We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Isolation, Activation, and
Mechanism of Action of Platelet-
Rich Plasma and Its Applications
for Joint Repair

Mikel Sdanchez, Maider Beitia, Orlando Pompei,
Cristina Jorquera, Pello Sanchez, Jorge Knorr,
Francisco Soldado, Leonor Lopez, Jaime Oraa,

Ane Miven Bilbao, Nicolds Fiz, Jorge Guadilla,
Beatriz Aigpurua, Juan Azofra and Diego Delgado

Abstract

Platelet-Rich Plasma (PRP) is a biologic therapy that uses the patient’s own blood
to obtain products with a higher platelet concentration than in blood. This technology
provides a controlled drug delivery system of growth factors suitable for regenerative
medicine. The biological effects of PRP mimic and influence biological processes
such as inflammation, analgesia, and cell stimulation, providing this therapy with
promising therapeutic potential. All these processes participate in maintenance, cor-
rect function, and homeostasis of the joint, where all tissues are involved. Alterations
in one joint element have impact on the rest, outstanding the cellular and molecular
interaction between the cartilage and subchondral bone. Therefore, the joint is an
optimal therapeutic target for PRP therapy, which favors biological environment for
joint repair. This chapter collects the basic concepts of joint function and the biologi-
cal processes that participate in its degeneration, the definition and obtention of PRP,
as well as its therapeutic potential and clinical translation.

Keywords: Platelet-Rich Plasma, growth factors, joint degeneration, cartilage,
subchondral bone, intra-articular injection, intraosseous injection

1. Introduction

Despite joint degeneration, caused mainly by osteoarthritis (OA), not being
a threat to life, it meets conditions that make it a real problem for both patients
and health systems. This pathology is one of the leading causes of disability in the
middle-aged and elderly population, and although any joint can be affected, the
hip and knee are the most affected ones. This high prevalence, with 250 million
people with knee OA throughout the world, represents up to 2.5% of gross domestic
product for developed countries [1]. In the coming years, prevalence and costs will
increase because the risk factors that favor OA are inherent to today’s society such as
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the aging of the population, overweight, or an uncontrolled sports practice, both by
excess and by default.

Patients with OA are characterized by pain, stiffness, and limitation of function,
becoming disabling in the most advanced stages [2]. Initial conservative treatments
include physiotherapeutic work, nutritional supplements, and oral administration
of analgesic and anti-inflammatories. In the next phases, patients can be treated
with intra-articular injections of hyaluronic acid. Regardless of the success of these
treatments, all of them focus on symptomatic relief without stopping or slowing the
progression of the disease, and the only solution for patients with the most severe
degrees of OA is total knee arthroplasty [3]. This surgical intervention not only
entails the risks derived from surgery, which may be unacceptable by some patients,
but also involves the majority of the cost of health systems [4, 5]. Therefore, it is
necessary to develop new therapies that improve the current ones in order not only
to alleviate the symptoms but also to modify the course of the pathology to slow its
progression or even reverse it. This would improve the quality of life of patients,
delaying or avoiding a large number of surgical interventions as well as the expense
they entail.

These therapies must be based on two main pillars that sustain a new approach
in joint degeneration: first, treatments based on regenerative medicine which can
act on tissue biology and modify the pathophysiology of OA such as gene therapy,
Platelet-Rich Plasma (PRP), or mesenchymal stem cells (MSCs). Among these
treatments, PRP is currently the most widely used due to its greater ease of regulat-
ing, obtaining, and applying as well as its low cost [6, 7]. However, it is necessary
to deepen their knowledge and standardize products and protocols to optimize
clinical results. The second cornerstone is to understand the joint as a whole organ,
taking into consideration all its elements [8]. Knowing the relationships between
the different tissues that form and define the joint is key for the correct application
of treatments and address degenerative pathology completely. Thus, this chapter is
intended to explain the role of PRP in joint degeneration, highlighting the therapeu-
tic potential of PRP in all the components of the joint and its clinical translation.

2. Thejoint as an organ
2.1]Joint components and homeostasis maintenance

All joint structures present a unique molecular and cellular composition as
well as specific biomechanical properties; consequently, each element of the joint
performs characteristic functions. However, they are all coordinated and related
to create the biological machinery that allows the joint to have dynamic stability
(Figure 1) [9]. This gives the joint a great adaptability to maintain a mechanical
and biological balance, supporting and confronting physical forces or physiologic
disorders. In a short look at the components of the joint, the periarticular muscles
appear in the outermost section. This tissue presents vascular irrigation, many
neuronal terminals, and high plasticity. The configuration of its extracellular matrix
in a network of muscle fibers provides muscle elasticity and allows the mechanical
forces generated by the muscle cells to be transmitted to the tendons, which will
translate them into joint mobility [10]. However, its stability capacity is even more
important than mobility in order to maintain joint homeostasis, the quadriceps
muscle being key in knee anteroposterior steadiness. In addition, muscle tissue is
essential in shock-absorbing, and together with the subchondral bone and liga-
ments, it accounts for 30-50% of the total absorbing energy [11]. Ligament com-
position is characterized by a high-water content and an extracellular matrix with
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Number Region/Tissue Main Functions
1 Muscles Stabilization, shock-absorption, traction
2 Ligaments Stabilization, shock-absorption, propioception
3 Meniscus Shaock-absorption, lubrication
4 Synovium Synovial fluid production (lubrication, nutrition)
5 Cartilage Lubrication, mechanical forces transmission

5 Subchondral Shock-absorption, cartilage nutrifion and communication
Bone

Main action in maintaining joint homeostasis:

1 4
2 35 6

Joint homeostasis pathway:
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Loads and forces Mechanical Physiological Gene Extracellular matrix
adaption stimuli expression maintenance

Figure 1.

Joint as an organ. All the elements of the joint participate in its correct function and in the maintenance of the
homeostasis. Although they all contribute to mechanical and biological stabilization, ligament and meniscus
muscles play a mainly mechanical role, whereas the synovium, cartilage, and subchondral bone have a more
biological action. Correct mechanical adaptation and a favorable biological environment allow the cells to
maintain a gene expression that promotes the optimal maintenance of the extracellular matrix.

a small number of fibroblasts. Collagen is the most predominant protein, mainly
organized in type I collagen fibers that adopt many directions and orientations due
to several forces these structures are subjected to [12]. Apart from their stabiliz-

ing function due to their biomechanical and viscoelastic properties, they are also
responsible for detecting and controlling the position and movement of the knee. In
this way, the joint has a balanced biomechanical behavior that prevents the origin of
mechanical problems that lead to degeneration. The meniscus plays a fundamental
role in functions of mechanical nature such as stability and shock-absorbing. It is

a fibrocartilaginous tissue with an abundant extracellular matrix where cells such

as fibroblasts and fibrochondrocytes are dispersed and where type I collagen is

the predominant molecule. The presence of vascularization and nerve terminals

is limited to the external zone or meniscal wall. These intra-articular elements
located between the femoral condyles and the tibial plateau help stabilize the joint
and withstand compression and sharing forces. In addition, they participate in the
lubrication of the joint with the synovial membrane or synovium [13].

The synovium, together with the cartilage and subchondral bone, forms an
important biological triangle to maintain homeostasis of the knee. Both nerve fibers
and blood vessels are abundant in the synovium, which provides nutrients not only
to this structure but also to the adjacent avascular cartilage. Its cellular composition
stands out mainly for synoviocytes (macrophagic cells or type A and fibroblast-like
cells or type B), although immune system cells and even MSCs are also present, the
synovium being a source of stem cells of increasing interest [14]. Its main function
is the production of synovial fluid, which is produced by type B synoviocytes. It
soaks the intra-articular space and structures, being essential in the lubrication of
the joint due to its hyaluronic acid and lubricin content. The synovial fluid is also an
important source of nutrients, biomolecules, and cellular signals, so it is essential for
the biological balance of the joint [15]. The second element of this biological triangle
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is the hyaline articular cartilage. It has a very low coefficient of friction that resists
compression and shear forces and absorbs only 1-3% of the total energy. The main
cellular element of this tissue is a low population of chondrocytes that is distributed
along the extracellular matrix composed principally of type 2 collagen, in addition
to other molecules such as proteoglycans or aggrecans. Its functions of lubrication
and transmission of mechanical forces are performed thanks to a stratified tissue in
different zones, from the most superficial, with a higher water content and chondro-
cytes, to a deeper area of calcified cartilage that is over the subchondral bone [16].

Subchondral bone, together with the osteochondral unit, completes the triad of
elements with a predominant role in the biological maintenance of the joint. This
structure consists of a plate of cortical bone from where the bone marrow and tra-
becular bone areas emerge. The importance of the subchondral bone lies in its com-
munication with the cartilage, providing this tissue with at least 50% of the oxygen
and glucose requirements. This communication not only is limited to the nutritional
contribution but also covers the cellular and molecular signaling that participates in
the cartilage homeostasis. Besides this, it is also a source of MSCs and participates in
absorbing joint loads along with the other elements mentioned above [17].

The joint adaptability is both mechanical and biological, and it is in this last
component where the action of regenerative medicine could positively influence.
All the structures and tissues described above participate in joint stability by
adapting to the different alterations and stimuli received, ultimately maintaining a
healthy cartilage. Because of the “mechanical stabilizers” of the joint, the mechani-
cal loads and forces that it receives become molecular and cellular stimuli that are
maintained at physiological levels. These stimuli activate the chondrocyte gene
expression, allowing them to synthesize proteins, such as proteoglycans, collagen,
and metalloproteases, that ensure the integrity and renovation of the articular
cartilage [18]. The continuous adaptation of the cells to the mechanical stimuli they
receive in order to maintain the adequate extracellular matrix is based on a very
delicate anabolic/catabolic balance, and any mechanical or biological alteration can
break it resulting in joint degeneration [19].

