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Abstract
Background: Stem cell therapy is an emerging field in regenerative orthopaedics that offers new possibilities for managing bone, cartilage, ligament, and spinal disorders. Multiple sources of stem cells including bone marrow, adipose tissue, amnion, placenta, and umbilical cord provide populations with the ability for self renewal, differentiation, and strong paracrine activity.
Objectives: This literature review summarizes current evidence on stem cell types, harvesting methods, biological mechanisms, and their therapeutic applications across major orthopaedic conditions such as bone defects, osteoarthritis, ligament injuries, spinal disorders, and congenital abnormalities.
Methods: A narrative synthesis was performed using experimental, translational, and clinical studies involving mesenchymal stem cells, adipose derived stem cells, amnion derived stem cells, and umbilical cord derived stem cells.
Results: Stem cells support tissue regeneration through osteogenic, chondrogenic, angiogenic, and immunomodulatory pathways. In bone healing, mesenchymal stem cells enhance osteoinduction and osteogenesis, particularly when combined with biomaterials or growth factors. In cartilage restoration and osteoarthritis, stem cells promote matrix formation, reduce inflammation, and improve clinical outcomes after intra articular injection. In ligament and tendon injury, stem cells increase vascularity, fibroblast activity, and biomechanical recovery. Applications in spinal surgery include improvement of fusion rates, intervertebral disc regeneration, and neuroprotective effects after spinal cord injury. Stem cells also show promise in congenital spine and bone disorders by supporting osteogenesis and chondrogenesis. Potential complications include immune modulation imbalance, formation of ectopic bone, and uncertain long term cell survival.
Conclusion: Stem cell therapy provides a promising regenerative option in orthopaedic practice with increasing evidence of benefit. However, optimal protocols, cell sources, dosage, delivery techniques, and long term safety require further validation through high quality clinical studies.
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INTRODUCTION
Advances in regenerative medicine offer new opportunities for orthopedic treatment, enabling the treatment of conditions that currently require surgery with less invasive procedures such as cell injections. Stem cell therapy is becoming a focus for difficult-to-treat orthopedic conditions, including femoral head osteonecrosis, long bone nonunion, and joint cartilage damage. Damage to joint cartilage can lead to osteoarthritis, and stem cell therapy can repair it. The primary sources of adult stem cells for clinical applications in orthopedics include bone marrow and adipose tissue, both of which contain mesenchymal stem cells that can be utilized in therapy.1-3	Comment by Reviewer: See referencing guidelines of the journal
In the text, citations should be indicated as (Author name, year).

STEM CELL
Stem cells possess self-renewal and differentiation capabilities, playing a crucial role in neonatal development and recovery following injury or illness by providing specific cell types for differentiated tissues and organs. During the neonatal stage, stem cells differentiate and proliferate into necessary cell types, whereas in adults, their primary functions are regenerative and restorative. The differentiation ability of stem cells, known as potency, allows their classification based on differentiation potential and origin.5-6
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Figure 1 Oocyte Development and Stem Cell Formation6
	Stem cells are classified based on their developmental potential, beginning with totipotent stem cells, which can produce all cell types and structures, including the placenta, as seen in zygotes. As development progresses, cells become pluripotent, able to form any cell type from the three germ layers, as found in embryonic and induced pluripotent stem cells. Differentiation then narrows to multipotent stem cells, which can create multiple cell types within a lineage like hematopoietic stem cells, while oligopotent cells can differentiate into a limited number of related types. Finally, unipotent stem cells can form only a single cell type but have strong self-renewal capabilities, making them promising for regenerative therapies.6
