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Abstract

Musculoskeletal pain is driven by degenerative conditions such as osteoarthritis or inter-
vertebral disk degeneration. This creates a major burden on health systems and patient
quality of life. Platelet-rich plasma (PRP) is an orthobiologic that contains platelets and
growth factors which promote angiogenesis, modulate inflammation, and support tissue
repair. Mechanobiology is central in the healing process, where mechanical loading regu-
lates cellular behavior through mechanotransduction pathways including integrin/FAK
and RhoA/ROCK. This use of signaling pathways allows for regeneration along multiple
different tissue types. Evidence suggests that PRP and mechanical loading may act together
to promote tissue repair, with PRP-derived signals interacting with biomechanical cues to
enhance fibroblast activation, remodeling, and regenerative responses. There is variability
in PRP preparation, rehabilitation protocols, and tissue-specific responses, which all high-
light the need for a more standardized and guided treatment strategy. Understanding the
interplay between PRP-derived biologic signaling and mechanobiologic pathways may
help inform the development of more standardized, tissue-specific regenerative treatment
strategies and could potentially contribute to improved clinical outcomes in patients with
musculoskeletal pain.

Keywords: platelet-rich plasma; mechanobiology; mechanotransduction; regenerative
medicine; orthobiologics

1. Introduction
Musculoskeletal (MSK) pain affects more than 1.7 billion people worldwide, and

it is one of the leading causes of chronic disability. It imposes a substantial personal,
societal, and healthcare burden through persistent pain, functional impairment, reduced
productivity, and diminished quality of life [1]. Chronic musculoskeletal pain is not only
a symptom patients experience, but also a complex process that involves nociceptive
signaling, sensitization, and a combination of neural and immune pathways, which all
contribute to pain persistence and disease progression [2]. Additionally, degenerative
musculoskeletal disorders, including tendinopathy, osteoarthritis, and intervertebral disk
degeneration, are all major contributors to chronic pain. This highlights the need for
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therapies that address tissue pathology causing pain, rather than just controlling symptoms
of pain [2,3]. Low back pain is a prevalent musculoskeletal condition around the world
and remains a leading cause of disability and healthcare utilization [3,4]. Among its
structural contributors, intervertebral disk degeneration is particularly important, as it is
strongly associated with chronic pain, functional impairment, and substantial healthcare
utilization [3,4]. These conditions have fueled growing interest in regenerative therapies
aimed at restoring tissue function and modifying the underlying disease process.

Conventional pain management strategies and procedures performed by interven-
tional pain specialists can provide a level of symptom relief; however, there are limitations
in achieving durable tissue restoration and long-term recovery, not just acute symptom
relief. These limitations of conventional therapies have stimulated interest in regenerative
treatment approaches [3,4]. Recently, regenerative medicine has attracted considerable
attention as a possible and promising paradigm in pain medicine by targeting biologi-
cal mechanisms of tissue degeneration and repair through therapies such as stem cells,
growth factors, prolotherapy, and platelet-rich plasma (PRP) [3,5]. Orthobiologics are also
utilized in musculoskeletal medicine because of the potential to modulate inflammatory
responses, stimulate healing of tissue at the repair site, and to enhance matrix synthesis,
while supporting regenerative processes within damaged tissues [3,6]. Among available
orthobiologic therapies, PRP has gained significant attention as a autologous blood-derived
biologic containing a concentrated source of platelets and multiple other bioactive growth
factors [3,6].

Although pre-clinical and mechanistic studies have demonstrated encouraging bi-
ologic effects of PRP, clinical outcomes are still inconsistent, and the results are limited.
Clinical outcomes are variable depending on differences in PRP composition, preparation
techniques, and target tissues [6]. Evidence suggests that the therapeutic effects of PRP are
dependent on growth factor delivery and the mechanical environment of the treated tissue,
which creates a rationale to examine the interplay between PRP and mechanotransduction
pathways [3,6].

PRP, therefore, has become more and more utilized in the treatment of musculoskeletal
disorders, and it is seen to augment soft tissue healing and regenerative processes, although
clinical outcomes remain variable across the different tissues and conditions [7,8]. The
inconsistency of PRP outcomes suggests that biologic therapies do not function in isola-
tion and, rather, different factors within the tissue environment at injury sites influence
regenerative responses [8].

Mechanobiology is the study of how physical forces and mechanical properties of
the cellular environment regulate behavior, adaptation, and repair processes [9,10]. The
different mechanical signals that are generated by the environment of tissue and injury
include movement, exercise, deformation, loading, and stiffness. Mechanotransduction,
on the other hand, is the process in which cells sense mechanical stimuli and convert
those stimuli into signals that alter gene expression, metabolism, and remodeling [9,10].
Several mechanotransduction pathways are identified, which include integrin–FAK signal-
ing, YAP/TAZ mediated transcriptional regulation, and RhoA/ROCK pathways, which
coordinate responses to mechanical stress [9]. Mechanical loading is critical in remolding
and adaptation and new concepts in regenerative medicine and rehabilitation suggest that
appropriately prescribed mechanical loading can enhance the biologic repair process [9].

Given the growing use of PRP in interventional pain medicine, and the importance of
mechanotransduction in musculoskeletal healing, understanding the interaction between
PRP-derived biologic signals and mechanical loading can help explain treatment variabil-
ity and optimize regenerative outcomes. The purpose of this review is to examine the
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mechanobiology of PRP, with a focus on mechanotransduction pathways, tissue loading,
and their collective role in regenerative repair within interventional pain medicine.

2. Methodology
This narrative review was conducted using a literature search of the PubMed database

to identify different studies that examined mechanobiological effects of PRP in muscu-
loskeletal and pain-related conditions. Articles were identified using relevant keywords
and Boolean combinations, which included “platelet-rich plasma” OR “PRP”, “mechanobi-
ology”, “mechanotransduction”, “mechanical loading” and “interventional pain”. The
PubMed search was performed throughout the writing process in the months of May
and June 2026, with additional targeted searches being conducted for specific conditions
including tendinopathy, osteoarthritis, and intervertebral disk degeneration. Additional
articles were identified through a manual review of reference lists from relevant pub-
lications. No strict date restrictions were applied, which allowed for inclusion of both
foundational and contemporary studies. Studies were selected based on their relevance
to the biological and mechanical mechanisms underlying PRP-mediated tissue repair, its
role in mechanotransduction, and interactions with mechanical loading in musculoskele-
tal tissue. Eligible publications included preclinical studies, clinical studies, systematic
reviews, meta-analyses, narrative reviews, and relevant guidelines. Priority was given to
peer reviewed studies, and systematic reviews and higher-level evidence when available.
A mind map of the methodology is seen in Figure 1.

Figure 1. Flow diagram summarizing the methodology of this narrative review. Created with
https://BioRender.com (accessed on 16 June 2026).