2.2 Joint degeneration process

The balance present in the joint may be broken because of multiple causes
(Figure 2). For example, injuries of the tissues involved in the mechanical stabiliza-
tion of the knee could entail an abnormal load distribution. This would cause an
unsatisfactory shock absorption into the joint, and the stimuli generated would
exceed the physiological level [20]. Lifestyle can also have an impact on the genera-
tion of pathological stimuli. Both uncontrolled physical activity and sedentary
lifestyle lead to an excess or defect of stimuli, respectively. The result is a biological
and cellular malfunction and, consequently, a defective tissue renewal. In addition,
pathologies and biological disorders such as inflammatory processes or those affect-
ing the structures responsible for maintaining and nourishing the cartilage could
also cause cellular failures that lead to imbalance and joint degeneration.

The multifactorial nature of this pathology makes it difficult to know the
exact origin of the triggered processes as well as their sequence and timing. These
events take place with special importance in the interaction between the synovial
membrane, cartilage, and subchondral bone. Regardless of the original cause, one
of the main consequences of this imbalance is the deterioration of the extracellular
matrix and the generation of degradation products that are released to the synovial
fluid [21]. The cells of the different joint tissues such as chondrocytes, synovial
macrophages, osteoblasts, or fibroblast interact with these molecules, which act as
Toll-like-receptors (TLRs) and damage-associated molecular patterns (DAMPs).
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Figure 2.

Joint degeneration processes. Different causes such as abnormal mechanical loads, injuries of stabilizing
structures, or pathologies and biological disovders cause nonphysiological stimuli that modify the gene expression
of cells. As a consequence, the extracellular matrix degenerates, activating pro-inflammatory pathways that
create a havmful environment and joint degeneration.

As a consequence of these interactions, the intracellular pathway of the nuclear
factor kappa p (NF-kB) is activated, connecting the mechanobiological program
and the inflammatory response. The gene expression of the affected cells shifts

to an inflammatory pattern synthesizing molecules, namely, interleukins (IL-1b,
IL-6, IL10), prostaglandins (PEG-2) and other pro-inflammatory biomolecules,
and cytokines (necrosis factor alpha (TNF-a), interferon gamma, or nerve growth
factor (NGF)). Pathological levels of these molecules also interfere in physiologi-
cal repairing responses. For instance, the action of MSCs from the bone marrow is
altered by high levels of transforming growth factor beta (TGF-p), compromising
their modulating and repairing functions [22].

All the harmful biological environment generated by this event cascade leads
to pathological outcomes in the cartilage, synovium, and subchondral bone.
Chondrocytes of cartilage turn into a much more active state, forming cell clus-
ters and increasing their proliferation. They also increase the synthesis of both
extracellular matrix proteins and enzymes, causing an altered remodeling of
the matrix with hypertrophy and calcifications [19]. Concerning the synovium,
inflammation occurs in the early stages together with macrophage infiltrates and
an increased synovitis in the advanced stages [23]. Communications between the
cartilage and subchondral bone are increased due to the presence of fissures and
microcraks, in addition to the remodeling of this tissue with fibroneuroangiogene-
sis because of the overexpression of molecules like TGF-p and vascular endothelial
growth factor (VEGF) [24].

Moreover, the negative effects arising from joint degeneration can affect other
tissues as well [8]. For example, studies conducted in the meniscus of patients with
arthrosis showed a tissue with increased vascularization and nerve terminals, with
the unstructured extracellular matrix, abnormal cell organization, and cell death
[25]. Likewise, ligaments with osteoarthritic patients also showed calcifications and
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disorganized collagen fibers [26]. Finally, muscle tissue is also affected by inflam-
mation produced in joint degeneration, showing fibrosis, collagen depositions, and
muscle wasting [27]. Considering all this, it is clear that joint degeneration is not a
sole cartilage disease. Instead, it affects all the elements present in the joint, and,
therefore, it should be clinically tackled taking into consideration all of them in
order to reverse or slow down the degenerative progression.

3. Platelet-Rich Plasma
3.1 Platelets as a source of bioactive molecules

PRP is an autologous biological therapy framed in the regenerative medicine
whose basic principle is to obtain a fraction of blood plasma that contains platelets
at a higher concentration than in the blood. From the pharmacological perspective,
it is very difficult to define it since the PRP presents a large number and variety of
active substances, even often antagonistic. Its therapeutic potential lies both in the
biomolecules present in the plasma and in the platelet and its content that is the core
element of this therapy.

The platelets are produced by the megakaryocytes of the bone marrow, which
migrate to the endothelial barrier after maturation and project their prolongations
releasing into the bloodstream the proplatelets or precursors that will generate the
platelets [28]. Platelets are discoid and anucleated blood elements with a diameter
of 2-3 pm; their blood concentration is 150.000-400.000 platelets/pL with a life
span of 7 to 10 days. Platelets are limited by an external plasma membrane that
contains a large network of receptors that trigger intracellular signals that allow
platelets to perform their numerous functions. Among them glycoprotein Ib (GPiB)
and glycoprotein VI (GPVI) receptors can be found, which are involved in func-
tions related to homeostasis, the main function of platelets. GPIb and GPVI bind
to von Willebrand factor (VWF) and collagen when there is a discontinuity in the
endothelial barrier that exposes the extracellular matrix. These interactions cause
conformational changes in platelets and allow them to bind to fibrinogen, tissues,
and other platelets to form the thrombus that will participate in tissue repair. In
addition, this platelet activation also causes the release of their internal content that
has regenerative abilities and justifies the use of PRP.

The internal content of platelets is stored in different granules called dense
granules, a-granules, and lysosomes. The material present in these granules may
have been synthesized by the original megakaryocyte as well as captured by
platelets by endocytosis. The a-granules are those that have a higher content of
active biomolecules related to tissue repair. Hundreds of these molecules have
been identified, including adhesive proteins, fibrinolytic and coagulation factors,
antimicrobial molecules, cytokines, and growth factors, among others. These last
two groups of molecules participate in tissue repair and regeneration processes such
as angiogenesis, chemotaxis, migration, or cell proliferation [29]. When platelets
are activated, not only these molecules are released but also other elements such
as platelet microparticles, which are involved in anti-inflammatory processes, or
exosomes. Exosomes are small vesicles of 100-400 nm that carry several proteins
in addition to other biomolecules as genetic material. Although not much is known
about these platelet exosomes, it has been found that they are very important in
cellular communication [30].

The activation of the PRP platelets causes the release of platelet content related to
tissue repair to the outside, and it joins to the circulating biomolecules in the plasma.
Thus, the levels of many growth factors will depend on the platelet concentration of
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the PRP. Among these platelet growth factors, there is platelet-derived growth factor
(PDGF), which is a potent chemotactic for several cell types and has an important
effect on tissue repair over tissues such as cartilage and meniscus. Another growth
factor with a large presence in platelets is TGF-p, whose effects are varied and can
be of different nature depending on the molecules and cells with which it interacts.
It influences early responses in tissue repair, on the differentiation processes of
mesenchymal stem cells, and on the maintenance of cartilage and subchondral bone.
Other regulatory factors in tissue repair are VEGF, epidermal growth factor (EGF),
or basic fibroblast growth factor (bFGF) with key roles in cell migration, prolifera-
tion, differentiation, or angiogenesis. In addition, circulating molecules such as
insulin-like growth factor type I (IGF-I) or hepatocyte growth factor (HGF) have
also crucial importance in the effect of PRP; they are growth factor enhancers of
regeneration processes as well as modulators of inflammatory processes [31].
Therefore, PRP is a cocktail of thousands of biomolecules from plasma and
platelets that regulate hemostasis, coagulation, tissue repair and regeneration,
inflammation, cellular behavior, or defense against microorganisms, among other
biological processes. All this therapeutic potential depends largely on its composi-
tion, which may vary according to the method used to obtain it. As a result, there is
a wide variety of PRP products as will be explained below.

3.2 Obtaining process
3.2.1 Blood collection

As stated previously, the PRP obtaining technique is used to achieve a fraction
of blood plasma with higher levels of platelets than blood. The first step consists in
the collection of a small volume of peripheral blood from the patient using tubes
with anticoagulant—to prevent blood clotting. Different types of anticoagulants
can be used such as sodium citrate and ethylenediaminetetraacetic acid (EDTA),
which chelate calcium and prevent the coagulation cascade, or heparin that inhibits
thrombin. However, sodium citrate is the most recommended anticoagulant since
it ensures a better preservation of platelets [32]. It also causes less secretion of
microvesicles that are the result of platelet activation, which is increased when
EDTA and heparin are used as blood anticoagulants [33].