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Figure 2 Types and Classification of Stem Cells
Bone marrow serves as the principal source of stem cells, particularly for tissues that require continuous regeneration to replace cells damaged or lost through normal biological processes. Blood cells derived from the myeloid and lymphoid lineages have relatively short life spans, creating a constant demand for newly differentiated cells originating from hematopoietic stem cells (HSCs).7
The extraction of stem cells from bone marrow is an invasive surgical intervention that is frequently unpleasant and entails risks of hospitalization and other consequences.  Patients frequently indicate increased post-procedural discomfort and elevated pre-procedural anxiety relative to alternative harvesting approaches.  Notwithstanding these disadvantages, bone marrow has conventionally been regarded as a prolific source of stem cells, initially producing up to 18 times more cells than the collection of peripheral blood progenitor cells.Progress in cytokine-mediated mobilization therapy has subsequently revolutionized peripheral blood collection.48 Pre-treatment with certain cytokines can induce the mobilization of substantial quantities of progenitor cells into the circulation, significantly enhancing the efficacy of peripheral blood collection and establishing it as a therapeutically feasible alternative to bone marrow harvesting. Progress in cytokine-mediated mobilization therapy has subsequently revolutionized peripheral blood collection.  Pre-treatment with certain cytokines can induce the mobilization of substantial quantities of progenitor cells into the circulation, significantly enhancing the efficacy of peripheral blood collection and establishing it as a therapeutically feasible alternative to bone marrow harvesting.HSCs reside within a specialized physiological niche in the bone marrow that supports their ability to undergo asymmetric division. Through this mechanism, one daughter cell retains stem cell properties, while the other proceeds toward differentiation. The direction of this differentiation is regulated by the surrounding microenvironment, external signals, and growth factors that interact with the cell.8	Comment by Reviewer: Check 48 or 8?	Comment by Reviewer: harvesting. HSCs (space missing)
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Pluripotent stem cell research has historically focused on embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). Despite significant progress in both technologies, considerable clinical challenges persist, notably the low survival rate of transplanted cells and the associated risk of tumorigenicity. Recent studies have focused on pregnancy-related tissues, successfully isolating pluripotent stem cells from amniotic fluid and placental membranes. Human amnion-derived stem cells (hADSCs), comprising amniotic epithelial cells and amniotic mesenchymal cells, constitute a novel and promising source of cells. These cells demonstrate multiple beneficial traits, making them a potentially safer and more practical alternative to ESCs and iPSCs.9
Adipose tissue serves as a promising alternative source for mesenchymal stem cells (MSCs), overcoming challenges linked to bone marrow harvesting, namely, invasiveness and low yield. Enzymatic digestion of adipose tissue yields a stromal vascular fraction (SVF) rich in adipose-derived stem cells (ADSCs), which possess classical MSC traits and surface markers. ADSCs are multipotent, differentiating into various mesodermal lineages such as osteoblasts and chondroblasts, and exhibit immunoprivileged properties with low MHC class II expression. They secrete paracrine and immunomodulatory factors that enhance their safety and efficacy in autologous and allogeneic transplantations.14,15	Comment by Reviewer: Full form	Comment by Reviewer: Check references, not in sequence