3. Mechanobiology and Tissue Regeneration
3.1. Mechanotransduction

Mechanotransduction is the changing of mechanical cues to intracellular biochemical
signals. This is important for cells and tissues because it allows them to respond adequately
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to their environment and to maintain their homeostatic regulation. Mechanical cues for
repair may include the stiffness of the extracellular matrix, viscosity of the extracellular
fluid, hydrostatic pressure, and mechanical loading. Physiologic mechanical cues include
cyclic stretch of lung epithelium during breathing, fluid shear stress, and weight-bearing
forces on the bone [11].

Mechanosensors are molecular sensors that allow the different cells to detect these
mechanical signals. These sensors include integrins, ion channels, cadherins, and G protein-
coupled receptors (GPCRs). Integrins are transmembrane receptors that link the extracel-
lular matrix (ECM) to the intracellular actin cytoskeleton. Integrin-mediated adhesion is
initiated with conformational changes in the integrin ectodomain, where integrins tran-
sition from a low-affinity state to a high-affinity state, allowing for ligand binding [12].
Integrins are important receptors for many different proteins, including collagen, laminin,
vitronectin, and fibronectin. The composition of the ECM also alters mechanotransduction
through focal adhesions because the ECM’s elastic properties influence force transduction
through the integrin complex.

Endocytosis is the process by which integrin trafficking takes place toward and away
from the cell membrane. Integrins are linked to the actin cytoskeleton through talin and
vinculin, which are F-actin binding proteins. Talin is a mechanosensitive protein with
vinculin binding sites that are accessible when talin is stretched. When vinculin binds
to talin, it stabilizes focal adhesions by preventing talin from changing out of the active
conformation, essentially locking it in place. Vinculin also regulates the binding of talin to
actin in the cytoskeleton [11].

Another cytoplasmic protein associated with integrin-mediated mechanotransduction
is focal adhesion kinase (FAK) [13]. FAK is a non-receptor tyrosine kinase that is activated
via integrin-mediated autophosphorylation of tyrosine 397, which is initially activated by
the ECM receiving mechanical signals [13]. FAK then recruits Src and becomes fully active.
FAK activates other integrin-associated proteins such as paxillin and talin.

These proteins modulate transcriptional coactivators YAP and TAZ (YAP/TAZ) [14].
First, FAK-Src activates the Rho/GTPase signaling pathway. Rho GTPase rearranges the
actin cytoskeleton, thus causing tension. This resulting tension inhibits the Hippo pathway.
When the Hippo pathway is inactivated, YAP/TAZ are activated. YAP/TAZ translocate to
the nucleus and facilitate gene transcription that promotes cell migration and proliferation.
Dysregulated expression of integrins and integrin-associated proteins has been linked to
several pathologies, including osteoporosis [15]. The YAP/TAZ mechanotransduction
pathway plays a key role in cellular activity, such as differentiation, proliferation, survival,
and tissue homeostasis [10].

3.2. Mechanical Loading and Tissue Healing

Mechanical loading refers to the physical forces applied to cells and tissues [16]. At
the cellular level, different loading rates influence adhesion complexes including talin,
an important and key binding protein that connects integrins to the actin cytoskeleton
discussed in the previous section. Increased mechanical loading on talin can induce partial
protein unfolding that exposes the vinculin-binding sites (VBS) [12].

At the tissue level, increased mechanical loading can increase tendon stiffness, modu-
lus, and cross-sectional area (CSA). Changes in modulus have a greater impact on tendon
stiffness than changes in cross-sectional area. Higher strain resistance training protocols
caused larger increases in modulus. Resistance training caused higher modulus increases
than other training protocols. This is important to note because tendons are important for
transmitting forces from muscles to bones to facilitate movement by storing and releasing
elastic energy [16].
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Mechanical loading works to regulate tissue healing across all connective and muscu-
loskeletal tissues [17]. It is the principal mechanism behind exercise-based rehabilitation
and mechanotherapy. Mechanotherapy uses mechanical load in the therapeutic context to
promote remodeling and healing in tendons, cartilage, ligaments, muscles, and bones [18].

Mechanical loading is thought to enhance or contribute to the biologic repair process
through growth factor signaling, stem cell activation, ECM remodeling, angiogenesis,
and immune modulation [19]. In the context of immune modulation, macrophages are
key players because they are especially sensitive to mechanical forces. Macrophages
differentiate into different phenotypes and play different roles based on distinctive stimuli
from the environment [20]. Mechanical loading also activates the fibroblast FAK-ERK
signaling. This stimulates the production of TGF-β, MCP-1, and collagen. Fibroblast
activity is integral for the biologic repair process [21].

3.3. Mechanobiology in Musculoskeletal Tissues

Mechanobiology is where the forces as well as the mechanical properties of cells and
tissues regulate cell growth and development. While in the bone, integrin–FAK signals
and cytoskeletal tension that are RhoA/ROCK-mediated allow osteoblasts to detect the
stiffness of the ECM and the mechanical stress [22]. This regulates osteogenic cell adhesion
and its differentiation. An important mediator of this mechanism is the Wnt/β-catenin
signaling pathway [23].

In cartilage, mechanical loading is important for augmenting the gene expression of
chondrocytes. Cartilage maintains and preserves ECM integrity in response to cyclical com-
pressive and shear forces from its environment. These forces increase the type II collagen
and proteoglycan synthesis while also suppressing enzymes that normally degrade the
ECM, which include A Disintegrin and Metalloproteinase with Thrombospondin Motifs
(ADAMTS) and matrix metalloproteinases (MMPs) [24]. However, excessive mechanical
stress activates the YAP/TAZ transcriptional coactivator pathway, which suppresses chon-
drocyte gene expression. Similarly to osteoblasts, the Wnt/β-catenin signaling pathway is
an important mediator of this mechanism. In cartilage, mechanotransduction is mediated
by integrin–FAK signaling and mechanosensitive calcium channels such as TRPV4 [25].

In skeletal muscle, satellite cells, or myogenic stem cells, are the key players in re-
generation. Satellite cells contain Piezo1 on their surface. Piezo1 is a mechanosensitive
ion channel and when skeletal muscles contract or go through mechanical strain through
movement, the membrane tension causes the opening of Piezo1 channels [26]. When these
channels then open, there is a calcium ion influx. Calcium ions serve as critical secondary
messengers which function to activate downstream pathways in signaling. Addition-
ally, Piezo1 signaling inhibits senescence caused by p53. Similarly to cartilage and bone,
integrin–FAK signaling regulates satellite cell adhesion.

Aging results in a loss of fibronectin, a key component in the ECM that is one of the
major binding targets for integrins. The loss of fibronectin leads to weaker FAK signaling
and thus impaired muscle repair. The costamere links the sarcolemma to the Z-disk and the
myotendinous junction links muscle fibers to tendons. Both structures have an important
and functional role in regulating mechanotransduction in skeletal muscle tissue [27]. The
mechanosensitive costamere and MTJ help integrate physical force into a biochemical
response in skeletal muscle using integrin–FAK signaling, YAP/TAZ signaling, Wnt/β-
catenin signaling, and Piezo1 [28,29]. Collectively, these pathways regulate satellite cell
behavior, structural adaptation, and muscle regeneration.