3.2.2 Blood fractionation and Platelet-Rich Plasma obtention

After blood collection, a centrifugation process is performed, whose force and
time vary according to the methodology and, hence, the PRP formulation to be
obtained. Centrifugation has to generate sufficient force to create a gradient that
separates the blood into different fractions but without damaging its components
(Figure 3). These centrifugations can be single or double, with a centrifugal force of
between 350 and 2000 g and a centrifugation time of 3 to 15 minutes depending on
the method used. Thus, the blood is divided into a lower fraction of red blood cells,
a thin layer of leukocytes or buffy coat, and finally the plasma fraction with plate-
lets, which gradually decrease their number in the uppermost areas. This last layer
will constitute the PRP, and depending on the centrifugation process, the number
of platelets may vary. However, a higher number of platelets are not strictly linked
to an improved effect of PRP. In fact, several studies have reported that an exces-
sive concentration of platelets may have inhibitory effects on cell proliferation or
differentiation in populations such as tenocytes or adipose tissue-derived stem cells.
Thus, the optimal platelet concentration for an optimized function is considered
two- to threefold compared to blood levels [34, 35].
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Obtaining Platelet-Rich Plasma. After blood fractionation, the platelet-enriched plasma fraction is obtained.
The activation of this fraction causes the release of the platelet content that together with the plasma molecules
constitutes the effector biomolecules of the PRP. It also generates the polymerization of the fibrinogen that will
create a network of fibrin where these biomolecules will be trapped, and that will be released progressively.

When separating the PRP from the rest of the blood fractions, there is the
option to include or not the leukocyte layer, thus obtaining different PRP products,
which will be detailed below. Although in some musculoskeletal disorders the use
of Leukocyte-Rich PRP (LR-PRP) need further research, there is an increasingly
broad consensus by which the use of leukocyte-poor PRP (LP-PRP) preparations is
recommended for joint degeneration [36]. The inclusion of leukocytes in the PRP
generated pro-inflammatory molecules that had negative effects on cell prolifera-
tion and chondrogenic differentiation as well as a worse regeneration of articular
cartilage [37]. However, the fraction of red blood cells must be discarded in order to
avoid the presence of erythrocytes in the PRP. The presence of erythrocytes in the
PRP entails their own degradation processes such as hemolysis and eryptosis. As a
result, products that promote inflammation and cellular stress are generated, which
would hinder the beneficial action of PRP [38].

3.2.3 Platelet-Rich Plasma activation

The last step in the process to obtain PRP is the activation of platelets, through
which its platelet content not only is released but also triggers the polymerization
of fibrinogen in a fibrin mesh that traps the molecules. Thus, a controlled release
system that delivers the molecules as it degrades is obtained. Activation can be
exogenous either by physical methods such as freeze-thaw cycles or by the addi-
tion of certain substances (calcium chloride, thrombin). Some methods propose
endogenous activation in which PRP is administered without prior activation and
platelets are physiologically activated inside the body [39]. However, the use of
exogenous activation allows a more versatile PRP, and depending on the time that
has elapsed since the activation, different formulations are achieved at the point
of care. The addition of calcium chloride as an activation method avoids the use of
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exogenous biological elements such as thrombin. It also prevents local hypocalce-
mia that can be caused by the calcium-chelating anticoagulants previously used in
blood collection to prepare the PRP. Thus, PRP can be used as an injectable liquid
formulation immediately after activation or as a fibrin membrane-clot minutes
after adding the activator. In this case, and due to its consistency, this formulation
can be used as a biological and autologous scaffold in surgical interventions that
promote tissue repair [40].

3.3 Types of Platelet-Rich Plasma

As mentioned above, many variables may be involved in the obtaining process.
It is not the intention of this chapter to delve into the large number of PRP types
that exist both in the market and in the scientific literature. However, it is important
to mention the variables that condition not only the type of PRP and therefore the
different biological effects but also the classification systems (Table 1).

The three main variables that condition the obtaining of PRP, namely, number
of platelets, presence or not of leukocytes, and activation, generate many different
products under the PRP term which are necessary to differentiate. Not only a wide
variety of products have emerged but also several classification systems that have
attempted to clarify the inconsistency that accompanies the term PRP. Initially, the
main difference was the presence or not of leukocytes. In the first classification of
Dohan et al., PRPs could be distinguished in leukocyte-poor PRP and Leukocyte-
Rich PRP, besides contemplating the fibrin presence [41]. Subsequently, Mishra [42]
and DeLong [43] took into consideration the number of platelets and the activation
of PRP. In the following classifications, the presence of erythrocytes [44] was also
mentioned, and in recent years aspects such as recovery efficiency or centrifuga-
tion and application methods were addressed [45, 46], trying to classify as much as
possible the different PRP products (Table1).

As if that were not enough, new denominations are being coined in products
derived from blood but that share the fundamental principles of PRP. This is the
case of the Platelet-Rich Fibrin. These types appeared initially in the Dohan classi-
fication and refer to the fibrin clots that are formed either by centrifuging the blood
without anticoagulants or by activating the liquid PRP and waiting for the forma-
tion of fibrin net, as mentioned above. A product derived from this is the hyper-
acute serum that is obtained with a procedure similar to that of the PRP but without
using anticoagulants. Thus, after centrifugation of the blood, the upper fraction
is a fibrin clot (Platelet-Rich Fibrin), which is squeezed to obtain the hyperacute
serum [47]. It contains all the plasma and platelet biomolecules without coagula-
tion proteins such as fibrinogen, namely, the product obtained is almost identical
to the exudate gradually released from the fibrin net achieved after the activation
of PRP. However, many growth factors present in the hyperacute serum will be
eliminated quickly after its injection into the affected area due to its short half-life,
whereas if they are released in a controlled manner as in the activated PRP, its time
of action will be longer [48].

The lack of standardization is one of the main limitations in the application of
PRP. Although all these products are called PRP, their composition may differ from
many others and as a consequence their biological effects and clinical results. For
instance, the presence of leukocytes determines the levels of pro-inflammatory
molecules, and the activation or not of platelets affects the biomolecule release
kinetics. Therefore, the comparison of PRP studies, assuming that it is the same
product, yields contradictory data, so it is necessary to specify the type of PRP used
in these works [49].



(1)

Variable type Dohan [41] Mishra [42] PAW [43] PLRA [44] DEPA [45] MARSPILL [46]
Composition Leukocytes Platelets Platelets Platelets Platelets Platelets
Fibrin Leukocytes Leukocytes Leukocytes Leukocytes Leukocytes
Neutrophils Neutrophils Erythrocytes Erythrocytes
Erythrocytes
Activation — Activation Activation Activation — Activation
Light
Others Efficiency Method
Image guided
- - - - Spin
Table 1.

Variables analyzed in the different classification systems.
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4. Platelet-Rich Plasma and joint degeneration
4.1 Therapeutic potential of PRP in joint degeneration

As PRP is a product that contains a large number of bioactive molecules, it
is wrong and impossible to define the effect of the PRP based on the isolated
actions of each molecule. The biological effect of PRP depends not only on its
molecules but also on its synergistic effect, which also considers interactions
between molecules. Indeed, many PRP molecules are activated in the presence of
others, or on the contrary many have antagonistic effects, conditioning the final
effect of PRP.
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Figure 4.

Biological effects of Platelet-Rich Plasma on joint degeneration. The inhibition of the intracellular signaling
pathway NF-Kp, the reduction of reactive oxygen species, and the promotion of M2 macrophages cause the
drop of pro-inflammatory molecule levels, achieving an anti-inflammatory effect. In addition, this decrease in
pro-inflammatory molecules such as prostaglandin E2 achieves an analgesic effect, which is also favored by the
activation of endocannabinoid systems. On the other hand, PRP modulates the cellular response, stimulating
the proliferation of chondrocytes and synoviocytes, which increase the production of the substances responsible
for lubrication. This modulation also affects mesenchymal stem cells, which increase their chondrogenic
potential and decrease their abervant and senescent forms.
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Multiple actions are attributed to the PRP in the treatment of pathologies of the
musculoskeletal system. However, this chapter will be limited to highlighting the
effects that have the greatest impact on improving joint degeneration (Figure 4).

4.1.1 Anti-inflammatory effect

Due to the complex OA pathophysiology, inflammation can be both the cause
and consequence of other pathological processes. Because of this, it is important to
reverse the pro-inflammatory environment of this pathology and restore homeo-
stasis of the joint to promote tissue repair. Many of the PRP molecules participate in
the regulation of these inflammatory processes, which are key in the progression of
the pathology. The anti-inflammatory effect of PRP is achieved through the action
of its biomolecules at different levels. Molecules such as IGF-1 or HGF restore the
original acquiescent state of cell populations from an inflammatory state because
of joint degeneration. This effect occurs through the inhibition of the intracellular
signaling pathway NF-Kp by these molecules, and, as a result, the generation of pro-
inflammatory molecules such as IL-f or TNF-a is reduced [50, 51]. The use of PRP
rich in leukocytes can be especially important in this mechanism of action since,
instead of inhibiting this inflammatory pathway, they activate it due to the presence
of certain pro-inflammatory molecules in this type of PRP [37]. This inhibitory
effect not only is limited to chondrocytes but also affects other cell populations such
as fibroblast, osteoblasts [52], or macrophages [53]. The consequence of silencing
this pathway in the different cell types of the joint is the drop in the inflammatory
molecular levels of the synovial fluid, relieving the inflammatory environment [54].

Within its anti-inflammatory action, PRP also acts on macrophages by changing
its phenotype. This effect may be indirect due to the decrease in pro-inflammatory
molecules or direct by a direct action on the PRP components such as the mic-
roparticles produced by platelet apoptosis. The result is a phenotype shift of the
macrophages from inflammatory (M1) to reparative (M2) phenotype, where the
reduction of inflammation is favored and tissue repair is stimulated [55]. This effect
is especially important in macrophages present in the synovial membrane. The
increase in anti-inflammatory macrophages to the detriment of pro-inflammatories
results in a decrease in inflammation of the synovial membrane, which is a hallmark
of OA [56]. This polarization towards a reparative state may be due to the action
of the interleukin 1 receptor antagonist, present in the PRP, which in addition to
avoiding the inflammatory effect of IL-1 promotes the repair phenotype M2 of
macrophages [57].

