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Abstract

Stem cells play a central role in cartilage and bone regeneration through mechanisms such as multi-directional differentiation, paracrine
regulation, andmicroenvironment remodeling. Among them, mesenchymal stem cells (MSCs) are particularly important, as they promote
the formation of cartilage matrix and bone tissue by activating multiple transcriptional networks and signaling pathways. Additionally,
stem cells secrete exosomes and growth factors that facilitate angiogenesis, thereby aiding in the repair of damaged tissue in situ. In
recent years, stem cell technology has advanced rapidly. Innovations such as single-cell sequencing (SCS) and organoid models have
provided valuable platforms for stem cell research and laid the groundwork for translating basic research into clinical applications.
However, the clinical application of stem cell therapy still faces challenges, including low survival rates of transplanted cells and the risk
of tumorigenesis. Future research will likely focus on precisely regulating the differentiation microenvironment, enhancing the survival
of transplanted cells, and accelerating the transition of regenerative medicine from laboratory studies to clinical practice.
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Introduction
Osteochondral lesions are implicated in the pathology

of a variety of orthopedic disorders, notably osteoarthritis
(OA) and fracture non-union [1]. OA exhibits a marked
age-related prevalence, and its incidence has increased in
line with global demographic aging. Epidemiological stud-
ies reveal that approximately 37% of individuals aged 60
years and older in the United States of America (USA)
receive a clinical diagnosis of OA [2,3]. Between 1990
and 2017, the global burden of musculoskeletal diseases in-
creased by 58% [4]. OA-associated osteochondral damage
has significant socioeconomic impacts worldwide, produc-
ing debilitating physical and psychological morbidity in pa-
tients and considerable healthcare costs [5,6].

Current therapeutic strategies for OA encompass both
pharmacological and non-pharmacological approaches [7].
Pharmacological treatments, however, often show lim-
ited efficacy in halting long-term degeneration. By con-
trast, non-pharmacological approaches—including dietary
modification, structured exercise programs, and surgical
interventions—are the cornerstone of OA management [3].

Arthroscopic procedures have been effective in alleviating
symptoms and facilitating functional rehabilitation of pa-
tients unresponsive to conventional therapies [8]. Impor-
tantly, regardless of the chosen therapeutic approach, re-
generation of functional osteochondral architecture remains
a fundamental prerequisite for clinical resolution. Thus,
skeletal tissue regeneration is a key therapeutic paradigm
[9]. Accordingly, comprehensive elucidation of the mech-
anisms of bone and cartilage regenerative pathways and the
targeted modulation of these processes have become the fo-
cus of research aimed at optimizing therapeutic outcomes.

Stem cells are characterized by sustained self-renewal
ability and multipotent differentiation potential, which en-
able them to maintain tissue homeostasis, facilitate repair,
and drive regeneration in adult organisms [10]. As such,
they are crucial mediators of human organogenesis and
post-injury tissue remodeling [11,12]. The core of stem cell
therapy is the exploitation of the intrinsic properties of these
cells (self-renewal and multilineage differentiation) to re-
store or replace damaged tissue. In addition to direct differ-
entiation, stem cells exert paracrine effects by secreting cy-
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tokines and extracellular vesicles (EVs), thereby modulat-
ing immune responses, promoting angiogenesis, and foster-
ing a regenerative microenvironment. These impacts make
stem cell therapy foundational to regenerativemedicine that
emphasizes cellular replacement and tissue regeneration.
By leveraging such unique properties, stem cell-based ap-
proaches facilitate advanced tissue engineering strategies
and have significant potential in therapeutic orthopedic ap-
plications, particularly osteochondral regeneration where
coordinated repair of cartilage and subchondral bone re-
mains a clinical challenge [13,14].