In tendons, mechanical forces activate different signaling pathways, which include ILK,
integrin–FAK signaling, and mTOR. These pathways together will activate and stimulate
collagen synthesis and ECM remodeling. ILK and β1 integrin increase and enhance type
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I collagen expression and overall matrix protein synthesis [30]. Additionally, mechanical
forces increase the expression of transcription factor scleraxis (SCX), which regulates and
plays a key role in matrix organization and composition. A lack of sufficient mechanical
loading decreases ECM integrity and prevents adequate cell adhesion, overall decreasing
repair [9].

In ligaments, Piezo1, Connexin 43 gap junctions, mTOR signaling, and YAP/TAZ
signaling in ligamentocytes mediate ligament regeneration. Ligaments are distinct from
tendons in that they must adapt to multidirectional loads [31]. As a result, they have
different collagen structural organization and ECM composition. Compared to tendons,
ligaments have proportionally more type III collagen than type I collagen, increased elastin,
and increased proteoglycans [32]. Integrins have increased binding affinity for ECMCMs
with a higher proportion of proteoglycans and type III collagen. In both tendons and
ligaments, mechanical forces increase the transcription factor scleraxis (SCX) expression,
which regulates matrix composition and organization [31].

In intervertebral disks, regeneration is carried out by three types of progenitor cells:
annulus fibrosus-derived (AFSPCs), nucleus pulposus-derived (NPSPCs), and cartilage
endplate-derived (CEPSPCs). Regeneration of intervertebral disks is a unique challenge for
the body due to the complex microenvironment: under constant mechanical load, acidic,
and avascular. The key mechanosensors in intervertebral disks are TRPV4, integrins, and N-
cadherin [33]. YAP/TAZ signaling has a dual role, and it can be anabolic (healthy) or result
in degeneration or fibrosis. Under optimal loading, YAP/TAZ can be translocated to the
nucleus and promote the synthesis of ECM components. Under detrimental load, YAP/TAZ
are phosphorylated by the Hippo pathway. YAP/TAZ are trapped in the cytoplasm and
therefore cannot translocate to the nucleus. This overall affects their ability to promote
regeneration [34]. A summary of these findings in knee OA is seen in Figure 2.

Figure 2. Mechanobiology of PRP-mediated tissue repair in knee osteoarthritis. Integrin/FAK/YAP-
TAZ signaling at the site of the injury following intra-articular PRP injection in knee osteoarthritis,
promoting chondrocyte activation and extracellular matrix remodeling. Created in https://BioRender.
com (accessed on 16 June 2026).
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4. Platelet-Rich Plasma: Biological Basis
4.1. PRP Composition

PRP is an autologous blood concentrate consisting of platelets (in concentrations
three to five times higher than baseline blood), cytokines, growth factors, and plasma
proteins. Alpha granules are integral secretory organelles in platelets that contain most
of the bioactive molecules that are responsible for PRP’s tissue healing effects [35]. There
are around 50–80 alpha granules per platelet, and together they make up 10% of platelet
volume [36]. Cytokines present in PRP include pro-inflammatory cytokines IL-1α, IL-1β,
and TGFβ1 [37].

In the alpha granules, PRP contains transforming growth factor-β (TGF-β), insulin-like
growth factor-1 (IGF-1), vascular endothelial growth factor (VEGF), epidermal growth fac-
tor (EGF), platelet-derived growth factor (PDGF), and fibroblast growth factors (FGFs) [38].
TGF-β suppresses macrophage and lymphocyte proliferation, facilitates angiogenesis, and
controls type I collagen production [39]. IGF-1 stimulates fibroblasts to secrete collagen and
elastin for ECM formation and stimulates osteoblast proliferation and differentiation for
bone production [40]. VEGF stimulates angiogenesis by binding transmembrane receptors
such as neuropilin-1 on endothelial cells and increases vascular permeability [41]. EGF
increases cytokine production and promotes proliferation and specialization of epithelial
cells [42]. In addition, PDGF contributes to amplifying collagen production, fibroblast mi-
gration, granular tissue formation, fibroblast recruitment, and activates macrophages [43].
FGFs promote angiogenesis as well [44].

In addition to supporting tissue regeneration, PRP also may contribute to pain relief
through anti-inflammatory and immunomodulatory actions, with its analgesic effects
influenced by platelet-derived factors that help reduce inflammation and pain [45]. PRP
also contains neurotrophic and growth-related mediators, which include PDGF, VEGF,
TGF- β, and IGF-1, which have been associated with nerve regeneration, improved sensory
and motor recovery, and reduced neuropathic pain [46].

4.2. PRP Classification Systems

PRP can be divided into multiple major categories, which include pure platelet-rich
plasma (P-PRP), leukocyte-rich PRP (L-PRP), Leukocyte-poor PRP (LP-PRP), pure platelet-
rich fibrin (P-PRF), and leukocyte- and platelet-rich fibrin (L-PRF). PRP preparation starts
with a collection of the patients’ blood sample with an anticoagulant, and then centrifuga-
tion is done to separate the components [47]. A challenge in PRP research and the clinical
application of PRP is that there is an absence of a standardized protocol [48]. Key variables
that differ are the centrifugation parameters, the type of anticoagulant that is used and
selected, whether an activating agent is added, and which activator is used. Typically, the
first centrifugation step uses low centrifugal force, and this process separates the whole
blood into distinct layers, with red blood cells being at the bottom due to exhibiting greater
density. The layers include a concentrated platelet layer (PRP) is in the middle layer; and a
platelet poor plasma (PPP) is in the top layer, or supernatant [49]. The next steps are where
variability comes into the picture because there are multiple protocols to discard the top
PPP layer and the bottom RBC layer and collect only the middle-concentrated platelet-rich
layer (PRP). The PRP layer (technically referred to as the “buffy coat,” or BC layer, at this
step) is whitish in color, the RBC layer is red, and the PPP layer is yellow in color [50].
In the end, the PRP is collected with a syringe and applied directly to the surgical site or
other sites. Not only is there an elevated platelet concentration, the PRP’s fraction may also
contain a large number of leukocytes.

For the preparation of L-PRP, the PPP, BC, and leftover RBCs are transferred to a
separate tube using a pipette, and the mixture is subsequently subjected to a second
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centrifugation step that has a higher force to further concentrate the platelets and leuko-
cytes [51]. Then, the PPP is discarded. The final L-PRP product contains mostly platelets
and leukocytes. Variation is introduced at the transfer step because the transfer vehicle
is not standardized (pipette or syringe), and eyeballing is the measuring tool most often
used. Thus, this key transfer step has a high risk of measurement error. The only difference
between P-PRP and L-PRP production is that PPP and the superficial layer of the BC are
moved to another tube using a pipette or syringe for hard spin centrifugation. Again,
eyeballing is used as the measurement tool. As a result, P-PRP or L-PRP can be produced
using this same, vaguely defined method [52]. LP-PRP depends entirely on avoiding the
BC layer during collection and collecting the PPP layer at the top. In 2026, there is still no
universally standardized protocol [53].