The inflammatory environment in the osteoarthritic joint is also potentiated
by the increased presence of reactive oxygen species (ROS), which participate in
the OA pathogenesis through synovium inflammation, cartilage degradation, or
subchondral bone dysfunction [58]. PRP activates the antioxidant response element
through the intracellular signaling pathway NrF2-ARE in osteoblasts [59]. This
achieves an antioxidant and protective effect in these cell populations, avoiding
damage caused by ROS increment.

The interaction of PRP biomolecules in the mechanisms that trigger inflamma-
tion results not only in a decrease in the levels of pro-inflammatory molecules and
ROS but also in a promotion of gene expression related to anti-inflammatory action.
It has recently been shown that gene expression of enzymes related to aggrecan
destruction and metalloproteinase modulation, namely, metalloproteinase with
thrombospondin motifs-5 (ADAMTS-5) and tissue inhibitor of metalloprotein-
ases-1 (TIMP-1), are decreased in cartilage and synovium under the presence of
PRP. However, gene expression related to the formation of collagen 1 and aggrecan
isincreased [60].
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4.1.2 Analgesic effect

Pain is one of the most characteristic symptoms of OA and one of the most
limiting factors for the patient, affecting its functionality and quality of life. One
of the main causes of pain associated with joint degeneration is the inflammation
that occurs. Solving the inflammatory problem would partly relieve the pain of the
OA patient. This relief is one of the most observed effects in clinical studies since
it is the most studied variable. However, it is necessary to deepen the mechanisms
of action by which the PRP achieves the analgesic effect. During the inflammatory
processes, molecules are generated by resident macrophages outstanding prosta-
glandin E; (PGE,), which is one of the main causes of the inflammatory pain [61].
As mentioned earlier, PRP favors the change in macrophages from pro-inflamma-
tory to anti-inflammatory phenotype as a consequence of the production of PGE2
and other pro-inflammatory molecule reductions [56]. In addition, the action of the
PRP over the NF-Kp pathway could also reduce the levels of substances that stimu-
late the nociceptors of the joint synovitis [62]. Therefore, inhibition of the synthesis
of these substances is one of the mechanisms of action by which PRP reduces pain.

Although the action on inflammation may be the most predominant mechanism
in pain relief, the implication of other pathways has been studied, namely, the
peripheral endocannabinoid-mediated mechanism, which could be a promising
therapeutic target in the synovial tissue of OA patients [63]. The influence of PRP
on this signaling system is associated with the stimulation that occurs in the cells
located in inflammatory environments. In the presence of PRR, these cells would
generate analgesic substances such as anandamide and 2-arachidonoylglycerol,
which are agonists of cannabinoid receptors 1 and 2. This effect is observed both
in vitro and in vivo, with a lower nociceptive response in treated animals [62].

4.1.3 Biolubricanting effect

One of the problems associated with osteoarthritis is the lack of lubrication and
therefore the increased friction in the joint. In a healthy joint, the synovial fluid has
anatural lubricant function due to the presence of hyaluronic acid. The alteration
of the components of the synovial fluid worsens the lubrication, deteriorating the
cartilage. In addition, this layer of lubricant decreases progressively as the disease
worsens, creating a vicious circle [64]. Restoring joint lubrication is one of the pri-
orities to improve the course of the disease, and it is the purpose of intra-articular
hyaluronic acid infiltrations [65].

The application of PRP also may restore joint lubrication through several
mechanisms. First, it has a stimulating effect on the chondrocytes and synovio-
cytes, due to the fact that it not only enhances its proliferation but also increases the
production of hyaluronic acid, improving the lubricating capacity of the synovial
fluid [66-68]. Secondly, PRP also influences lubrication through the superficial
zone protein (SZP) or lubricin. This protein synthesized by chondrocytes and
synoviocytes acts as a chondroprotective barrier against direct contact in joints. PRP
improves lubrication both directly, since it contains endogenous SZP, and indirectly
by stimulating the SZP secretion by articular cartilage and synovium [69].

4.1.4 Cellular modulating effect

All the effects described above are generated through the interaction between
growth factors and cell membrane receptors, triggering intracellular pathways
and affecting gene expression that generates the biological effects. In addition to
these, which are the most influential in the asymptomatic relief of OA, namely,
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inflammation, pain, and lubrication, there are other trophic and regulating effects
that, although they do not have such a drastic clinical outcome, are necessary to
promote tissue repair and reverse or slow down the disease.

PRP has demonstrated its biological effect over the chondrocytes of articular
cartilage and its consequent impact on cartilage repair. Fice et al. published a
systematic review including numerous in vitro and in vivo studies that showed
the action of PRP on the cellular response [70]. On the one hand, it acts on cellular
behavior, increasing growth, migration, and proliferation rates and reducing nega-
tive effects such as apoptosis. On the other hand, PRP enhances the synthesis of
glycosaminoglycans (GAGs), proteoglycans, and collagen, improving the produc-
tion of extracellular matrix.

In addition, stimulation of cartilage repair is also conditioned by the action of
MSCs. They are able not only to differentiate into cells with specialized functions
such as chondrocytes, osteoblasts, and adipocytes but also to release molecules and
cellular signals that regulate the repair processes [71]. The behavior of MSCs in OA
is modified, increasing in number in synovial fluid as the severity of the disease
increases [72]. These MSCs come from resident joint niches such as the synovial
membrane, the surface of the articular cartilage, and the subchondral bone, once
again confirming the involvement of all the joint structures in the development of
OA [17]. In this pathological environment, these cells have their function altered,
losing their restorative activity [73]. Bearing this in mind, mesenchymal stem cells
are considered a therapeutic target for the PRP to modulate its behavior and restore
its physiological functions. Muifios-Lépez et al. observed a decrease in MSCs in
synovial fluid of patients with severe OA after the application of PRP directly into
the subchondral bone [74]. The regulatory capacity of PRP on MSCs may be due to
the direct action on their cellular response as well as the improvement of the bio-
logical environment in which the cells reside. Bone marrow-derived MSCs treated
with PRP showed an increase in proliferation and chondrogenic capacity [75]. This
increased proliferation was also observed in human adipose-derived stem cells,
although their chondrogenic differentiation potential was retained [76]. Restoring
tissue homeostasis where MSCs reside, for instance, by decreasing inflammation by
inhibiting pro-inflammatory molecules, also improves the action of these cells. The
attenuation of a TGF-p-mediated signaling excess in the subchondral bone during
OA restores the dysfunction of the MSCs, preventing cartilage degeneration [77].
Liu et al. observed that intraosseous infiltrations of PRP promoted MSC cell prolif-
eration and osteogenesis in an in vivo study, whereas adipogenesis, senescence, and
oxidative stress were decreased [78].

4.2 Clinical translation

The transfer of the PRP from the laboratory to the clinical application has been
very fast with extensive worldwide expansion. This has occurred in part because of
its ease of obtaining and its high safety as an autologous product, and, as a conse-
quence, more and more clinical studies are being published on the use of PRP in
OA. It is not the intention of this chapter to analyze all these studies but to highlight
the most relevant aspects of this translation. The latest published meta-analyses
concluded that the use of intra-articular PRP infiltrations achieves effects on
symptoms such as pain relief or improved function better than the use of hyaluronic
acid or placebo especially for the long term [79-81]. Based on these data, it could
be accepted that the PRP has evolved from being a promising alternative to a real
option for clinicians and patients.

However, it should not be forgotten that it is necessary to continue to carry
out high-quality clinical studies to clarify possible doubts and achieve the ideal
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protocol for both obtaining and applying PRP products [82]. Some of the clinical
studies carried out have attempted to elucidate this type of questions, the presence
of leukocytes being one of the most critical issues. Several authors have studied

the clinical effect of including leukocytes in the PRP. Mariani et al. studied the
pro-inflammatory effect that intra-articular infiltrations of Leukocyte-Rich PRP
could have. Surprisingly, and contrary to the in vitro studies, patients who received
this treatment did not experience an increase of pro-inflammatory molecules in the
synovial fluid or plasma in the short or long term [83]. These data were confirmed
in a meta-analysis where there were no differences in adverse reactions between
PRP with and without leukocytes, being very rare and local such as pain and
inflammation. However, as far as efficacy is concerned, this same work carried out
by Riboh et al. showed that PRP poor in leukocytes had significantly better results
than those obtained by hyaluronic acid and placebo, whereas this difference did
not occur in PRP rich in leukocytes. Therefore, according to the studies carried out
in this matter, the inclusion of leukocytes in the PRP does not affect the safety of
the product but does diminish its effectiveness in the treatment of knee OA [36]. In
spite of these advances, it is necessary to continue studying the rest of the composi-
tion variables that may condition the clinical response of the PRP, such as platelet
concentration. Recent studies suggest that a concentration below fivefold blood
platelet concentration is recommended [84].