Similarly, umbilical cord-derived stem cells present an ethically favorable source, with minimal risk associated with collection via venipuncture. Cord blood has been utilized for hematopoietic stem cells (HSC) since 1988, offering advantages such as ease of processing and lower immunogenicity. CD34+ cells from cord blood show effective hematopoietic potential and favorable long-term outcomes in transplants. Furthermore, umbilical cord tissue holds mesenchymal stem cells and progenitors capable of differentiating into multiple lineages, with ongoing research exploring their therapeutic roles in neurological disorders and regenerative medicine.17-19	Comment by Reviewer: Check references, not in sequence
Placental tissue also demonstrates significant potential as a non-controversial stem cell source, encompassing various cell types like amniotic epithelial and mesenchymal stromal cells. These cells show differentiation capabilities across diverse tissue types, and placental MSC properties vary with gestational age, influencing their therapeutic applications. Notable clinical success has been observed in utilizing placenta-derived MSCs for treating acute graft-versus-host disease and in wound healing. Overall, the combination of adipose tissue, umbilical cord, and placental tissues provides abundant, versatile stem cell sources crucial for advancing regenerative medicine.20
Human amniotic epithelial cells can be extracted from the amniotic membrane, cultured, and have demonstrated the ability to differentiate into neuronal cells that synthesize acetylcholine, norepinephrine, and dopamine, in addition to producing albumin, alpha-fetoprotein, storing glycogen, and metabolizing ammonia and testosterone. These findings suggest considerable promise for regenerative therapy in neurological diseases, hepatic problems, lung fibrosis, metabolic conditions, and cirrhosis. Placental mesenchymal stem cells, comprising amniotic and chorionic stromal cells, exhibit minimal HLA class I expression and express the markers CD29, CD44, CD105, and CD166, along with osteogenic differentiation capability. Its biological features are enhanced when administered at an earlier gestational age, exhibiting improved proliferation and greater differentiation capacity. Clinically, placental stromal cells have demonstrated efficacy in steroid-refractory acute graft-versus-host disease, enhancing wound healing, and may be applicable in hereditary skin disorders like epidermolysis bullosa, thereby establishing their significance as a vital candidate in regenerative therapy.20,22,24	Comment by Reviewer: Full-form	Comment by Reviewer: Reference sequence
Stem Cell Applications in Orthopedics
Stem cell therapy constitutes a fundamental component of regenerative medicine within orthopedics, especially in relation to bone health.  Stem cells has the capacity to develop into several cell types, rendering them essential for the healing and regeneration of bone tissue affected by trauma, tumors, infections, or degenerative conditions. In the setting of bone, mesenchymal stem cells (MSCs) contribute through direct methods, including development into osteoblasts, as well as by paracrine actions that regulate the bone microenvironment, increase angiogenesis, diminish inflammation, and activate endogenous bone-forming cells. This methodology has been examined in relation to fractures, osteoporosis, intricate bone injuries, and injuries to cartilage and other supportive tissues, including tendons, ligaments, and nerves, with the objective of expediting healing, minimizing complications, and effectively restoring musculoskeletal function.25,26	Comment by Reviewer: have
Biologically, the types of stem cells used in orthopedics can be divided into embryonic stem cells and adult stem cells. Embryonic stem cells obtained at the blastocyst stage are truly pluripotent, capable of differentiating into almost all body tissues and replicating indefinitely thru asymmetric division.49 However, this high proliferation potential is accompanied by the risk of tumorigenesis and raises ethical concerns, thus limiting its clinical application. Conversely, adult or postnatal stem cells, particularly MSCs derived from the mesoderm and found in bone marrow, adipose tissue, and various other tissues, are multipotent with a primary role in tissue maintenance and repair. MSCs can differentiate into adipocytes, chondrocytes, myoblasts, and osteoblasts, making them a prime candidate for clinical applications in orthopedics due to their improved safety profile and direct connection to musculoskeletal tissue.27,28	Comment by Reviewer: reference sequence?