The regeneration of osseous and cartilaginous tissues
is a highly intricate and tightly regulated process involv-
ing cellular metabolic reprogramming, lineage commit-
ment, and dynamic immunomodulatory microenvironmen-
tal interactions. In this context, immune microenvironment
regulation refers to the modulation of inflammatory cells,
cytokines, and signaling pathways to maintain local im-
mune homeostasis and support tissue repair [15]. In stem
cell-induced cartilage and bone regeneration, MSCs and
their EVs facilitate macrophage polarization toward an anti-
inflammatory M2 phenotype, enhance regulatory T cell re-
cruitment, and suppress pro-inflammatory cytokine release,
thereby creating a regenerative niche conducive to matrix
deposition [16]. Thus, precise modulation of the immune
microenvironment is a key mechanism underlying stem
cell-mediated osteochondral regeneration and an important
avenue to enhancing clinical efficacy. This complexity is
exemplified by the sophisticated crosstalk between the im-
mune and musculoskeletal systems [17]. During the post-
injury repair phase, mobilization of stem cells to a lesion
site is essential for niche reconstruction as this enhances cel-
lular proliferation and differentiation and promotes osteo-
chondral regeneration [18]. This framework highlights the
indispensable role of stem cells in orchestrating osteogenic
cascades and underscores the necessity of in-depth investi-
gations into their functional repertoire andmechanistic con-
tributions to skeletal tissue morphogenesis.

Types and Characteristics of Stem Cells
Stem cells can be classified by developmental po-

tential and cell source, which are fundamental to their
biomedical application [19]. Developmental potential en-
compasses totipotent, pluripotent, multipotent, oligopotent,
and unipotent stem cells, with abilities ranging from the
generation of all tissues to commitment to a single lin-
eage [20]. Cell source encompasses embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs), hematopoi-
etic stem cells (HSCs), andMSCs, as well as tissue-specific
populations such as neural stem cells (NSCs) and epider-
mal stem cells [21]. Adipose-derived mesenchymal stem
cells (AT-MSCs), bonemarrowderivedMSCs (BM-MSCs),
and umbilical cord MSCs(UC-MSCs) are especially impor-
tant in cartilage and bone regeneration due to their acces-
sibility, immunomodulatory properties, and strong chon-

drogenic/osteogenic potential. ESCs and iPSCs have pro-
vided key insights into development and disease modeling,
with iPSCs offering patient-specific therapies without eth-
ical concerns [22]. In addition, skeletal stem cells (SSCs)
are a lineage-restricted population with self-renewal capac-
ity. They can give rise to bone, cartilage, and stromal cells
and show promise in skeletal tissue engineering applica-
tions (Fig. 1) [23].

MSCs

MSCs are multipotent stromal cells predominantly lo-
cated within connective tissues. They are distinguished
by their robust self-renewal capacity and multilineage dif-
ferentiation potential, producing osteoblasts, chondrocytes,
adipocytes, and other cell types that contribute directly or
indirectly to osseous regeneration. MSCs are broadly clas-
sified by their tissue origin into adult-derived (e.g., bone
marrow and adipose tissue) and perinatal-derived (e.g., um-
bilical cord, placenta, amniotic fluid, and synovium) (Fig.
2) [24]. Bone marrow is the earliest identified and most ex-
tensively studied reservoir of adult-derived MSCs. In vitro
investigations demonstrate that BM-MSCs possess superior
osteogenic differentiation capacity [13], but their clinical
application is hindered by limited cell yield and the inva-
siveness of harvesting procedures, such as iliac crest aspi-
ration, which can cause patient discomfort and increased
risk of infection [25].

By contrast, AT-MSCs are more accessible. Adipose
tissue contains an MSC population approximately 500-fold
higher than bone marrow, and minimally invasive lipo-
suction procedures facilitate the efficient isolation and ex-
pansion of AT-MSCs with markedly reduced patient dis-
comfort [13,26]. Although AT-MSCs exhibit a pronounced
tendency toward adipogenic differentiation, increasing evi-
dence supports their application in bone tissue engineering
[27].

UC-MSCs are a category of perinatal stem cells [13].
They can be collected via non-invasive methods since the
umbilical cord, placenta, and amniotic membrane (rich
sources of MSCs) are typically discarded as medical waste
following childbirth. Stem cells isolated from these peri-
natal tissues have substantial potential to differentiate into
osteoblasts, adipocytes, and other mesenchymal lineages.
They also have the distinct advantages of low immuno-
genicity and minimal ethical concerns, making them highly
attractive for regenerative medicine applications [28].

MSCs have the intrinsic ability to undergo multilin-
eage differentiation, giving rise primarily to osteoblasts,
chondrocytes, and adipocytes. Pittenger was the first to
demonstrate this multipotent characteristic in 1999, show-
ing that human BM-MSCs could differentiate into distinct
mesenchymal lineages [29]. The fate decisions of MSCs
are tightly regulated by external cues (including chemical,
physical, and biological factors) that activate specific intra-
cellular signaling pathways and transcription factors. These
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Fig. 1. The sources and types of stem cells. Types of stem cells include ESCs, iPSCs, cartilage progenitor cells (CPCs), MSCs, SSCs,
and so on. Drawing software: Adobe Illustrator.