Not only the variables related to the obtaining or composition of the PRP
products condition the clinical effect of this therapy but also the different methods
of application. Several clinical studies addressed the effect of a single or repeated
administration of intra-articular infiltrations of PRP. A first group of studies
focused on analyzing the differences between a single infiltration of PRP and
several repeated infiltrations every 1 or 2 weeks. These studies demonstrated
that PRP obtained better results than control treatment and, in addition, patients
who received repeated intra-articular infiltrations of PRP achieved better clinical
response on items such as pain, symptomatology, and function [85-87]. Other
studies analyzed the effect of applying several cycles of PRP infiltrations, referring
to a cycle as a series of repeated infiltrations in a short period of time. Gobbi et al.
compared the efficacy of administration of one PRP cycle against two PRP cycles
separated by 1 year, one cycle being three intra-articular infiltrations of PRP in
1 month. In both groups, there was an improvement in patients 1 year after the first
cycle, which was accentuated at 18 months after the application of a second cycle
[88]. Vaquerizo et al. conducted a similar study comparing patients treated with
one PRP cycle with patients treated with two PRP cycles separated by 6 months, one
cycle being three weekly intra-articular PRP infiltrations. The results showed that
although there were no significant differences in pain improvement, patients who
received two cycles had better symptoms and functionality 1 year after treatment
[89]. Thus, the different studies that analyze this variable recommend the applica-
tion of repeated PRP injections instead of isolated ones.

Following with the PRP administration modality, it is important to remem-
ber that the mechanism of action of PRP biomolecules is cell stimulation and
improvement of the biological environment to favor tissue repair. Furthermore, as
explained at the beginning of this chapter, OA is an alteration of the whole joint and
not just a few elements. Considering these two assumptions, it would be advisable
to act on the majority of the tissues involved in the joint and especially on those that
perform a more predominant biological function. When PRP is intra-articularly
administered, it soaked the articular space, reaching and acting on the cells present
both in the synovial membrane and on the articular surface. However, this route
of administration does not reach the subchondral bone which communicates with
the cartilage, especially in OA case, and it is fundamental both in the maintenance
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Figures.

Intraosseous administration of PRP. Intraosseous PRP administrations allow the subchondral bone to be reached
and its therapeutic effect to be extended. Intraosseous infiltrations ave applied in the femoral condyle (A) and
tibial plateau (B) in patients with knee OA and in the acetabulum (C) and femoral head (D) in cases of hip OA.

of homeostasis and in the pathophysiology of joint degeneration [17]. In order

to extend the range of action of the PRP and also act on the subchondral bone,
Sanchez et al. described the technique of PRP intraosseous infiltrations (Figure 5).
This method of application combines conventional intra-articular injection of PRP
with intraosseous infiltrations into the subchondral bone of the femoral condyle
and tibial plateau in severe cases of knee OA [90]. Afterward, this technique was
adapted to treat advanced cases of hip OA, combining intra-articular infiltration
with intraosseous infiltrations into the femoral head and acetabulum [91]. In both
cases, intraosseous administration must be assisted by imaging, ultrasound, or
fluoroscopy, to ensure correct delivery in the required area.

The first published works carried out using this technique provided promising
results. In a pilot study performed with patients who presented knee OA of grades
3 and 4 according to the Ahlbdck scale, pain was significantly reduced, and an
increase in joint function was observed at 6 months after receiving the combina-
tion of intra-articular and intraosseous PRP injections. In addition, the number
of MSCs present in the synovial fluid decreased after this treatment [92]. This
finding was not observed in patients treated only with intra-articular infiltrations,
suggesting the importance of the subchondral bone in the modulation of cellular
response in joint degeneration [74]. Following the same trend, an observational
study compared the intra-articular administration of PRP versus the combination
of intra-articular and intraosseous injections in patients with severe knee OA. The
results of this study showed that although there was no difference between both
groups at 2 months after treatment, patients who received the PRP intraosseously
showed clinically superior results at 6 and 12 months [93]. Su et al. conducted a
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clinical trial in which, in addition to comparing intra-articular against intraosseous
injections, they used hyaluronic acid as a control treatment. The patients enrolled in
this study presented knee OA of grades 2 and 3 according to the Kellgren-Lawrence
scale. The results achieved with treatment based on intraosseous infiltrations of
PRP were superior to those obtained with both intra-articular PRP and hyaluronic
acid [94]. No severe adverse effects were reported in any of these studies, and they
were limited to pain after infiltrations. One of the characteristics of the subchondral
bone in patients with knee OA is the presence of fibroneurovascular proliferation.
Although the PRP contains proangiogenic and profibrotic molecules, no basic or
clinical study showed the uncontrolled induction of this effect after the application
of intraosseous PRP [22].

Finally, intra-articular injections of MSCs derived from various sources associ-
ated with PRP were analyzed in some studies. The vehiculization of MSCs in PRP
could entail an improvement in cell viability and may be translated into better
clinical results. Although studies performed with both bone marrow [95, 96]- and
stroma fraction [97, 98]-derived MSCs showed improvement in these patients
after the application of this therapeutic combination, the association of PRP with
the MSCs did not lead to a greater clinical improvement in patients. However, the

therapeutic potential of the synergy of both therapies justifies further research in
this field.

5. Conclusions

Joint degeneration is a pathology that affects a large part of the population, dete-
riorating their quality of life being disabling in many cases. It is also related to aging
and unhealthy lifestyle habits; thus it is expected that its prevalence will increase
in the coming years, assuming a great cost to health systems. Current conventional
treatments focus on symptomatic relief without addressing the cause of the disease.
Because of this, new treatments based on regenerative medicine are emerging in
order to expand the therapeutic arsenal and delay or prevent joint replacement,
which is currently the only definitive solution for patients. Moreover, in order to
achieve an optimal treatment for joint degeneration, it must be understood that
the joint works as a whole organ. All elements of the joint participate in the main-
tenance of homeostasis, the synovial membrane, cartilage, and subchondral bone
being key for biological balance.

This balance could be maintained or restored by means of several biological
therapies such as PRP that is a cocktail of plasma and platelet biomolecules, and
it is obtained after fractionating small blood volumes by centrifugation. PRP has
a great versatility since it allows its use through different types of formulations,
being able to be applied both in outpatient infiltrations and surgical interventions.
The therapeutic potential of PRP in joint degeneration lies in its ability to modulate
inflammation, lubrication, and pain, acting on different cell populations to create
a biological environment conducive to tissue repair. However, the variety in the
composition of PRP products leads to different biological effects and consequently
contradictory clinical results. It is, therefore, necessary to identify and characterize
the PRP used in order to advance both research and clinical practice.

The success of the PRP also depends on the method of clinical application. The
administration of PRP has to cover the main joint tissues so that the biological
effects of PRP act over the cells of in order to reverse the course of the pathology.
Although the safety and ease of obtaining PRP have allowed a quick transfer from
the laboratory to the hospital, much is still unknown about this therapy, and further
basic and clinical research is needed.

17



Regenerative Medicine

Author details

Mikel Sdnchez"**, Maider Beitia®, Orlando Pompei', Cristina Jorquera?,

Pello Sdnchez?, Jorge Knorr, Francisco Soldado', Leonor Lépezl, Jaime Oraa’,
Ane Miren Bilbao!, Nicolds Fiz!, Jorge Guadillal, Beatriz Aizpurual,

Juan Azofra' and Diego Delgado’

1 Arthroscopic Surgery Unit, Hospital Vithas San José, Vitoria-Gasteiz, Spain

2 Advanced Biological Therapy Unit, Hospital Vithas San José, Vitoria-Gasteiz,
Spain

*Address all correspondence to: mikel.sanchez@ucatrauma.com

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

18



Isolation, Activation, and Mechanism of Action of Platelet-Rich Plasma and Its Applications...

DOI: http://dx.doi.org/10.5772/intechopen.90543

References

[1] O’Neill TW, McCabe PS, McBeth J.
Update on the epidemiology, risk factors
and disease outcomes of osteoarthritis.
Best Practice & Research. Clinical
Rheumatology. 2018;32(2):312-326.
DOI: 10.1016/j.berh.2018.10.007

[2] Berenbaum F. Osteoarthritis as an
inflammatory disease (osteoarthritis
is not osteoarthrosis!). Osteoarthritis
and Cartilage. 2013;21(1):16-21. DOL:
10.1016/jjoca.2012.11.012

[3] Lohmander LS, Roos EM. Clinical
update: Treating osteoarthritis. Lancet.
2007;370(9605):2082-2084. DOL:
10.1016/50140-6736(07)61879-0

[4] Lum ZC, Shieh AK, Dorr LD. Why
total knees fail-a modern perspective
review. World Journal of Orthopedics.
2018;9(4):60-64. DOI: 10.5312/wjo.
v9.i4.60

[5] Chen A, Gupte C, Akhtar K,

Smith P, Cobb J. The global economic
cost of osteoarthritis: How the UK
compares. Art. 2012;2012:698709. DOI:
10.1155/2012/698709

[6] Andia I, Maffulli N. New
biotechnologies for musculoskeletal
injuries. The Surgeon. 2019;17(4):244-
255. DOI: 10.1016/j.surge.2018.08.004

[71 O’Connell B, Wragg NM,

Wilson SL.The use of PRP injections

in the management of knee
osteoarthritis. Cell and Tissue Research.
2019;376(2):143-152. DOI: 10.1007/
s00441-019-02996-x

[8] Loeser RF, Goldring SR, Scanzello CR,
Goldring MB. Osteoarthritis: A disease
of the joint as an organ. Arthritis and
Rheumatism. 2012;64(6):1697-1707.
DOI: 10.1002/art.34453

[9] Buchman TG. The community of the

self. Nature. 2002;420(6912):246-251.
DOI: 10.1038/nature01260

19

[10] Kjaer M. Role of extracellular
matrix in adaptation of tendon
and skeletal muscle to mechanical
loading. Physiological Reviews.
2004;84(2):649-698. DOI: 10.1152/
physrev.00031.2003

[11] Brandt KD, Radin EL, Dieppe PA,
van de Putte L. Yet more evidence that
osteoarthritis is not a cartilage disease.
Annals of the Rheumatic Diseases.
2006;65(10):1261-1264. DOI: 10.1136/
ard.2006.058347