An RCT comparing injectable L-PRP versus LP-PRP for the management of knee
osteoarthritis (OA) in 192 patients found that there were no significant differences in
clinical scores that included the International Knee Documentation Committee (IKDC)
subjective score, Knee injury and Osteoarthritis Outcome Score (KOOS) subscales, the
EuroQol-visual analog scale (EQ-VAS), and Tegner score between treatment groups [54].

There is considerable variability in each step of PRP protocols. Different anticoagulants
that are used include calcium citrate, acid citrate dextrose, and trisodium citrate acid with
citrate dextrose. The first centrifugation step varies from using forces from 160 g to 1500 g,
or 1300 rpm to 3500 rpm, for a duration of 3 to 15 min. The second step of centrifugation
ranges slightly less, from 2000 rpm to 3600 rpm, for 6 to 15 min. Different activators that
are used include calcium chloride, thrombin–calcium citrate, bovine thrombin with 10%
calcium chloride solution, and bovine thrombin with calcium chloride [55].

PRP methods also vary substantially, and PRP products should not be characterized
just by their preparation technique, since classification also depends on the biologic com-
position of the final preparation and different PRP families may have distinct biologic
signatures and clinical applications [52]. In particular, platelet enrichment relative to blood,
leukocyte content, and activation status should be documented when reporting PRP prepa-
rations, as these variables are central to PRP classification and improve comparability across
studies [56]. A summary of the variables can be seen in Table 1.

Table 1. Key variables influencing PRP composition and their biological and clinical implications.

Variable Variants Biological Impact

Platelet Concentration Low or High Influences growth factor dose and the magnitude
of the tissue response

Leukocyte Content P-PRP/LP-PRP/L-PRP Modulates inflammatory profile and contributes to
the variable clinical outcomes

Centrifugation 160–1500 g, and variable duration Affects the purity of the platelet yield, and is a
major source of study heterogeneity

Activation Method CaCl2, Thrombin Determines the timing and intensity of growth
factor release

Collection Technique Buffy coat or plasma-based Impacts the platelet recovery, RBC contamination
and the reproducibility

4.3. Mechanobiological Effects

PRP and mechanical loading may be used in combination and may interact in the
context of tissue repair. One recent review suggested re-incorporating specific types of
mechanical load training at different phases of tendon healing after first treating it with
PRP injection [57]. There are three phases of tendon healing, with a fourth “phase” of
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unsuccessful healing that can begin at any point of the healing process [58]. The first phase,
the inflammatory phase, comprises the first 7 days after the injury. This is characterized by
RBCs, macrophages, tenocytes (tendon cells), and monocytes migrating to the site of injury.

Macrophages remove necrotic debris. During this phase, the rehabilitation method
used should be absolute or relative rest. The second phase, the proliferative phase, is
weeks 1–4. This phase is characterized by neovascularization, fibroblasts synthesizing
type III collagen, and proteolytic degradation. This is the first phase in which mechanical
loading (controlled tendon loading) is suggested to help stimulate the regeneration process.
The suggested rehabilitation methods include proprioceptive training, strengthening, and
stretching. The third phase, the remodeling phase, is weeks 4–6. This is when type I
collagen replaces the temporary type III collagen [57]. At this point, the patient should
return to normal activity. The suggested rehabilitation method is sport-specific training.
Platelets in PRP travel to the site of injury via vascular flow and can detect injuries using
endothelial-driven cellular reactions. When they flow and detect the site of injury, they
are activated, resulting in degranulation of their alpha granules. When alpha granules are
degranulated, they release their contents, including VEGF, PDGF, and TGF-β [57].

PRP also accelerates wound healing by enhancing fibroblast activation, ECM remod-
eling, and macrophage polarization. Piezo1 is the key mechanosensitive ion channel that
drives fibroblast activation as well as aberrant hypertrophic scar formation in some cases. A
higher expression of Piezo1 can promote a fibroblast proliferative phenotype. Piezo1 senses
tissue stiffness as well [59]. The nuclear translocation of YAP/TAZ promotes fibroblast
activation and ECM deposition. PRP may influence fibroblast behavior and ECM remodel-
ing through pathways that involve the Piezo1-YAP/TAZ signaling pathway by activating
Piezo1 on the surface of fibroblasts, resulting in fibroblast proliferation [60]. TGF-β1 in
PRP controls Piezo1 mRNA transcription and membrane protein expression through the
Smad-dependent pathway and the MAPK/YAP pathway [61]. Piezo1 activation increases
calcium influx. The calcium influx activates calmodulin-dependent kinase II (CaMKII),
which phosphorylates TGF-β1 receptor I (TβRI). When TβRI is phosphorylated, down-
stream TGF-β1-Smad signaling is activated. In healthy repair, this plays a regulatory role
in ECM synthesis and degradation [62]. Finally, PRP affects macrophage polarization by
suppressing M1 macrophage polarization and promoting M2 macrophage polarization [63].

4.4. Signaling Pathways Associated with PRP

There are five pathways in signaling that are associated with PRP: integrin signaling,
MAPK pathway, PI3K/Akt pathway, TGF-β signaling, and YAP/TAZ signaling. When
fibronectin and fibrinogen from PRP bind integrins, focal adhesion kinase (FAK) is recruited
and auto phosphorylated at Y397 due to receptor clustering. After FAK is auto phospho-
rylated, Src can bind [64]. The activated FAK/Src complex acts on tensin, paxillin, and
p130cas. The activated FAK/Src complex is an upstream pathway for both the MAPK/ERK
and PI3K/Akt cascades [65].

The MAPK/ERK pathway is the canonical Ras-Raf-MEK-ERK cascade that is activated
by PRP-derived growth factors PDGF, EGF, and FGF. When these three growth factors bind
their individual receptor tyrosine kinases (RTKs), Ras is activated. Ras phosphorylates
Raf, Raf phosphorylates MEK1/2, and MEK1/2 phosphorylates ERK1/2. Once ERK1/2 is
activated through phosphorylation, it translocates to the nucleus and activates transcription
factors that activate cell proliferation and differentiation genes [66].

The PI3K/Akt pathway is important for angiogenesis through PRP-derived VEGF
upregulation and is activated by PRP-derived growth factors PDGF, IGF-1, VEGF, and EGF.
When these growth factors bind their respective RTKs, they activate PI3K. PI3K generates
PIP3, which recruits and subsequently phosphorylates Akt. PI3K/Akt then activate mTOR,
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which stimulates proliferation, and VEGF, which stimulates angiogenesis [67]. Higher PRP
concentrations produce increased phosphorylated PI3K/Akt, suggesting a concentration-
dependent relationship [68].

Interestingly, lower PRP concentrations (1%) preferentially activate the MAPK path-
way, which stimulates the differentiation of mesenchymal stem cells (MSCs) into osteoblasts
to form bone. This is important to note because while both osteoblasts and osteoclasts are
respectively building and resorbing bone, osteogenic formation is greater than resorption
during the healing phase after a fracture [69]. A higher PRP concentration (3%) preferen-
tially activates the PI3K/Akt pathway, which is important for suppressing apoptosis of
MSCs [70].