Stem Cell Integration in Clinical Practice
The integration of stem cell therapy into musculoskeletal clinical practice encompasses a variety of tissue targets, ranging from bone, cartilage, ligaments, and tendons to the spinal cord and joints. In bone, mesenchymal stem cells from bone marrow play a role in three main aspects: osteogenesis, osteoinduction, and osteoconduction. The combination of BM MSCs with scaffolds such as hydroxyapatite in animal fracture models has been shown to accelerate callus formation, increase the expression of growth factors like VEGF, BMP 2, and TGF β, and result in faster and stronger bone healing.29,30	Comment by Reviewer: Full-fprm	Comment by Reviewer: Full-form
In cartilage repair, stem cells, particularly mesenchymal stem cells derived from adipose tissue, contribute to the regeneration of osteochondral tissue by increasing the synthesis of type II collagen and aggrecan, mediated by growth factors including BMP 2 in the TGF family. Stem cells also modulate fibroblast activity and the extracellular matrix, allowing the structure and function of hyaline cartilage at the joint surface to be maintained. In ligament and tendon injuries, the addition of BM MSCs to reconstruction or repair procedures improves the quality of the tissue formed, reduces the degree of inflammation, and shortens healing time, as demonstrated in the medial collateral ligament injury model, which showed stronger and more organized tissue.33,36	Comment by Reviewer: Referencing sequence
In osteoporosis, cell-based regenerative therapies target the inhibition of bone resorption and the enhancement of new bone production. Mesenchymal stem cells (MSCs) facilitate bone regeneration by the secretion of bioactive substances, including IGF-1, TGF-β, VEGF, HGF, angiogenin, and numerous cytokines that govern the migration, proliferation, and differentiation of osteoprogenitor cells, in addition to encouraging angiogenesis. Exosomes originating from mesenchymal stem cells (MSCs) have demonstrated the ability to inhibit bone resorption and promote remodeling via regulating osteogenesis, osteoclastogenesis, and angiogenesis. Engineering MSCs to target the periosteum in animal models markedly enhanced trabecular development and bone mass.38,39	Comment by Reviewer: Full form	Comment by Reviewer: Full form	Comment by Reviewer: Reference sequence?
In the context of spinal cord injury, mesenchymal stem cells and neural progenitor cells are being studied as key components of neuroprotective and neuroregenerative strategies. Stem cells are expected to support anatomical and functional repair thru the secretion of neurotrophic factors, modulation of inflammation, and support for axon growth and remyelination. Animal studies have shown functional improvement after intrathecal or local administration of MSCs, although clinical data in humans are still variable and inconclusive. In osteoarthritis, MSCs derived from bone marrow, adipose tissue, umbilical cord, and amnion are utilized due to their chondrogenic and immunomodulatory capacity. Sources such as umbilical cord and amnion exhibit higher proliferative capacity and a better growth factor secretion profile compared to bone marrow MSCs, making them attractive candidates for regenerative therapy in degenerative joint diseases. Overall, experimental evidence and early clinical trials position stem cell therapy as a promising approach in orthopedics, although standardization of protocols, selection of cell sources, and large-scale clinical trials are still greatly needed before widespread application can be recommended.41,46	Comment by Reviewer: through	Comment by Reviewer: 

Stem Cell Applications in the Spine
Stem cell therapy for spinal disorders is emerging as a significant component of regenerative medicine, primarily concentrating on adult stem cells, including mesenchymal stem cells (MSCs) and adipose-derived stem cells (ADSCs), which can be extracted from bone marrow, adipose tissue, or blood. These cells are multipotent and can differentiate into osteoblasts, chondrocytes, and other supportive tissue cells, thereby possibly replacing or repairing damaged tissue. The primary challenges that persist include cell survival, homing, and local retention post-transplantation, prompting the creation of diverse three-dimensional scaffolds, biomimetic materials, and genetic engineering (e.g., induction of BMP-2 or other growth factor expression) to enhance the microenvironment and its regenerative outcomes. 
Stem cells are being investigated in spinal fusion surgery to improve osteogenesis, osteoinduction, and osteoconduction, especially in high-risk pseudoarthrosis populations, including the elderly, smokers, and individuals with metabolic bone disorders. Autografts from the iliac crest, regarded as the gold standard, often result in donor site morbidity, whereas allografts and synthetic grafts have fewer cellular components. Mesenchymal stem cells (MSCs) and adipose-derived stem cells (ADSCs) utilized with diverse scaffolds (alginate, hydroxyapatite, beta-tricalcium phosphate, collagen sponges) and growth factors like BMP-2 have demonstrated spinal fusion efficacy comparable to autografts or full-dose BMP-2 in multiple animal models, albeit with occasionally marginally lower fusion rates, and the outcomes are significantly influenced by the extent of osteogenic differentiation of the cells prior to implantation. Clinically, its utilization is constrained by the quantity of cells that can be procured, the necessity for in vitro amplification, elevated expenses, and the requirement for specialized facilities and staff.
