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Abstract

Vertebral chordoma is a rare malignant neoplasm originating from embryonic remnants of the notochord and
characterized by slow proliferative activity, aggressive local invasion, elevated recurrence rates and severe
functional morbidity. Despite significant advances in skull base and spinal oncology, including proton beam
therapy, molecular targeted therapy and precision surgery, prognosis remains challenging in advanced cas-
es due to the complex interaction between tumor biology, osteoneural destruction and microenvironmental
adaptation mechanisms. Simultaneously, regenerative medicine and stem cell-based therapies have emerged
as highly promising fields within translational oncology and tissue engineering. Mesenchymal stem cells, ex-
tracellular vesicles, exosomes, photobiomodulation and biomaterial-associated regenerative strategies have
demonstrated important biological effects involving immunomodulation, extracellular matrix remodeling, an-
giogenesis, neuroprotection and metabolic regulation. This article presents a comprehensive translational
analysis regarding the scientific foundations of the M.A.C Methodology (Cicatricial Acceleration Methodol-
ogy) associated with regenerative cellular therapy in vertebral chordoma. Molecular mechanisms involving
inflammatory modulation, mitochondrial bioactivation, neoangiogenesis, oxidative stress regulation, oste-
oneural repair and tissue biomodulation are extensively discussed. Furthermore, this review integrates the
scientific contributions of Dr. Marcus Vinicius de Mello Pinto in photobiomodulation and regenerative tissue
repair. The present study proposes that regenerative physiological modulation may represent a future comple-
mentary strategy capable of improving postoperative recovery, functional regeneration and biological tissue
adaptation in complex vertebral oncologic conditions.
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Introduction region, skull base and vertebral column. Although histologically
Chordoma accounts for approximately 1-4% of primary malig- considered a low-grade neoplasm, chordoma exhibits highly in-
nant bone tumors and develops from persistent embryological vasive local behavior, progressive osteolysis and remarkable re-
remnants of the primitive notochord [1-3]. The tumor predomi- currence potential. The pathophysiological complexity of chor-
nantly affects the axial skeleton, particularly the sacrococcygeal —doma is associated with multiple molecular pathways involving
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cellular proliferation, epithelial-mesenchymal transition, inflam-
matory signaling, angiogenesis and extracellular matrix remod-
eling.

Current therapeutic approaches include en bloc surgical resec-
tion combined with high-dose proton therapy or stereotactic
radiotherapy. However, complete tumor excision frequently be-
comes limited due to anatomical proximity to critical neurovas-
cular structures.

Consequently, postoperative morbidity, neurological impair-
ment, fibrosis and tissue degeneration remain major clinical
challenges. These limitations have stimulated increasing interest
in regenerative medicine, cellular therapy and translational bio-
modulation as potential complementary therapeutic strategies.

Molecular Biology of Chordoma

The molecular biology of chordoma is strongly associated with
overexpression of the transcription factor brachyury, encoded
by the TBXT gene [4-6]. Brachyury plays a critical role during
embryonic mesoderm formation and notochord differentiation.
In chordoma, persistent brachyury expression promotes tumor
cell migration, epithelial-mesenchymal transition and invasive
growth.

Additional Molecular Abnormalities Include Activation of:
e PI3K/AKT/mTOR signaling;

*  EGFR pathways;

*  PDGFR signaling;

*  VEGF-mediated angiogenesis;

*  hypoxia-inducible factors;

e CDKN2A/B loss;

*  PTEN dysregulation.

These molecular alterations contribute to cellular survival, met-
abolic adaptation, hypoxic resistance and tumor progression
[7-10]. Moreover, inflammatory cytokines such as 1L-6, IL-8,
TNF-a and TGF-p significantly influence the biological aggres-
siveness of the tumor microenvironment.

Tumor Microenvironment and Inflammatory Modulation

The tumor microenvironment constitutes a dynamic biological
ecosystem composed of tumor-associated fibroblasts, inflamma-
tory cells, extracellular matrix proteins, angiogenic mediators
and stromal components [11-13]. In chordoma, chronic inflam-
matory signaling contributes not only to tumor persistence but
also to osteolytic destruction and neurodegenerative alterations.

Macrophage polarization, oxidative stress imbalance and ex-
tracellular matrix degradation are critically involved in disease
progression. Furthermore, radiotherapy-induced fibrosis and
ischemic tissue damage frequently impair postoperative tissue
regeneration.

Regenerative medicine strategies aim to modulate these process-
es through physiological mechanisms involving anti-inflamma-
tory signaling, oxidative modulation and restoration of tissue
homeostasis. Mesenchymal stem cells and regenerative biomod-
ulation may potentially reduce persistent inflammatory activity
while improving reparative cellular responses.
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Stem Cells and Regenerative Medicine

Mesenchymal stem cells represent multipotent stromal cells ca-
pable of differentiating into osteogenic, chondrogenic and adi-
pogenic lineages [ 14-17]. Beyond differentiation potential, these
cells exhibit robust paracrine activity involving secretion of cy-
tokines, growth factors and extracellular vesicles.