Higher PRP concentrations not only activate the PI3K/Akt pathway but also the
TGF-β pathway. TGF-β binds to type II serine/threonine kinase receptors. The phosphory-
late type I serine/threonine kinase receptors then phosphorylate SMAD2/3. SMAD2/3
combines with SMAD4, and the activated SMAD2/3-SMAD4 complex translocates to the
nucleus where it activates the transcription of genes that drive ECM remodeling, collagen
synthesis, and fibroblast-to-myofibroblast differentiation [68].

The YAP/TAZ pathway is integral to mechanotransduction. In this pathway, the
mechanical load activates MST1/2 and MAP4K. MST1/2 binds SAV1 and phosphorylates
LATS1/2. LATS1/2 phosphorylates the transcriptional coactivators YAP and TAZ [71].
When the Hippo pathway is inactive, LATS1/2 cannot phosphorylate YAP/TAZ, and then
accumulates, translocates to the nucleus, and binds the transcriptional enhanced associated
domain (TEAD) family 1–4 of transcription factors [72]. If there is high cytoskeletal tension
(based on fibrin from PRP-derived fibrin scaffold), YAP/TAZ stay in the nucleus and
drive ECM production. If there is low cytoskeletal tension, the Hippo kinase cascade
phosphorylates YAP/TAZ [73]. The phosphorylation of YAP/TAZ traps these coactivators
in the cytoplasm where they cannot influence gene expression [74]. PRP plays a role in this
signaling pathway because it generates a fibrin matrix with specific properties [75].

5. Clinical Applications in Interventional Pain Medicine
5.1. Tendinopathy
5.1.1. Lateral Epicondylitis

Lateral epicondylitis (LE), commonly known as tennis elbow, is a prevalent tissue
disorder affecting the elbow. Conservative treatment options include nonsteroidal anti-
inflammatory drugs (NSAIDs), strength exercise training, stretching programs, and injec-
tions with corticosteroid [76]. Although corticosteroid injections can provide rapid relief,
PRP therapy is proposed as a more effective option for sustained recovery. A meta-analysis
comparing corticosteroid injections to PRP injections reported that 730 patients who were
enrolled in randomized controlled trials had worse visual analog scale (VAS) pain scores
and Disabilities of the Arm, Shoulder and Hand (DASH) scores in the short term, defined
as less than two months, compared to the patients with corticosteroid injections. However,
despite these early findings, the majority of studies concluded that PRP was more effective
in long-term pain relief and function, greater than six months, in patients with LE [77].

In contrast, another meta-analysis that evaluated PRP treatment across LE and the
other tendinopathies found no statistical difference in any measurement (VAS pain score
and function) [78]. These variations in comparison groups may have contributed to the
differing conclusions regarding PRP efficacy.

5.1.2. Achilles Tendinopathy

The Achilles tendon is another site of PRP use because it heals slowly due to its low
blood supply. A meta-analysis of PRP injections in Achilles tendinopathy (AT) compared

https://doi.org/10.3390/biophysica6040059

https://doi.org/10.3390/biophysica6040059


Biophysica 2026, 6, 59 11 of 24

PRP treatment groups to placebos for VISA-A (Victorian Institute of Sports Assessment)
scores (an estimate of the severity of Achilles Tendinopathy), changes in Achilles tendon
thickness, VAS pain scores, patient satisfaction, and return to sport. PRP treatment groups
showed improvements in VISA-A score, Achilles tendon thickness, patient satisfaction, and
return to sport (p = 0.27, p = 0.08, p = 0.58, p = 0.40, respectively), but none reached statistical
significance. VAS pain scores at the 6- and 24-week follow-ups (p = 0.30, p = 0.11, respec-
tively) did not differ significantly between the groups. However, at the 12-week time point
within the same meta-analysis, a statistically significant between-group reduction in VAS
pain scores was reported in favor of PRP (p < 0.00001), while this effect was not observed at
earlier or later follow-up periods [79]. Similar analyses show a lack of significance for PRP
injections in AT using common measurements, VISA-A score (baseline/over time), patient
satisfaction, and return to sport (p = 0.93, p = 0.41, p = 0.64, p = 0.54, respectively) over
the course of 52 weeks [78]. While isolated time-point improvements have been reported,
the overall lack of consistent significance across outcomes in each study only provides
low-quality evidence in favor of PRP, while more robust trials are needed.

5.1.3. Patellar Tendinopathy

Research on PRP for patellar tendinopathy (PT) continues to show inconsistent out-
comes across studies. In a single-blinded randomized controlled trial, 29 patients with PT
were allocated to three treatment groups: PRP (n = 9), Needle tenotomy (NT) (n = 11), and
Sham (SH) (n = 9). At 16 weeks, both the PRP and SH treatment groups showed improve-
ments in VAS pain scores, and at 52 weeks, all groups showed improvement, with the PRP
group exhibiting the greatest overall effect. Additionally, only the PRP group demonstrated
significant improvement in VISA-P scores at 16 and 52 weeks and it was the only group to
show significant improvement on the Tegner Activity Scale at 52 weeks [80]. In contrast, a
previous study by Masiello K et al. showed no significant evidence in PRP’s favor on any
measure [78]. With the continued inconsistency of study designs, the conclusions are also
showing variability. A persistent study design of PRP injections would help to distinguish
efficacy more clearly.

5.1.4. Rotator Cuff Tendinopathy

Regarding rotator cuff tendinopathies, Masiello et al. reported that most findings
favored PRP, but were non-significant overall [78]. However, a significant reduction in VAS
pain scores was observed at 3 months and across the overall analysis (p = 0.008, p = 0.006,
respectively). Variability in comparator interventions across the studies may contribute to
the limited consistency.

In another meta-analysis of five studies, PRP was compared with control treatments
for pain reduction and functional outcomes in rotator cuff tendinopathies. No significant
difference was found at the early (3–6 weeks) or 12-week follow-up; however, in the long
term (24 weeks), a significant reduction in pain with PRP was observed, with an SMD
of 0.42 (CI: 0.12–0.72). Functional outcomes also improved in the PRP group, but not
significantly [81]. Overall, PRP appears to show more consistent benefits in long-term pain
reduction and improvement in function, but evidence strength is moderate. A summary of
PRP usage in tendinopathies is included in Table 2.

Table 2. Summary of evidence for PRP in tendinopathies.

Condition PRP Findings

Lateral Epicondylitis Superior for long-term pain relief and improvement [77]

Achilles Tendinopathy Possible benefit with evidence inconsistent across
outcomes (VISA-A, tendon thickness, pain, function) [79]
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Table 2. Cont.

Condition PRP Findings

Patellar Tendinopathy Mixed findings; some studies report improvement in pain
and activity [80]

Rotator Cuff
Tendinopathy

Reduction in pain, with more long-term pain benefit in
selected studies [81]

5.1.5. Eccentric Loading and Rehabilitation

Eccentric loading and rehabilitation are commonly combined with other treatment
options to enhance tendon stiffness and strength. This approach targets the tendon’s
capacity to tolerate load, and its pain response to it [82]. A systematic review found that
eccentric exercise programs consistently improved pain and functional outcomes compared
to passive interventions. High load and slow tempo exercises were seen to improve the
rehabilitation through promoting remodeling and encouraging collagen realignment [82].
The addition of PRP may further improve tendon healing when used alongside eccentric
loading. Desouza et al. concluded that PRP with eccentric exercises was superior to
eccentric movements alone with placebo injections [83]. This result suggests that PRP
may complement the effects of eccentric loading in tendinopathy, although the interaction
remains incompletely defined.