In degenerative disk disease, stem cell-based strategies focus on repairing the nucleus pulposus matrix and decelerating deterioration, which typically results in disk fusion or replacement. Mesenchymal stem cells (MSCs) have demonstrated the capacity to develop into a nucleus pulposus-like phenotype by environmental stressors, including hypoxia, TGF-β, and genetic manipulation (e.g., SOX-9), resulting in enhanced production of type II collagen and proteoglycans in animal models. Numerous experimental investigations, including MSC implantation into degenerative discs, have demonstrated substantial enhancement and hydration of the discs without any adverse consequences. Preliminary clinical trials involving autologous MSC implantation have indicated pain alleviation and enhanced functional outcomes; however, the sample size is limited and the demographic is predominantly young, necessitating extensive research to validate long-term efficacy and safety.
In spinal cord injury (SCI), stem cells are utilized to modulate the secondary inflammatory phase, diminish neuronal and glial cell mortality, facilitate remyelination, and provide a neurotrophic milieu favorable for axonal regeneration. Embryonic stem cells possess extensive differentiation capabilities, although are constrained by ethical and safety concerns. In contrast, mesenchymal stem cells (MSCs) and adult neural stem cells (NSCs) are extensively utilized in animal models, demonstrating improved axon regeneration, modulation of inflammatory cytokines (including TNF-α and IL-6), and partial restoration of motor and sensory functions. Nonetheless, the in vivo conversion of mesenchymal stem cells into functional neurons remains limited, and neural stem cells exhibit variability in survival and tissue integration contingent upon the phase of spinal cord injury at the time of intervention. Stem cell therapy for spinal conditionsencompassing fusion, disc regeneration, and spinal cord injuryremains in a transitional phase from experimental research to broad clinical implementation, exhibiting significant potential yet constrained by limited clinical evidence, technical challenges, financial implications, and evolving ethical and regulatory frameworks.	Comment by Reviewer: conditions encompassing	Comment by Reviewer: injury remains (spacing)
Congenital scoliosis is a spinal deformity marked by lateral curvature of the vertebrae resulting from abnormal formation and development of the spine during embryogenesis, occurring in approximately 0.5–1 per 1000 live births, with heightened mortality risk if untreated due to cardiopulmonary complications.  This syndrome results from disturbances in somitogenesis during the third to fourth week of gestation, with abnormalities categorized as formation failures, including hemivertebrae, segmentation failures, and mixed deformities.  Hemivertebra is the predominant mechanism responsible for asymmetrical spinal development.  The surgical care of congenital scoliosis poses challenges due to the absence of standardized recommendations, insufficient data supporting the superiority of surgical intervention over conservative treatment, and an elevated risk of brain injury relative to idiopathic scoliosis.
In regenerative medicine, mesenchymal stem cell (MSC)-based therapy has emerged as a promising strategy for bone repair and regeneration, particularly in congenital bone diseases.  Postnatal mesenchymal stem cells (MSCs) sourced from bone marrow, adipose tissue, and umbilical cord possess self-renewal and pluripotency abilities, enabling differentiation into osteogenic and chondrogenic lineages, thus promoting osteoinduction, osteogenesis, and cartilage regeneration.  Mesenchymal stem cells (MSCs) functionally contribute by migrating to and homing in on injured bone regions, a process facilitated by inflammatory factors, chemokines, chemokine receptors, adhesion molecules, and proteases. They support angiogenesis through the synthesis of HIF-1α, which induces VEGF, TGF-β, SDF-1, and SCF. Additionally, they exhibit autocrine expression of BMP-2, activating the Smad and MAPK pathways to enhance osteoblast differentiation and promote new bone formation.  Moreover, MSCs contribute to the preservation and restoration of cartilage by preventing its degradation through the release of TIMP-1 and TIMP-2, while also promoting chondrocyte development via TGF-β1, TGF-β2, TGF-β3, the Wnt/β-catenin pathway, and Thrombospondin-2.  Clinical reports indicate that MSC implantation is safe and has been utilized in osteoarthritis, intervertebral disc degeneration, osteoporosis, and certain congenital bone deformities, hence reinforcing the anticipation of its future application as an adjunct therapy for congenital spinal illnesses.
