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Abstract

Regenerative medicine offers a promising approach to the management of chronic pain, focusing on utilizing biological
strategies to restore tissue function, repair damage, and modulate inflammatory processes. This review examines
several key therapies, including mesenchymal stem cell (MSC) therapy, platelet-rich plasma (PRP), and tissue
engineering, and their potential in alleviating pain and promoting functional recovery. These regenerative therapies
have shown efficacy in treating conditions such as osteoarthritis, peripheral neuropathies, and musculoskeletal injuries,
with substantial improvements in pain reduction and functional outcomes.

The therapeutic mechanisms underlying these treatments are diverse and include immunomodulation through the
secretion of anti-inflammatory cytokines such as IL-10 and TGF-f, which help restore a balanced immune response.
Additionally, regenerative therapies stimulate angiogenesis through VEGF signaling and promote axonal regeneration
via exosome-mediated pathways, offering long-term benefits for tissue repair.

Despite these promising advancements, several challenges remain that must be addressed to fully realize the potential
of regenerative medicine. Variability in treatment protocols, including differences in cell sources, administration
methods, and dosages, underscores the need for standardized approaches to maximize clinical efficacy. Moreover, the
long-term safety and effectiveness of these therapies, particularly in terms of their durability and potential for side
effects, require further investigation. As the field continues to evolve, these areas of uncertainty must be clarified to
enable broader clinical implementation and improve outcomes for patients suffering from chronic pain.
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1. Introduction

Chronic pain affects 30% of the global population, with annual costs exceeding $600 billion !. Conventional therapies,
such as opioids and anti-inflammatories, show limited efficacy and risks of dependency or toxicity 2. In this context,
regenerative medicine proposes biological interventions targeting tissue repair and neuroinflammation modulation,
addressing the underlying causes of pain rather than merely suppressing symptoms 34.

The pathophysiology of chronic pain involves peripheral sensitization by pro-inflammatory cytokines such as TNF-a
and IL-6 and persistent microglial activation in the spinal dorsal horn 4 Human adipose-derived MSCs inhibit the NF-
kB pathway in sensory neurons, reducing TRPV1 and voltage-gated sodium channel (Nav1.7) expression 5. In diabetic
neuropathy models, MSC exosomes restore blood-brain barrier integrity via claudin-5 regulation 67.
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2. Methods

A literature review was conducted using databases such as PubMed, SciELO, and Google Scholar. Relevant MeSH terms
included "stem cell-based therapy," "tissue engineering," "neuropathic pain,” and "osteoarthritis/therapy." Studies
considered for review included randomized controlled trials (RCTs), meta-analyses, and preclinical studies that
employed validated animal models. Case reports and studies lacking control groups were excluded. Only studies that
provided clear data on the effects of regenerative therapies on pain management and tissue regeneration were included
in the review.

2.1. Stem cell therapies

2.1.1. Mechanisms of Action

Bone marrow-derived MSCs secrete trophic factors like BDNF and GDNF that promote neuronal survival and inhibit
astrocyte apoptosis in the periaqueductal gray matter 8. In vitro assays show chondrocytes differentiated from MSCs
reverse extracellular matrix degradation in osteoarthritis via collagen type Il and aggrecan upregulation °.

2.2. Inmunomodulation

Intra-articular MSC administration reduces IL-17 and RANKL levels in synovial fluid of rheumatoid arthritis patients,
correlating with decreased bone edema on MRI 19, In cancer pain models, lentiviral vector-transfected MSCs expressing
preproenkephalin suppress substance P release in dorsal root ganglia 11.