[12] Hoffmann A, Gross G. Tendon
and ligament engineering in the adult
organism: Mesenchymal stem cells
and gene-therapeutic approaches.
International Orthopaedics.
2007;31(6):791-797. DOI: 10.1007/
s00264-007-0395-9

[13] Fox AJ, Wanivenhaus F, Burge AJ,
Warren RF, Rodeo SA. The human
meniscus: A review of anatomy,
function, injury, and advances

in treatment. Clinical Anatomy.
2015;28(2):269-287. DOI: 10.1002/
ca.22456

[14] de Sousa EB, Casado PL, Moura
Neto V, Duarte ME, Aguiar DP. Synovial
fluid and synovial membrane
mesenchymal stem cells: Latest
discoveries and therapeutic
perspectives. Stem Cell Research &
Therapy. 2014;5(5):112. DOI: 10.1186/
scrt501

[15] Smith MD. The normal
synovium. The Open Rheumatology
Journal. 2011;5:100-106. DOI:
10.2174/1874312901105010100

[16] Anitua E, Sanchez M, Orive G,
Padilla S. A biological therapy to
osteoarthritis treatment using
platelet-rich plasma. Expert
Opinion on Biological Therapy.
2013;13(8):1161-1172. DOI:
10.1517/14712598.2013.801450



Regenerative Medicine

[17] Sanchez M, Anitua E, Delgado D,
Sanchez P, Prado R, GoirienaJJ, et al.

A new strategy to tackle severe knee
osteoarthritis: Combination of intra-
articular and intraosseous injections of
platelet rich plasma. Expert Opinion on
Biological Therapy. 2016;16(5):627-643.
DOI: 10.1517/14712598.2016.1157162

[18] Tchetina EV. Developmental
mechanisms in articular cartilage
degradation in osteoarthritis.
Art. 2011;2011:683970. DOI:
10.1155/2011/683970

[19] Goldring MB, Marcu KB. Cartilage
homeostasis in health and rheumatic
diseases. Arthritis Research & Therapy.
2009;11(3):224. DOI: 10.1186/ar2592

[20] Nam ], Aguda BD, Rath B,
Agarwal S. Biomechanical thresholds
regulate inflammation through the
NF-kappaB pathway: Experiments and
modeling. PLoS One. 2009;4(4):e5262.
DOI: 10.1371/journal.pone.0005262

[21] Scanzello CR, Goldring SR. The
role of synovitis in osteoarthritis
pathogenesis. Bone. 2012;51(2):249-257.
DOI: 10.1016/j.bone.2012.02.012

[22] Delgado D, Garate A, Vincent H,
Bilbao AM, Patel R, Fiz N, et al. Current
concepts in intraosseous platelet-

rich plasma injections for knee
osteoarthritis. Journal of Clinical
Orthopaedics and Trauma.
2019;10(1):36-41. DOI: 10.1016/j.
jcot.2018.09.017

[23] Krasnokutsky S, Belitskaya-Lévy I,
Bencardino J, Samuels J, Attur M,
Regatte R, et al. Quantitative magnetic
resonance imaging evidence of
synovial proliferation is associated
with radiographic severity of

knee osteoarthritis. Arthritis and
Rheumatism. 2011;63(10):2983-2991.
DOI: 10.1002/art.30471

[24] Suri S, Walsh DA. Osteochondral
alterations in osteoarthritis. Bone.

20

2012;51(2):204-211. DOI: 10.1016/j.
bone.2011.10.010

[25] Katsuragawa Y, Saitoh K, Tanaka N,
Wake M, Ikeda Y, Furukawa H, et al.
Changes of human menisci in
osteoarthritic knee joints. Osteoarthritis
and Cartilage. 2010;18(9):1133-1143.
DOI: 10.1016/jjoca.2010.05.017

[26] Hasegawa A, Otsuki S, Pauli C,
Miyaki S, Patil S, Steklov N, et al.
Anterior cruciate ligament changes

in the human knee joint in aging

and osteoarthritis. Arthritis and
Rheumatism. 2012;64(3):696-704. DOI:
10.1002/art.33417

[27] Shorter E, Sannicandro AJ,

Poulet B, Goljanek-Whysall K. Skeletal
muscle wasting and its relationship
with osteoarthritis: A mini-review of
mechanisms and current interventions.
Current Rheumatology Reports.
2019;21(8):40. DOI: 10.1007/
s11926-019-0839-4

[28] Machlus KR, Italiano JE Jr.

The incredible journey: From
megakaryocyte development to platelet
formation. The Journal of Cell Biology.
2013;201(6):785-796. DOI: 10.1083/
jcb.201304054

[29] Gremmel T, Frelinger AL 3rd,
Michelson AD. Platelet physiology.
Seminars in Thrombosis and
Hemostasis. 2016;42(3):191-204. DOI:
10.1055/s-0035-1564835

[30] De Paoli SH, Tegegn TZ, Elhelu OK,
Strader MB, Patel M, Diduch LL, et al.
Dissecting the biochemical architecture
and morphological release pathways

of the human platelet extracellular
vesiculome. Cellular and Molecular Life
Sciences. 2018;75(20):3781-3801. DOI:
10.1007/s00018-018-2771-6

[31] Padilla S, Sinchez M, Orive G,
Anitua E. Human-based biological
and biomimetic autologous
therapies for musculoskeletal tissue



Isolation, Activation, and Mechanism of Action of Platelet-Rich Plasma and Its Applications...

DOI: http://dx.doi.org/10.5772/intechopen.90543

regeneration. Trends in Biotechnology.
2017;35(3):192-202

[32] Spezia ], Hermann PB, Comar SR,
Picheth G, Henneberg R, Utiyama SRR.
Anticoagulant choices affect the

mean platelet volume measurement

by impedance. Clinical Laboratory.
2018;64:217-220. DOI: 10.7754/Clin.
Lab.2017.170806

[33] Wisgrill L, Lamm C, Hartmann J,
Preifling F, Dragosits K, Bee A, et al.
Peripheral blood microvesicles secretion
is influenced by storage time,
temperature, and anticoagulants.
Cytometry. Part A. 2016;89(7):663-672.
DOI: 10.1002/cyto0.a.22892

[34] Giusti I, D’Ascenzo S, Manco A, Di
Stefano G, Di Francesco M, Rughetti A,
et al. Platelet concentration in platelet-
rich plasma affects tenocyte behavior
in vitro. BioMed Research
International. 2014;2014:630870. DOI:
10.1155/2014/630870

[35] Felthaus O, Prantl L, Skaff-
Schwarze M, Klein S, Anker A,
Ranieri M, et al. Assessing clinical
implications and perspectives of

the pathophysiological effects

of erythrocytes and plasma free
hemoglobin in autologous biologics for
use in musculoskeletal regenerative
medicine therapies. A review.
Regenerative Therapy. 2019;11:56-64.
DOI: 10.1016/j.reth.2019.03.009

[36] Riboh JC, Saltzman BM, Yanke AB,
Fortier L, Cole BJ. Effect of leukocyte
concentration on the efficacy of platelet-
rich plasma in the treatment of knee
osteoarthritis. The American Journal of
Sports Medicine. 2016;44(3):792-800.
DOI: 10.1177/0363546515580787

[371 XuZ, Yin W, Zhang Y, Qi X, Chen,
Xie X, et al. Comparative evaluation of
leukocyte- and platelet-rich plasma and
pure platelet-rich plasma for cartilage

regeneration. Scientific Reports.
2017;7:43301. DOI: 10.1038/srep43301

21

[38] Everts PA, Malanga GA, Paul RV,
Rothenberg J, Stephens N, Mautner KR.
Assessing clinical implications and
perspectives of the pathophysiological
effects of erythrocytes and plasma free
hemoglobin in autologous biologics for
use in musculoskeletal regenerative
medicine therapies. A review.
Regenerative Therapy. 2019;11:56-64.
DOI: 10.1016/j.reth.2019.03.009

[39] Kikuchi N, Yoshioka T, TaniguchiY,
Sugaya H, Arai N, Kanamori A, et al.
Optimization of leukocyte-poor
platelet-rich plasma preparation:

A validation study of leukocyte-
poor platelet-rich plasma obtained
using different preparer, storage,
and activation methods. Journal

of Experimental Orthopaedics.
2019;6(1):24. DOI: 10.1186/
s40634-019-0190-8

[40] Anitua E, Nurden P, Prado R,
Nurden AT, Padilla S. Autologous fibrin
scaffolds: When platelet- and plasma-
derived biomolecules meet fibrin.
Biomaterials. 2019;192:440-460. DOI:
10.1016/j.biomaterials.2018.11.029

[41] Dohan Ehrenfest DM, Rasmusson L,
Albrektsson T. Classification of platelet
concentrates: From pure platelet-rich
plasma (P-PRP) to leucocyte- and
platelet-rich fibrin (L-PRF). Trends

in Biotechnology. 2009;27(3):158-167.
DOI: 10.1016/j.tibtech.2008.11.009

[42] Mishra A, Harmon K, Woodall J,
Vieira A. Sports medicine applications
of platelet rich plasma. Current
Pharmaceutical Biotechnology.
2012;13(7):1185-1195. DOL:
10.2174/138920112800624283

[43] DeLong JM, Russell RP,

Mazzocca AD. Platelet-rich plasma: The
PAW classification system. Arthroscopy.
2012;28(7):998-1009. DOI: 10.1016/j.
arthro.2012.04.148

[44] Mautner K, Malanga GA, Smith ],
Shiple B, Ibrahim V, Sampson S, et al.