5.2. Osteoarthritis
5.2.1. Osteoarthritis Pathophysiology

OA is the most common inflammatory/degenerative joint disease in the geriatric
population. Early pathological changes can be seen on the cartilage surface, with fibrillation
in regions experiencing increased loads [84]. Chondrocytes proliferate in response to the
loss of their matrix. As OA progresses, loss of cartilage results from inflammatory-mediated
creation of proteases, leading to progressive release and expression of proinflammatory
cytokines by chondrocytes [85]. Further damage occurs with progressive inflammation,
leading to chondrocyte apoptosis. In more advanced stages, abnormal bone growth, known
as osteophytes and bone cysts, result from increased collagen production, leading to
subchondral sclerosis in the affected joint [84].

5.2.2. Cartilage Mechanobiology

Articular cartilage is a specialized load-bearing tissue whose health depends on a bal-
ance between mechanical forces, extracellular matrix integrity, and chondrocyte signaling.
Mechanical stimulation in healthy cartilage displays enhanced synthesis of extracellular
matrix components such as collagens and proteoglycans, and cartilage oligomeric matrix
protein [86]. The presence of Transient Receptor Potential Vanilloid 4 (TRPV4) in chon-
drocytes is the primary signal in this response, amplifying synthesis of the matrix and
decreasing catabolic and inflammatory signaling [86]. This, however, is only present with
dynamic loading. Increased loading force, static, and low-frequency loading produce oppo-
site effects in extracellular matrix formation, causing deformation of the matrix, blocking
critical pathways, and potentially progressing to OA [86].

5.2.3. Synovial Inflammation and Chondrocyte Signaling

Inflammation in OA primarily disrupts cartilage homeostasis through cytokines and
chemokines, specifically IL-1, IL-6, and IL-8. In the synovial space, these cytokines in-
duce the synthesis of proinflammatory molecules, which include proteases, nitric oxide,
prostaglandins, and leukotrienes. Proteases such as matrix metalloproteinases (MMPs)
play an important role in the degradation of articular cartilage [85]. Nitric oxide also plays
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a role in upregulating MMPs, specifically MMP-1 and MMP-3, via cyclic GMP pathways
while simultaneously mediating chondrocyte apoptosis and disrupting mitochondrial func-
tion [84]. COX activation also has similar effects of MMP enhancement and chondrocyte
apoptosis, and amplifies inflammation through increased production of PGE2 in synovial
cavities [84].

5.2.4. Pain and Functional Outcomes

Studies on PRP injections have been conducted to address the symptoms associated
with joint inflammation and cartilage degeneration, with there being proposed effects on
chondrocyte signaling and cartilage homeostasis. In a study analyzing placebo-controlled
RCTs, PRP use was statistically and clinically significant in improving total WOMAC (West-
ern Ontario and McMaster Universities Osteoarthritis Index) scores at 1 month (p = 0.004),
3 months (p < 0.001), 6 months (p = 0.001), and 12 months (p = 0.01). It also showed im-
provement in individual scores of pain, stiffness, and function. The VAS pain score showed
similar results, showing statistical significance at all follow-up points [87]. When compared
with corticosteroids in Diaz Haaz and Rizo Castro et al. [88], the multiple studies analyzed
showed that the most observed significant effects on patients included pain reduction and
long-term functional improvement. In another study, leukocyte-rich and leukocyte-poor
PRP injections were studied. While both increased clinical improvement, there was no
difference between LR and LP-PRP injections in treating OA, showing that the presence
of white blood cells did not have an effect on clinical outcomes in this instance [54]. In
comparison to the use of PRP in tendinopathy described above, treatment in OA shows
more consistency in its effect on clinical improvement, suggesting that the pathophysiologic
differences in OA may contribute to variations in symptomatic response to PRP, although
these findings do not necessarily indicate structural cartilage regeneration. Reported im-
provements in pain and function should be interpreted as symptomatic outcomes, with the
current clinical evidence not being consistent.

5.3. Intervertebral Disk Degeneration
5.3.1. Degenerative Disk Disease

Degenerative disk disease is a leading cause of low back pain around the world,
arising from an imbalance between anabolic and catabolic activity within the disk [89].
Anabolic processes are supported by notochordal cells in the nucleus pulposus which also
suppresses enzymes involved in the degradation of the matrix [90]. However, the cells are
lost early in life, which causes early degenerative changes to occur. In addition to aging,
factors including genetics, smoking, and obesity can increase the risk of degenerative disk
disease [89].

5.3.2. Disk Biomechanics and Annular Stress

The intervertebral disks (IVDs) are composed of structural regions that enable the
transmission of load, and the nucleus pulposus (NP) resists compressive loading through
its proteoglycan content and high water [91]. Hydrostatic pressure rises in the NP due to
stress and generates tension in the annular fibrosus. The annular fibrosus can handle this
stress through the strong collagen I fibers in the lamellae. In degenerative disk disease, the
disk loses water, which results in decreased hydrostatic pressure that the nucleus pulposus
exhibits [91]. As the nucleus loses its ability to distribute load, more stress is transferred
to the annulus fibrosus and the endplates of the vertebral body, which promotes annular
fissuring, endplate microdamage, and progressive structural failure. These changes also
impair segmental biomechanics, causing abnormal motion, altered load sharing, and a cycle
of further degeneration which can contribute through a mechanical issue with instability
and through the inflammatory system through sensitization [91].
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5.3.3. Degenerative–Inflammatory Pathways

In degenerative disk disease, inflammation is believed to arise when the breakdown
of the matrix along with annular disruption expose disk tissue to stress, which causes
an increase in the production of pro-inflammatory signaling pathways which include
IL-1 and TNF-α [92]. These mediators promote further catabolism by amplifying matrix-
degrading enzymes such as MMP7, MMP13, and ADAMTS, suppressing extracellular
matrix synthesis, and increasing the sensitivity of the nociceptive nerve fibers that exist
around the disk itself [89,92]. The result is a self-perpetuating inflammation that speeds
up the structural degeneration and degradation and contributes to discogenic pain and
radicular symptoms through local nerve irritation and immune activation [92].

5.3.4. Intradiscal PRP Therapy

In an effort to improve symptoms associated with disk degeneration, PRP has been
considered for its growth factor content. A meta-analysis of multiple studies of intradiscal
PRP found that patients with disk-related back pain had a decrease in pain scores by more
than 50% in 1-, 2-, and 6-month follow-ups, which was clinically significant in terms of
symptom reduction [93]. In a study with 31 patients, pain scores on the numeric rating scale
(NRS) and the short-form health survey (SF-36) decreased from preinjection at 0 weeks
(p < 0.001) and at all time points. Physical function also showed significant improvement
in SF-36 physical function scores at 48 weeks [94]. Degenerative disks in response to PRP
show a similar trend to OA, with consistency in data in most, if not all, time points and
measurements. The similar inflammation pathways that the two diseases possess could
partially explain the symptomatic improvement observed in clinical studies; however, the
evidence remains limited.