2.3. Platelet-rich plasma (PRP)

The idea of what is now known as PRP first appeared in the 1970s within the field of hematology 2. The term PRP was
coined by hematologists in an effort to describe plasma with a platelet count higher than the baseline level in peripheral
blood 13. Over a decade later, PRP was adapted for use in maxillofacial surgery as platelet-rich fibrin (PRF). The fibrin
content in this PRP derivative proved valuable due to its ability to adhere and its homeostatic functions, while PRP itself
demonstrated anti-inflammatory properties and supported cell proliferation 4. By the 1990s, PRP's popularity began
to grow, eventually spreading into various medical specialties 15. Since then, this orthobiologic has been extensively
researched and applied to treat a wide range of musculoskeletal injuries in professional athletes, which helped boost its
exposure in the media 6. Beyond orthopedics and sports medicine, PRP has found applications in ophthalmology,
gynecology, urology, and surgeries in the fields of cardiology, pediatrics, and plastic surgery 13. Recently, dermatologists
have also embraced PRP for its potential to treat skin ulcers, scar revision, tissue regeneration, skin rejuvenation, and
even alopecia 13.1417-21,

2.4. Obtaining Platelet-Rich Plasma

Various protocols describe the preparation of PRP, though most involve two stages of centrifugation with specific
parameters for time and centrifugal force (g) 22. PRP is created by separating the components of blood based on their
density gradients. During the first centrifugation, erythrocytes, being the heaviest, settle at the bottom of the suspension.
Just above them, a thin layer of leukocytes forms, called the “buffy coat” (<1% of total blood). The platelets settle in the
upper layers of the mixture, concentrated just above the buffy coat. The plasma, with or without the buffy coat, is then
collected and subjected to a second centrifugation to further concentrate the platelets 23. The final concentration of
platelets in the PRP product can vary depending on the commercial kits used or the skill of the operator, if manual
methods are employed instead of automated ones 22. Other factors that may affect the final PRP concentration include
patient-specific characteristics such as age, comorbidities, and circulation 24.

2.5. Tissue engineering and biomaterials

2.5.1. Smart Scaffolds

Chitosan hydrogels modified with gold nanoparticles enable controlled MSC release in response to thermal stimuli (local
hyperthermia at 42°C). In osteochondral defects, BMP-7-impregnated scaffolds induced vascularized trabecular bone
formation within 8 weeks, with 30% higher bone density than autografts 25.

2.5.2. 3D Bioprinting

Laser-assisted bioprinting allows layer-by-layer deposition of chondrocytes and fibroblasts into architectures
mimicking articular cartilage zonation. A rabbit study demonstrated perfect implant integration after 6 months, without
immune rejection 2,
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2.6. Exosomes and extracellular vesicles

2.6.1. miRNA Profile

Umbilical cord MSC-derived exosomes contain miR-21-5p and miR-146a-5p, which suppress the TLR4/MyD88/NF-«B
pathway in M1 macrophages 27. In sciatic neuropathy models, intrathecal exosome injections reduced mechanical
allodynia via Nav1.8 downregulation in dorsal root ganglia 28.

3. Discussion

The integrative analysis conducted in this systematic review demonstrates that regenerative medicine approaches
present multifaceted advantages over traditional pharmacological therapies in pain management. These benefits can be
categorized into three key areas: 1) tissue architecture restoration, 2) lasting inflammation modulation, and 3) minimal
tolerance risk.

3.1. Tissue Architecture Restoration

Regenerative therapies, such as mesenchymal stem cell (MSC) transplantation and tissue-engineering strategies, play a
crucial role in the repair and regeneration of damaged tissues. For example, MSCs secrete bioactive factors that promote
tissue repair by enhancing cell survival, facilitating tissue remodeling, and stimulating the regeneration of cartilage,
bone, and soft tissues. This contrasts sharply with traditional pharmacological treatments, which typically focus only
on symptom relief without addressing the underlying tissue damage. Studies have shown that MSCs can induce cartilage
regeneration and improve bone density, making them a promising alternative for osteoarthritis and other
musculoskeletal conditions where tissue degeneration is a hallmark.

3.2. Lasting Inflammation Modulation

Chronic inflammation is a key driver of pain in conditions such as osteoarthritis, neuropathies, and musculoskeletal
injuries. Regenerative approaches leverage the anti-inflammatory properties of MSCs, PRP, and exosomes to modulate
the immune response. These therapies can reduce the levels of pro-inflammatory cytokines, such as IL-13, TNF-a, and
IL-6, and promote the secretion of anti-inflammatory factors like IL-10 and TGF-f, which helps restore a more balanced
immune environment. Unlike conventional therapies such as non-steroidal anti-inflammatory drugs (NSAIDs), which
often provide only temporary relief and carry the risk of gastrointestinal and cardiovascular side effects, regenerative
therapies offer the potential for sustained inflammatory modulation. This not only alleviates pain but may also improve
long-term joint and tissue health.