Regenerative Medicine

A call for a standard classification
system for future biologic research: The
rationale for new PRP nomenclature.
PM&R: The Journal of Injury,
Function, and Rehabilitation. 2015;7 (4
Suppl):S53-S59. DOL: 10.1016/j.
pmrj.2015.02.005

[45] Magalon ], Chateau AL, Bertrand B,
Louis ML, Silvestre A, Giraudo L, et al.
DEPA classification: A proposal

for standardising PRP use and a
retrospective application of available
devices. BMJ Open Sport & Exercise
Medicine. 2016;2(1):e000060. DOI:
10.1136/bmjsem-2015-000060

[46] Lana JFSD, Purita J, Paulus C,
Huber SC, Rodrigues BL, Rodrigues AA,
et al. Contributions for classification of
platelet rich plasma - proposal of a new
classification: MARSPILL. Regenerative
Medicine. 2017;12(5):565-574. DOI:
10.2217/rme-2017-0042

[47] Kardos D, Simon M, Vacz G,
Hinsenkamp A, Holczer T, Cseh D, et al.
The composition of hyperacute serum
and platelet-rich plasma is markedly
different despite the similar production
method. International Journal of
Molecular Sciences. 2019;20(3):E721.
DOI: 10.3390/ijms20030721

[48] Anitua E, Zalduendo MM,
Alkhraisat MH, Orive G. Release
kinetics of platelet-derived and plasma-
derived growth factors from autologous
plasma rich in growth factors. Annals
of Anatomy. 2013;195(5):461-466. DOI:
10.1016/j.aanat.2013.04.004

[49] Rossi LA, Murray IR, Chu CR,
Muschler GF, Rodeo SA, Piuzzi NS.
Classification systems for platelet-
rich plasma. The Bone & Joint
Journal. 2019;101-B(8):891-896. DOI:
10.1302/0301-620X.101B8.BJJ-2019-
0037.R1

[50] Bendinelli P, Matteucci E,

Dogliotti G, Corsi MM, Banfi G,
Maroni P, et al. Molecular basis of

22

anti-inflammatory action of platelet-
rich plasma on human chondrocytes:
Mechanisms of NF-«B inhibition via
HGEF. Journal of Cellular Physiology.
2010;225(3):757-766. DOI: 10.1002/
jcp.22274

[51] van Buul GM, Koevoet WL, Kops N,
Bos PK, Verhaar JA, Weinans H, et al.
Platelet-rich plasma releasate inhibits
inflammatory processes in osteoarthritic
chondrocytes. The American Journal

of Sports Medicine. 2011;39(11):2362-
2370. DOI: 10.1177/0363546511419278

[52] Anitua E, Zalduendo M, Troya M,
Padilla S, Orive G. Leukocyte inclusion
within a platelet rich plasma-derived
fibrin scaffold stimulates a more
pro-inflammatory environment and
alters fibrin properties. PLoS One.
2015;10(3):e0121713. DOI: 10.1371/
journal.pone.0121713

[53] Coudriet GM, He ], Trucco M,
Mars WM, Piganelli JD. Hepatocyte
growth factor modulates interleukin-6
production in bone marrow derived
macrophages: Implications for
inflammatory mediated diseases. PLoS
One. 2010;5(11):e15384. DOI: 10.1371/
journal.pone.0015384

[54] Huang G, Hua S, Yang T, Ma ],

Yu W, Chen X. Platelet-rich plasma
shows beneficial effects for patients
with knee osteoarthritis by suppressing
inflammatory factors. Experimental and
Therapeutic Medicine. 2018;15(3):3096-
3102. DOI: 10.3892/etm.2018.5794

[55] Vasina EM, Cauwenberghs S,
Feijge MAH, Heemskerk JWM,

Weber C, Koenen RR. Microparticles
from apoptotic platelets promote
resident macrophage differentiation.
Cell Death & Disease. 2011;2(11):e233.
DOI: 10.1038/cddis.2011.115

[56] Khatab S, van Buul GM,

Kops N, Bastiaansen-Jenniskens YM,
Bos PK, Verhaar JA, et al. Intra-articular
injections of platelet-rich plasma



Isolation, Activation, and Mechanism of Action of Platelet-Rich Plasma and Its Applications...

DOI: http://dx.doi.org/10.5772/intechopen.90543

Releasate reduce pain and synovial
inflammation in a mouse model of
osteoarthritis. The American Journal of
Sports Medicine. 2018;46(4):977-986.
DOI: 10.1177/0363546517750635

[57] Lepetsos P, Papavassiliou AG. ROS/
oxidative stress signaling in
osteoarthritis. Biochimica et Biophysica
Acta. 2016;1862(4):576-591. DOI:
10.1016/j.bbadis.2016.01.003

[58] Luz-Crawford P, Djouad F, Toupet K,
Bony C, Franquesa M, Hoogduijn MJ,

et al. Mesenchymal stem cell-derived
interleukin 1 receptor antagonist
promotes macrophage polarization and
inhibits B cell differentiation. Stem
Cells. 2016;34(2):483-492. DOI: 10.1002/
stem.2254

[59] Tohidnezhad M, Wruck CJ,

Slowik A, Kweider N, Beckmann R,
Bayer A, et al. Role of platelet-released
growth factors in detoxification of
reactive oxygen species in osteoblasts.
Bone. 2014;65:9-17. DOI: 10.1016/j.
bone.2014.04.029

[60] O'Brien D, Kia C, Beebe R,
Macken C, Bell R, Cote M, et al.
Evaluating the effects of platelet-rich
plasma and amniotic viscous fluid on
inflammatory markers in a human
coculture model for osteoarthritis.
Arthroscopy. 2019;35(8):2421-2433.
DOI: 10.1016/j.arthro.2019.03.021

[61] Ulmann L, Hirbec H, Rassendren F.
P2X4 receptors mediate PGE2 release by
tissue-resident macrophages and initiate
inflammatory pain. The EMBO Journal.
2010;29(14):2290-2300. DOI: 10.1038/
embo0j.2010

[62] Descalzi F, Ulivi V, Cancedda R,
Piscitelli F, Luongo L, Guida F, et al.
Platelet-richplasmaexertsantinociceptive
activity by a peripheral
endocannabinoid-related mechanism.
Tissue Engineering. Part A. 2013;19(19-
20):2120-2129. DOI: 10.1089/ten.
TEA.2012.0557

23

[63] RichardsonD, Pearson RG, Kurian N,
Latif ML, Garle MJ, Barrett DA, et al.
Characterisation of the cannabinoid
receptor system in synovial tissue and
fluid in patients with osteoarthritis and
rheumatoid arthritis. Arthritis Research
& Therapy. 2008;10(2):R43. DOLI:
10.1186/ar2401

[64] Corvelli M, Che B, Saeui C, Singh A,
Elisseeff ]. Biodynamic performance

of hyaluronic acid versus synovial

fluid of the knee in osteoarthritis.
Methods. 2015;84:90-98. DOI: 10.1016/j.
ymeth.2015.03.019

[65] Nicholls M, Manjoo A, Shaw P,
Niazi F, Rosen J. A comparison between
rheological properties of intra-
articular hyaluronic acid preparations
and reported human synovial fluid.
Advances in Therapy. 2018;35(4):523-
530. DOI: 10.1007/s12325-018-0688-y

[66] Anitua E, SanchezM, DelaFuente M,
Zalduendo MM, Orive G. Plasma rich

in growth factors (PRGF-Endoret)
stimulates tendon and synovial
fibroblasts migration and improves the
biological properties of hyaluronic acid.
Knee Surgery, Sports Traumatology,
Arthroscopy. 2012;20(9):1657-1665.
DOI: 10.1007/s00167-011-1697-4

[67] Cavallo C, Filardo G, Mariani E,
Kon E, Marcacci M, Pereira Ruiz MT,
et al. Comparison of platelet-rich
plasma formulations for cartilage
healing: An in vitro study. The Journal
of Bone and Joint Surgery. American
Volume. 2014;96(5):423-429. DOI:
10.2106/]JBJS.M.00726

[68] Gilbertie JM, Long JM,

Schubert AG, Berglund AK, Schaer TP,
Schnabel LV. Pooled platelet-rich plasma
lysate therapy increases synoviocyte
proliferation and hyaluronic

acid production while protecting
chondrocytes from synoviocyte-derived
inflammatory mediators. Frontiers in
Veterinary Science. 2018;5:150. DOI:
10.3389/fvets.2018.00150



Regenerative Medicine

[69] Sakata R, McNary SM, Miyatake K,
Lee CA, Van den Bogaerde JM,

Marder RA, et al. Stimulation of

the superficial zone protein and
lubrication in the articular cartilage

by human platelet-rich plasma.