Stem Cell Applications for Hips and Knees
Osteoarthritis (OA) is a common degenerative joint disease affecting over 300 million people globally, leading to significant disability and healthcare burdens. Mesenchymal stem cells (MSCs) present a promising therapeutic approach due to their ability to modify inflammation and support tissue repair. Intra-articular MSC injections are preferred minimally invasive treatments that aim to alleviate symptoms and slow disease progression. MSCs can be sourced from various tissues, each with unique qualities; synovium-derived MSCs show superior potential for cartilage repair. The debate continues over the best MSC source, with adipose-derived MSCs showing better one-year outcomes in safety and pain relief. Optimal dosing remains uncertain, and while autologous MSCs typically yield better long-term results, their effectiveness may be compromised in older patients or those with cardiovascular issues. Additionally, MSC-derived exosomes are gaining interest for their ability to enhance cartilage health. Despite encouraging results from clinical studies, variability in approaches highlights the need for standardized protocols and robust clinical trials to establish effective MSC-based therapies for hip and knee OA.
Stem cell therapies are garnering attention for treating knee injuries, particularly medial collateral ligament (MCL) injuries, which comprise 40% of knee ligament cases. Despite non-operative healing in isolated injuries, residual biomechanical issues can lead to chronic symptoms. Mesenchymal stem cells (MSCs) show potential by promoting healing through differentiation and neovascularization, though most evidence stems from animal models, lacking clinical translation. Meniscal injuries, especially in poorly vascularized areas, have also been treated with MSCs, with some human trials indicating improved outcomes after MSC injections. However, the evidence is inconsistent due to confounding surgical procedures and small sample sizes. For osteochondral defects, MSC applications combined with microfracture have demonstrated improved repair outcomes, albeit with methodological variability and few high-quality trials. Chondromalacia patella (CMP) therapy using MSCs is less established, with limited data mainly derived from related osteoarthritis treatments. Overall, while MSC therapies show biological promise, rigorous clinical validation is required before they can be endorsed as standard treatment for hip and knee trauma injuries.
Mesenchymal stem cells (MSCs) are examined for their potential in orthopaedic applications, namely their capacity to differentiate into diverse tissues and their immunomodulatory properties.  Notwithstanding encouraging animal research on osteoarthritis (OA), clinical results in humans are contradictory, with several trials lacking the definition of effective therapy parameters.  Although preliminary data indicates that MSC treatment is comparatively safe, rigorous randomized controlled studies are required to determine its effectiveness. Mixed results have been noted, with systematic evaluations challenging the standard application of MSCs due to inadequate long-term cell viability and inconsistencies in technological implementation. Moreover, MSCs present a risk for heterotopic ossification (HO), complicating their therapeutic application and requiring meticulous monitoring and additional investigation into their mechanistic functions in inflammation and ossification.46,50,54	Comment by Reviewer: 

CONCLUSION
Stem cells are unique cells capable of differentiating into various types and self-renewal. They are classified as Totipotent, Pluripotent, Multipotent, and Oligopotent, and can be sourced from organs like bone marrow, amniotic cells, adipose tissue, umbilical cord, and placental tissue. In orthopedics, stem cell therapy shows promise for bone health by facilitating new bone tissue formation, speeding healing, and minimizing complications. Both embryonic and adult stem cells are utilized in clinical practices for bone regeneration, cartilage repair, ligament and tendon repair, osteoporosis and osteoarthritis treatments, and spinal cord injury. However, potential complications include immunosuppressive effects, ectopic bone growth, and inflammatory reactions. Continued research is essential to validate the benefits and efficacy of stem cells, especially in orthopedics.	Comment by Reviewer: totipotent, pluripotent, multipotent, and oligopotent
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