3.3. Minimal Tolerance Risk

A significant advantage of regenerative therapies is their minimal risk of tolerance and dependency, issues that are often
associated with chronic opioid use. Opioid medications, while effective for short-term pain management, carry the risk
of addiction, tolerance, and other serious side effects with prolonged use. In contrast, regenerative treatments target
the root causes of pain, such as inflammation and tissue degradation, without leading to the same tolerance risks. This
makes regenerative medicine a potentially safer and more sustainable option, particularly for individuals with chronic
pain conditions.

Despite these promising benefits, the clinical application of regenerative therapies is not without challenges. One of the
major concerns is the variability in MSC preparation protocols, which can significantly affect the outcomes of treatment.
Differences in cell passage numbers, culture media composition, and cell source (adipose-derived, bone marrow-
derived, etc.) can lead to variations in cell potency and therapeutic efficacy. Such inconsistencies underscore the need
for standardized protocols to ensure reproducible and reliable results across clinical settings. Similarly, other factors
such as cell dosage, route of administration, and the timing of treatment must be carefully optimized to maximize the
therapeutic benefit.

Furthermore, while regenerative therapies offer great promise, the long-term safety of these approaches remains
uncertain. The use of gene therapies, such as viral vector-mediated neurotrophic factor overexpression, introduces
additional complexities, including the potential for immune rejection, off-target effects, and the long-term stability of
gene expression. Although preclinical studies have demonstrated the efficacy of these therapies in animal models,
longitudinal studies involving human subjects are essential to evaluate the risks and benefits over time. Monitoring the
safety profile of gene therapies and ensuring that they do not cause adverse effects, such as tumorigenesis or unwanted
immune responses, will be critical for their widespread clinical adoption.
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Another area that warrants further investigation is the optimization of delivery methods. While current studies have
demonstrated the efficacy of direct injections or intra-articular applications, improving the targeted delivery of
regenerative products could enhance their effectiveness. Advanced delivery systems, such as biomaterial scaffolds or
nanoparticles, may offer more controlled release mechanisms, ensuring that the therapeutic agents are delivered at the
right concentration and at the right location for optimal effect.

Overall, regenerative medicine approaches represent a transformative shift in pain management, offering not only
effective pain relief but also long-term tissue repair and functional restoration. However, to fully realize their potential,
there is a need for continued research focused on standardizing treatment protocols, improving delivery systems, and
addressing safety concerns through robust clinical trials. With these advancements, regenerative therapies could
revolutionize the way we approach chronic pain and pave the way for more sustainable, effective treatments in the
future.

4., Conclusion

Regenerative medicine offers a promising alternative to traditional pharmacological treatments for pain, particularly in
musculoskeletal and neuropathic conditions. The therapies analyzed, including MSCs, PRP, and tissue engineering, have
demonstrated significant efficacy in reducing pain intensity and improving functional recovery, with mechanisms
ranging from immunomodulation to tissue regeneration. However, despite the encouraging results, challenges such as
variability in treatment protocols, long-term safety, and standardization of cellular products remain major obstacles to
widespread clinical adoption.

Moving forward, it is crucial to prioritize translational research that addresses these gaps. Efforts should focus on
refining MSC isolation and culture methods, optimizing PRP protocols, and advancing tissue-engineering strategies,
particularly in terms of scalability and cost-effectiveness. Furthermore, the development of predictive biomarkers for
patient selection and monitoring will enhance the precision and personalized application of regenerative therapies.

Incorporating these advances into clinical practice will not only improve outcomes in pain management but also reduce
the reliance on opioids and other conventional treatments, offering a more sustainable and holistic approach to chronic
pain. As the field continues to evolve, further robust clinical trials and long-term follow-ups will be essential to validate
these therapies and guide their integration into mainstream medical practice.
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