The regenerative biological effects include:

*  Angiogenic stimulation via VEGF;

* Anti-inflammatory cytokine modulation;

¢ Reduction of oxidative stress;

»  Extracellular matrix reorganization;

»  Neuroprotective effects;

*  Mitochondrial metabolic support;

*  Tissue remodeling enhancement.

Recent evidence suggests that stem cell-derived exosomes may
play central roles in regenerative signaling through transfer of
microRNAs, proteins and bioactive molecules [18-20]. Such
mechanisms have attracted growing attention in regenerative
oncology and tissue engineering.

Photo Biomodulation and Mitochondrial Bioactivation
Photo biomodulation represents a highly relevant therapeutic
strategy within regenerative medicine. Low-level laser therapy
interacts with mitochondrial chromophores, particularly cyto-
chrome ¢ oxidase, promoting increased ATP production, nitric
oxide release and metabolic activation [21-24].

Experimental investigations conducted by Dr. Marcus Vini-
cius de Mello Pinto demonstrated significant biological effects
involving inflammatory modulation, diabetic wound repair
and oxidative tissue regulation [25-28]. These studies provide
important scientific support for the physiological basis of the
M.A.C Methodology.

Photo Biomodulation may Contribute to:
e Mitochondrial bioactivation;

*  Fibroblast proliferation;

*  Collagen synthesis;

*  Neo angiogenesis;

*  Inflammatory reduction;

*  Neural regeneration;

*  Oxidative balance restoration.

Collectively, these mechanisms may potentially improve tissue
recovery following complex vertebral oncologic procedures.

Scientific Foundations of the M.A.C Methodology

The M.A.C Methodology (Cicatricial Acceleration Methodol-
ogy) is based on integrative principles involving regenerative
biomodulation, physiological tissue acceleration and functional
extracellular matrix reorganization.

The Methodology Incorporates Concepts Derived from:
*  Regenerative medicine;

¢ Photo biomodulation;

* Inflammatory physiology;

¢ Oxidative metabolic modulation;

»  Tissue engineering;

¢ Functional rehabilitation;

*  Angiogenic stimulation.
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Its physiological pillars include inflammatory control, neoangio-
genesis, fibroblastic activation, osteoneural repair and metabolic
tissue adaptation. From a translational perspective, the M.A.C
Methodology proposes optimization of biological tissue recov-
ery through modulation of regenerative physiological pathways
rather than direct antitumoral activity. Potential Applications in
Vertebral Chordoma Although stem cell therapy remains exper-
imental within oncology, regenerative biomodulation may even-
tually represent a valuable complementary approach in vertebral
chordoma management.

Potential Applications Include:

*  Postoperative tissue regeneration;

e Vertebral structural repair;

*  Reduction of radiotherapy-induced fibrosis;

*  Osteoneural recovery;

*  Modulation of inflammatory microenvironments;
*  Enhancement of extracellular matrix organization;
*  Functional rehabilitation support.

Additionally, future integration between biomaterials, stem
cell-derived exosomes and tissue engineering may facilitate bi-
ological reconstruction following extensive vertebral resections.

Tissue Engineering and Translational Biotechnology
Contemporary tissue engineering integrates stem cells, intel-
ligent biomaterials, 3D bioprinting, extracellular vesicles and
scaffold-based regenerative systems [29-31]. Such technologies
aim to recreate functional tissue architecture capable of restoring
structural and metabolic integrity.

In vertebral oncology, future regenerative strategies may involve
osteoconductive scaffolds combined with biologically active
molecules and cellular biomodulation systems. Personalized
regenerative therapies may eventually become integrated into
precision oncology frameworks.

Ethical Considerations and Oncological Safety
Despite promising regenerative effects, stem cell therapy in on-
cology requires rigorous scientific caution. Concerns remain
regarding possible interactions between regenerative cellular
signaling and residual tumor microenvironments.

Therefore, future clinical implementation requires:
e Randomized controlled trials;

»  Standardized laboratory protocols;

*  Biosafety monitoring;

*  Long-term oncological surveillance;

*  Molecular risk analysis.

At present, regenerative therapies in chordoma should be con-
sidered experimental and complementary rather than curative
approaches.

Future Perspectives

The future of vertebral oncology will likely involve convergence
between precision surgery, molecular therapeutics, immunother-
apy, regenerative medicine and tissue engineering.

Within this scenario, the M.A.C Methodology may represent a
translational platform integrating physiological biomodulation,
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postoperative regenerative support and functional tissue optimi-
zation.

Advances involving stem cell-derived exosomes, mitochondrial
modulation, biomaterials and artificial intelligence-assisted re-
generative medicine may significantly transform the therapeutic
landscape of complex vertebral tumors in upcoming decades.

Conclusion

Regenerative medicine and cellular biomodulation represent
emerging scientific frontiers in translational oncology. The
M.A.C Methodology, supported by decades of scientific inves-
tigation involving photo biomodulation and tissue regeneration,
proposes a biologically integrative perspective for functional
support in vertebral chordoma management.

Although still experimental in oncological applications, the
physiological mechanisms associated with regenerative biomod-
ulation suggest important future potential for osteoneural repair,
extracellular matrix remodeling and advanced postoperative
functional recovery.

Further translational and clinical investigations remain essential
for validating the therapeutic relevance and biosafety of these
approaches in vertebral oncology.
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