50% of
all sports-related injuries (56). With the current widespread
research indicating that PRP contains a large number of
cytokines and growth factors required for tendon healing,
PRP therapy has gradually gained popularity in the clinical
field (57).

The main effects of L-PRP in tendon disorders according
to basic and clinical studies are summarized in Fig. 2. These
clinical studies have demonstrated that L-PRP is not only
highly associated with pain relief in patients suffering from
tendon disorders, but may also help the injured tendon to
recover its normal functions, including the ROM, functional
activities and mechanical properties (36,47-51,53-55).

Based on basic studies, the underlying mechanisms for the
effects of L-PRP likely involve promoting angiogenesis, cell
proliferation and differentiation during the process of tendon
healing. Growth factors, such as VEGF and PDGTF, released
from L-PRP, significantly increase angiogenesis during the
early phase of the tendon repair process (19,20,23,24,29).
Tenocyte proliferation and differentiation of TSCs into teno-
cytes are crucial for tendon healing and a number of studies
have indicated that TGF-f3, PDGF and IGF released by L-PRP
accelerate the process (20,22,29,35). Furthermore, regarding
metabolism and the inflammatory response, early delivery of
L-PRP induced additional inflammation and further release of
growth factors, which help clear foreign bodies and necrotic
tissues by neutrophils and phagocytes at the lesion site at
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the early stage and accelerate the synthesis of the ECM by
transitioning from type III collagen fibers to type I collagen
fibers (19,20,23,30,35,38). In addition, L-PRP may enhance
antimicrobial functions and increase the concentration of
growth factors in platelet concentrate (58).

From the current available literatures, leukocytes in L-PRP
are likely beneficial, but their effects depend on the biological
state of the injured tissue and its surrounding microenviron-
ment (38). The timing of the L-PRP injection also appears to be
important. The conclusion of the present review is that L-PRP
exerts beneficial effects by promoting tendon healing at the
early stage, whereas it is likely to be detrimental to the tendon
at a later stage due to the risk of inducing excessive catabolic
and inflammatory responses. Of note, in the studies included,
the effect of L-PRP depended on the preparation method, the
kit used to prepare L-PRP and the content of leukocytes, as
determined by cytology.

In the future, more basic and clinical research should
be performed to verify the effect of L-PRP and to clearly
determine the conditions under which L-PRP is beneficial
for tendon injury, with factors to be considered being the
tendon disorder type, stage of tendon healing and inflamma-
tion status. In addition, the composition and contents of PRP
preparations should be accurately measured in future studies,
as the majority of previous clinical studies prepared PRP using
different commercial kits and the final product varies in terms
of platelet and leukocyte content. Furthermore, the immu-
nomodulatory and metabolic effects of all subpopulations of
leukocytes included in the preparations should be explored.
Such efforts may help determine the optimal composition
of PRP preparations and improve the efficacy of PRP in the
treatment of tendon disorders.
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