The American Journal of Sports
Medicine. 2015;43(6):1467-1473. DOI:
10.1177/0363546515575023

[70] Fice MP, Miller JC, Christian R,
Hannon CP, Smyth N, Murawski CD,

et al. The role of platelet-rich plasma

in cartilage pathology: An updated
systematic review of the basic science
evidence. Arthroscopy. 2019;35(3):961-
976.€3. DOI: 10.1016/j.arthro.2018.10.125

[71] Caplan Al. Adult mesenchymal stem
cells: When, where, and how. Stem Cells
International. 2015;2015:628767. DOI:
10.1155/2015/628767

[72] Sekiya I, Ojima M, Suzuki S,
Yamaga M, Horie M, Koga H, et al.
Human mesenchymal stem cells in
synovial fluid increase in the knee with
degenerated cartilage and osteoarthritis.
Journal of Orthopaedic Research.
2012;30(6):943-949. DOI: 10.1002/
jor.22029

[73] Campbell TM, Churchman SM,
Gomez A, McGonagle D, Conaghan PG,
Ponchel F, et al. Mesenchymal stem

cell alterations in bone marrow lesions
in patients with hip osteoarthritis.
Arthritis & Rhematology.
2016;68(7):1648-1659. DOI: 10.1002/
art.39622

[74] Muifios-Lépez E, Delgado D,
Sanchez P, Paiva B, Anitua E, Fiz N,

et al. Modulation of synovial fluid-
derived mesenchymal stem cells by
intra-articular and intraosseous platelet
rich plasma administration. Stem Cells
International. 2016;2016:1247950. DOI:
10.1155/2016/1247950

[75] Kriiger JP, Hondke S, Endres M,

Pruss A, Siclari A, Kaps C. Human
platelet-rich plasma stimulates

24

migration and chondrogenic
differentiation of human subchondral
progenitor cells. Journal of Orthopaedic
Research. 2012;30(6):845-852. DOI:
10.1002/jor.22005

[76] Hildner F, Eder MJ, Hofer K,

Aberl J, Redl H, van Griensven M, et al.
Human platelet lysate successfully
promotes proliferation and subsequent
chondrogenic differentiation of adipose-
derived stem cells: A comparison with
articular chondrocytes. Journal of
Tissue Engineering and Regenerative
Medicine. 2015;9(7):808-818. DOI:
10.1002/term

[77]1 Zhen G, Wen C, Jia X, LiY,

Crane JL, Mears SC, et al. Inhibition of
TGF-p signaling in mesenchymal stem
cells of subchondral bone attenuates
osteoarthritis. Nature Medicine.
2013;19(6):704-712. DOI: 10.1038/
nm.3143

(78] Liu HY, Huang CF, Lin TC,

Tsai CY, Tina Chen SY, Liu A, et al.
Delayed animal aging through the
recovery of stem cell senescence by
platelet rich plasma. Biomaterials.
2014;35(37):9767-9776. DOLI: 10.1016/j.
biomaterials.2014.08.034

[79] Han'Y, Huang H, Pan ], Lin ],

Zeng L, Liang G, et al. Meta-analysis
comparing platelet-rich plasma vs
hyaluronic acid injection in patients
with knee osteoarthritis. Pain Medicine.
2019;20(7):1418-1429. DOI: 10.1093/
pm/pnz011

[80] Dai WL, Zhou AG, Zhang H,
Zhang J. Efficacy of platelet-rich plasma
in the treatment of knee osteoarthritis:
A meta-analysis of randomized
controlled trials. Arthroscopy.
2017;33(3):659-670.¢e1. DOI: 10.1016/j.
arthro.2016.09.024

[81] Xing D, Wang B, Zhang W, Yang Z,
HouY, ChenY, et al. Intra-articular
platelet-rich plasma injections for

knee osteoarthritis: An overview of



Isolation, Activation, and Mechanism of Action of Platelet-Rich Plasma and Its Applications...

DOI: http://dx.doi.org/10.5772/intechopen.90543

systematic reviews and risk of bias
considerations. International Journal of
Rheumatic Diseases. 2017;20(11):1612-
1630. DOI: 10.1111/1756-185X.13233

[82] Zhang HF, Wang CG, Li H,

Huang YT, Li Z]. Intra-articular platelet-
rich plasma versus hyaluronic acid in
the treatment of knee osteoarthritis:

A meta-analysis. Drug Design,
Development and Therapy. 2018;12:445-
453. DOI: 10.2147/DDDT.S156724

[83] Mariani E, Canella V, Cattini L,
Kon E, Marcacci M, Di Matteo B, et al.
Leukocyte-rich platelet-rich plasma
injections do not up-modulate intra-
articular pro-inflammatory cytokines
in the osteoarthritic knee. PLoS One.
2016;11(6):e0156137. DOI: 10.1371/
journal.pone.0156137

[84] Milants C, Bruyere O, Kaux JF.
Responders to platelet-rich plasma in
osteoarthritis: A technical analysis.
BioMed Research International.
2017;2017:7538604. DOLI:
10.1155/2017/7538604

[85] Tavassoli M, Janmohammadi N,
Hosseini A, Khafri S, Esmaeilnejad-
Ganji SM. Single- and double-dose of
platelet-rich plasma versus hyaluronic
acid for treatment of knee osteoarthritis:
A randomized controlled trial. World
Journal of Orthopedics. 2019;10(9):310-
326. DOI: 10.5312/wjo~v10.i9.310

[86] Gormeli G, Gormeli CA,

Ataoglu B, Colak C, Aslantiirk O,
Ertem K. Multiple PRP injections are
more effective than single injections
and hyaluronic acid in knees with
early osteoarthritis: A randomized,
double-blind, placebo-controlled trial.
Knee Surgery, Sports Traumatology,
Arthroscopy. 2017;25(3):958-965. DOLI:
10.1007/s00167-015-3705-6

[87] Kavadar G, Demircioglu DT,
Celik MY, Emre TY. Effectiveness of
platelet-rich plasma in the treatment
of moderate knee osteoarthritis:

25

A randomized prospective study.
Journal of Physical Therapy Science.
2015;27(12):3863-3867. DOI: 10.1589/
jpts.27.3863

[88] Gobbi A, Lad D, Karnatzikos G. The
effects of repeated intra-articular PRP
injections on clinical outcomes of early
osteoarthritis of the knee. Knee Surgery,
Sports Traumatology, Arthroscopy.
2015;23(8):2170-2177. DOI: 10.1007/
s00167-014-2987-4

[89] Vaquerizo V, Padilla S, Aguirre JJ,
Begofia L, Orive G, Anitua E. Two cycles
of plasma rich in growth factors (PRGF-
Endoret) intra-articular injections
improve stiffness and activities of daily
living but not pain compared to one
cycle on patients with symptomatic
knee osteoarthritis. Knee Surgery,
Sports Traumatology, Arthroscopy.
2018;26(9):2615-2621. DOI: 10.1007/
s00167-017-4565-z

[90] Sanchez M, Fiz N, Guadilla J,
Padilla S, Anitua E, Sdnchez P, et al.
Intraosseous infiltration of platelet-rich
plasma for severe knee osteoarthritis.
Arthroscopy Techniques.
2014;3(6):e713-e717. DOI: 10.1016/j.
eats.2014.09.006

[91] Fiz N, Pérez JC, Guadilla J, Garate A,
Sanchez P, Padilla S, et al. Intraosseous
infiltration of platelet-rich plasma for
severe hip osteoarthritis. Arthroscopy
Techniques. 2017;6(3):e821-e825. DOLI:
10.1016/j.eats.2017.02.014

[92] Sanchez M, Delgado D,

Sanchez P, Muifios-Lépez E, Paiva B,
Granero-Molté F, et al. Combination
of intra-articular and intraosseous
injections of platelet rich plasma

for severe knee osteoarthritis:

A pilot study. BioMed Research
International. 2016;2016:4868613. DOI:
10.1155/2016/4868613

[93] Sanchez M, Delgado D, Pompei O,
Pérez JC, Sanchez P, Garate A, et al.
Treating severe knee osteoarthritis



Regenerative Medicine

with combination of intra-osseous and
intra-articular infiltrations of platelet-
rich plasma: An observational study.
Cartilage. 2019;10(2):245-253. DOLI:
10.1177/1947603518756462

[94] Su K, Bai Y, Wang J, Zhang H,

Liu H, Ma S. Comparison of hyaluronic
acid and PRP intra-articular

injection with combined intra-
articular and intraosseous PRP
injections to treat patients with knee
osteoarthritis. Clinical Rheumatology.
2018;37(5):1341-1350. DOI: 10.1007/
s10067-018-3985-6

[95] Bastos R, Mathias M, Andrade R,
Bastos R, Balduino A, SchottV, et al.
Intra-articular injections of expanded
mesenchymal stem cells with and
without addition of platelet-rich
plasma are safe and effective for

knee osteoarthritis. Knee Surgery,
Sports Traumatology, Arthroscopy.
2018;26(11):3342-3350. DOI: 10.1007/
s00167-018-4883-9

[96] Bastos R, Mathias M, Andrade R,
Amaral RJFC, SchottV, Balduino A,

et al. Intra-articular injection of culture-
expanded mesenchymal stem cells with
or without addition of platelet-rich
plasma is effective in decreasing pain
and symptoms in knee osteoarthritis: A
controlled, double-blind clinical trial.
Knee Surgery, Sports Traumatology,
Arthroscopy. 2019. DOI: 10.1007/
s00167-019-05732-8 [Epub ahead of
print]

[97] Gibbs N, Diamond R, Sekyere EO,
Thomas WD. Management of knee
osteoarthritis by combined stromal
vascular fraction cell therapy, platelet-
rich plasma, and musculoskeletal
exercises: A case series. Journal of Pain
Research. 2015;8:799-806. DOI: 10.2147/
JPR.S92090

[98] Pintat ], Silvestre A, Magalon G,
Gadeau AP, Pesquer L, Perozziello A,

et al. Intra-articular injection of
mesenchymal stem cells and platelet-rich

26

plasma to treat patellofemoral
osteoarthritis: Preliminary results of

a long-term pilot study. Journal of
Vascular and Interventional Radiology.
2017;28(12):1708-1713. DOI: 10.1016/j.
jvir.2017.08.004