5.4. Ligament and Sacroiliac Joint Applications
5.4.1. Ligament Healing Under Tension

Similar to tendons, ligaments may also benefit from load-bearing therapy to promote
healing and strengthen the tissue by stimulating fibroblast activity and organizing the
extracellular matrix. However, this is dose-dependent, as too little may lead to poorly
organized repair, while excessive stress can interfere with the recovery process and even
prolong the inflammatory response [95].

5.4.2. Sacroiliac Joint Dysfunction and Mechanical Stabilization

In terms of the sacroiliac joint, mechanical stabilization can be achieved through
strengthening of the core stabilizing muscles along with stretching of the piriformis. Dys-
function of the SIJ can be caused by a combination of factors, with most involving the
restriction of mobility through muscular imbalance and joint locking. This is difficult to
diagnose, however, because of the lack of radiographic pathology, with most diagnoses
stemming from physical examination alone [96].

5.4.3. PRP and Rehabilitation

In a case series with four patients with sacroiliac (SI) joint pain and instability, both
pain reduction and improvement were significant at both 1-year and 4-year follow-ups.
All patients demonstrated improvements in their quality of life, and a return to activity
they exhibited before the injury [97]. Similarly, a review of seven studies evaluated PRP
injections’ improvements in pain and function [98].

Overall, PRP studies across multiple conditions suggest meaningful clinical improve-
ments in pain and function, with there being potential to reduce inflammation and support
tissue healing at damaged sites due to the composition of PRP itself. However, there is an
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inconsistency in the studies reviewed. While it shows encouraging results, more consistent
and reliable studies are needed to bolster confidence in PRP as a biologic therapy.

5.5. Practical Rehabilitation Framework After PRP

Post-PRP rehabilitation follows a structured loading approach, although currently
there is a variability in outcomes [99]. Across musculoskeletal conditions, early rela-
tive rest is followed by reintroduction of controlled activity slowly, to avoid excessive
stress during the tissue repair process, and in OA, exercise supports pain reduction and
functional improvement [100]. In tendinopathy, rehabilitation emphasizes increasing me-
chanical load and avoiding rapid escalation in training intensity or frequency, reflecting
the role of overuse in disease development [101]. Mechanical load and avoiding rapid
escalation in training intensity or frequency reflect the role of overuse in disease develop-
ment [101]. Proprioceptive and neuromuscular training further aids recovery by restoring
motor control and afferent feedback as well [102]. Overall, post-PRP rehabilitation should
be individualized and progressively dosed to optimize tissue adaptation while avoiding a
premature overload.

6. Current Challenges and Limitations
Several limitations should be acknowledged regarding PRP in clinical practice. First,

there is a lack of PRP standardization among the trials included, and considerable variabil-
ity in each step of PRP protocols in general. Different anticoagulants, variable centrifugation
duration and force, and different activators all contribute to high variability between trials
and techniques. For example, one meta-analysis of PRP used for greater trochanteric pain
syndrome (GTPS) found that different injection sites were utilized for the same disease
among the studies included (for example, gluteal tendons and trochanteric bursa were
two of the injection sites) [48]. There is a need for future research to establish standardized
PRP preparation protocols and classification. Without more standardization, the compa-
rability and efficacy of PRP between trials are difficult to evaluate [48,103]. A structured
summary of the major PRP preparation variables and their potential biological and clinical
implications is provided in Table 1, in Section 4.2.

Additionally, there is variability in the platelet concentration. Low PRP concentration is
typically 1%, and high PRP concentration is typically 3%. One meta-analysis of 13 RCTs with
791 patients in total showed a direct linear relationship between the platelet concentration
factor and patient-reported symptom relief magnitude for lateral epicondylitis (LE) [104].
Similarly, a meta-analysis of 18 RCTs found a statistically significant improvement in the
high-platelet PRP group in VAS and WOMAC compared with the placebo. However, the
low-platelet PRP group had no significant improvement in VAS score compared with the
placebo [87].

In addition, there are mixed clinical trial outcomes regarding PRP use. PRP use may
provide pain relief or promote tissue healing in knee OA, LE (lateral epicondylitis), and
UCL (ulnar collateral ligament) injury [105–107]. However, there is minimal evidence that
PRP has significant beneficial effects in ACL repair/reconstruction, meniscal repair, muscle
injuries, plantar fasciitis (PF), Achilles tendinopathy, patellar tendinopathy, and rotator cuff
(RC) repair [108–111]. While there is some evidence that shows that PRP is suitable for some
pathological conditions, patients should be advised that PRP use is investigational [112].

Furthermore, some evidence suggests that there is not enough proof of statistically
significant improvements in certain pathological conditions treated with PRP instead of a
standard of care that would justify the high cost and invasiveness of obtaining, making, and
incorporating PRP. One systematic review found that while PRP does not have sufficient
evidence to support its use in all musculoskeletal pathology, many studies showed positive
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outcomes with PRP in sports medicine [8]. Various studies show statistically significant
improvement in athletes’ recovery times and pain severity. However, more investigation is
needed to determine the mechanism behind the improvement and to warrant the use of PRP
in sports medicine as a standard of care over traditional operations or procedures [8,113].
Another factor to consider before implementing PRP is the lack of multicenter, large-scale
RCTs. Small RCTs are subject to confounding bias, publication bias, attrition bias, and
selective reporting bias. Single-center RCTs are vulnerable to selection bias, performance
bias, and investigator bias.

The L-PRP versus LP-PRP question is still unresolved and depends on the tissue.
Currently, there is not enough evidence to determine whether leukocytes facilitate or
impede repair. Leukocytes secrete proteinases that enhance wound healing, but neutrophils
release ROS and activate the pro-inflammatory NF-κB pathway [36]. For the treatment of
LE, one meta-analysis of 11 RCTs reported that L-PRP groups had lower VAS scores and
better success rates at 12 months follow-up compared to LP-PRP [114]. However, in knee
OA, one RCT of 192 patients found no significant difference in clinical outcomes between
L-PRP and LP-PRP at 12 months follow-up [54]. Most RCTs fail to report leukocyte content,
which impedes comparison between studies.

Another major uncontrolled variable is post-PRP injection rehabilitation protocols.
One systematic review of 84 studies found considerable variability: return to full activity
was reported in only 42% of protocols; postinjection NSAID restriction was reported in 56%;
stretching programs were incorporated in 51%; strengthening programs were incorporated
in 54%; weight-bearing restrictions were only mentioned in 18%; and pre-injection NSAID
restriction was only reported in 20% of the studies [115]. The lack of homogeneity hinders
interstudy comparison [115].

One clinical practice consideration is insurance and reimbursement limitations. PRP
is not covered by most insurance plans in the United States. A single treatment is usually
$500–$2500, and many patients must have additional treatments. The median cost is around
$800. Since PRP is not FDA-approved, insurance companies lack the evidence they need to
justify covering the cost of injections [13].

One regulatory consideration is the fact that PRP is FDA-cleared, not FDA-approved [116].
FDA-cleared (FDA’s 510(k) premarketing pathway) means drugs, biologics, and other
devices have been proven to have the same use and similar properties as an already
market-available device [117]. Clinical trials are not required for FDA clearance, and FDA
clearance does not mean a device is safe or effective. FDA-approved means that a device
has undergone extensive, rigorous clinical trials that prove safety and significant clinical
efficacy. PRP is regulated as a class II (moderate-risk) device [13].

A massive gap in PRP research is the paucity of clinical trials designed to evaluate the
underlying mechanobiology: how does PRP influence the mechanical environment? PRP
trials tend to focus on the biologic properties of PRP itself, while limited evaluation is given
to its potential interaction with mechanical loading. Currently, no RCTs have changed
post-injection loading parameters (including frequency, type, magnitude, and timing) to
use them as independent variables. Explanations for the effects of PRP are described based
on in vitro studies [118].

7. Future Directions
7.1. PRP Combined with Mechanotherapy

Going forward, advancements in PRP therapy will likely depend on its combination
with novel regenerative medicine techniques and therapies. One encouraging area of
investigation is the combination of PRP with mechanotherapy. Instead of viewing PRP in-
jections alone, treatments in the future could combine biologic therapies with rehabilitation.
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Mechanotherapy utilizes controlled mechanical stress to stimulate mechanotransduction
pathways involved in tissue repair, potentially influencing or augmenting the regenerative
effects of PRP [9]. So, future studies should determine ideal rehabilitation timelines, loading
intensities, and exercise progressions following PRP administration to maximize tissue
healing and functional recovery [9].

7.2. Rehabilitation-Guided Biologic Protocols

Building on this integral approach, another major direction involves the development
of rehabilitation-guided biologic protocols that combine biologic treatments with individu-
alized rehabilitation programs. This approach recognizes that successful tissue regeneration
depends not only on growth factor delivery but also on appropriate mechanical stimulation
during recovery [119]. Standardized rehabilitation pathways following PRP injections may
improve outcomes in tendon, ligament, muscle, and cartilage injuries [9].

7.3. Personalized Regenerative Medicine

Expanding upon individualized treatments, there is a growing emphasis on indi-
vidualized therapies in regenerative medicine. Future treatment models may incorporate
patient-specific factors such as age, genetics, inflammatory status, injury characteristics, and
biomarker profiles to guide PRP preparation and administration [120]. Patient-specific ap-
proaches could help identify patients most likely to benefit from treatment while improving
dosage regimens and treatment timing [120].

7.4. Wearable Biomechanics Monitoring

In addition to these clinical strategies, technological innovations may also contribute
to future PRP applications through wearable biomechanics monitoring systems. Wearable
sensors capable of measuring movement patterns, loading forces, and rehabilitation compli-
ance could offer real-time feedback [9]. Integrating biomechanical data with PRP treatment
protocols may allow clinicians to make data-driven adjustments to rehabilitation programs
and improve long-term outcomes [9].

7.5. PRP-Derived Exosomes

New research has also revealed the role PRP-derived exosomes can play as next-
generation regenerative therapeutics. Exosomes contain signaling molecules that can
influence cellular communication, tissue repair, and inflammation while potentially avoid-
ing some of the limitations associated with whole-cell therapies [121]. Future studies may
investigate whether PRP-derived exosomes can provide more targeted regenerative effects
than conventional PRP preparations [121].

7.6. Combination Orthobiological Therapies

Combination orthobiologic therapies represent another encouraging area of study.
Researchers are exploring whether PRP can be combined with other biologic treatments,
including mesenchymal stem cells, exosomes, and growth factor-based therapies, to achieve
synergistic regenerative effects [120]. Such multimodal approaches may provide excellent
tissue repair and functional recovery [120].

7.7. Biomaterials and Scaffold Integration

Advances in biomaterials and scaffold integration may additionally enhance PRP
delivery and effectiveness. Biomaterial scaffolds can provide structural support while
enabling sustained release of growth factors, creating an environment that helps cellular
proliferation, angiogenesis, and tissue remodeling [122]. Future scaffold technologies may
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increase PRP retention at injury sites and increase the duration of therapeutic activity in
chronic wounds and musculoskeletal applications [122].

7.8. PRP Combined with Stem Cell Therapies

Similarly, PRP combined with stem cell therapy has demonstrated potential through-
out regenerative medicine. PRP may improve stem cell survival, proliferation, and differ-
entiation while providing an environment that supports tissue regeneration [120]. Future
investigations should consider the safety and effectiveness [121].

7.9. Standardized Preparation Protocols and Long-Term Mechanobiology-Based Clinical Trials

To fully realize the potential of these approaches, future progress in the field will
require uniform standards for preparation protocols and long-term mechanobiology-based
clinical trials. Variability in platelet concentration, leukocyte content, activation methods,
and injection techniques currently limits the comparability of PRP studies. Standardizing
protocols will be necessary to improve repeatability and clinical translation [6]. Addition-
ally, long-term clinical trials investigating the interaction between biologic therapies and
mechanobiological principles will be necessary to establish optimal treatment strategies
and fully understand the regenerative potential of PRP in different patient populations [62].

8. Conclusions
Musculoskeletal pain is a global health burden affecting 1.7 billion people worldwide.

Degenerative conditions such as osteoarthritis, tendinopathy, and intervertebral disk de-
generation remain leading causes of pain, disability, and healthcare utilization. PRP is an
active biological compound that contains platelets and growth factors that help modulate
the inflammatory response around the site, enhance angiogenesis, and stimulate tissue
repair. The therapeutic effects of PRP are also influenced by the mechanobiology, where the
mechanical loading and extracellular matrix regulate the cell behavior through different
pathways that include integrin/FAK, YAP/TAZ, and RhoA/ROCK. Mechanotransduction
plays a critical role in tissue healing, with mechanical loading serving as a key regulator
of stem cell activation, collagen synthesis, and inflammatory responses. Together, these
processes influence tissue remodeling, repair, and regeneration across multiple tissue types.

PRP and mechanical loading may interact, wherein PRP provides the biologic signals
such as growth factors, and mechanotherapy provides the physical cues necessary to
activate and enhance regenerative signaling pathways. However, while this interaction is
biologically plausible and supported by preclinical and mechanistic evidence, it remains
incompletely validated in high-quality clinical trials. Clinical evidence supporting the
use of PRP has been seen in osteoarthritis and intervertebral disk degeneration cases,
where meaningful improvements in pain and function have been observed, although
findings remain heterogeneous and do not consistently demonstrate structural tissue
regeneration. Future advances in PRP therapy will likely depend on greater standardization
of preparation protocols, integration with mechanotherapy-based rehabilitation strategies,
and the development of personalized treatment approaches tailored to individual patient
and tissue characteristics. Overall, PRP–mechanotherapy remains a promising but not yet
fully established therapeutic concept in clinical practice.
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