Fig. 2. The source of MSCs. According to the sources, MSCs can be classified into adult sources of MSCs and Perinatal sources of
MSCs. In adults, the sources of MSCs include bone marrow, adipose tissue, dental pulp, peripheral blood, and muscle. The sources of
MSCs in perinatal infants include placenta, umbilical cord, Wharton’s jelly, amnion and chorion membrane, and cord blood. Drawing
software: Adobe Illustrator.
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mechanisms regulate the balance between osteogenic and
adipogenic differentiation, which is essential for skeletal
homeostasis and metabolic equilibrium.

The differentiation process of MSCs can be broadly
divided into two sequential phases: lineage commitment
and maturation. Lineage commitment refers to the transi-
tion from multipotent MSCs to lineage-restricted progeni-
tor cells, while maturation describes the progression from
committed progenitors to fully differentiated, functional
cell types [30]. Several key signaling pathways critically
influence lineage commitment, including the transform-
ing growth factor-beta/bone morphogenetic protein (TGF-
β/BMP) pathway, the Wnt signaling cascade, the Notch
pathway, and fibroblast growth factors (FGFs) [31].

During osteogenic differentiation, TGF-β/BMP lig-
ands engage type I and type II serine/threonine kinase re-
ceptors (TGF-βRI and TGF-βRII), triggering downstream
canonical Smad-dependent and non-canonical signaling
pathways [32,33]. Activation of these pathways upregu-
lates the expression and activity of runt-related transcrip-
tion factor 2 (Runx2), a master regulator that is essential for
mesenchymal progenitor cell commitment toward the os-
teoblast lineage. Runx2 drives the synthesis of bone matrix
proteins and promotes mineralization, thereby facilitating
osteogenesis [34].

The Wnt family is a diverse set of secreted glycopro-
teins that modulateMSC fate through paracrine or autocrine
signaling mechanisms [35]. For example, Wnt3a has been
shown to activate the transcriptional coactivator with PDZ-
binding motif (TAZ) via dephosphorylation mediated by
protein phosphatase 1A (PP1A), which in turn promotes os-
teogenic differentiation [36]. Wnt10b overexpression cor-
relates with increased trabecular bone density, while its de-
ficiency is linked to decreased bone mass and elevated age-
related adipogenesis [37].

The Notch signaling pathway exerts complex,
context-dependent effects on osteogenesis and is capable
of both promoting and inhibiting MSC differentiation into
osteoblasts. It can reduce osteogenesis by suppressing
Wnt/β-catenin signaling [33], but also enhances osteogenic
differentiation through crosstalk with BMP-2 pathways,
revealing its dual functions in bone biology [38].

In adipogenic differentiation, BMP-4 on its own has
been shown to promote the adipogenic commitment of
MSCs, but a synergistic effect is observed when BMP-2
is combined with the dexamethasone, which markedly en-
hances adipogenesis [39]. At the transcriptional level, per-
oxisome proliferator-activated receptor gamma (PPARγ) is
a master regulator of MSC adipogenic differentiation. Up-
regulation of PPARγ facilitates the formation of adipocytes,
whereas its inhibition significantly suppresses lipid ac-
cumulation and fat cell development [40]. PPARγ ex-
ists in two main isoforms—PPARγ1 and PPARγ2. Both
contribute to adipocyte differentiation, but they have dis-
tinct regulatory roles. Experimental evidence indicates that

downregulation of CCAAT/enhancer-binding protein alpha
(C/EBPα) selectively inhibits PPARγ2 expression without
significantly affecting PPARγ1, suggesting that PPARγ2
has a more dominant role in driving MSC adipogenesis
[41]. Importantly, osteogenic and adipogenic MSC dif-
ferentiation pathways are closely connected and dynami-
cally balanced. Perturbation of this bone–fat equilibrium is
implicated in various pathological states, including aging-
related bone loss, obesity-related metabolic dysfunction,
and osteoporosis. Understanding the regulatory mech-
anisms governing this balance is crucial for developing
therapeutic strategies for restoring skeletal and metabolic
health.

In 1996, Haynesworth et al. [42] were the first to
identify the paracrine secretion function of MSCs. This
paracrine activity involves the release of soluble bioactive
factors as well as EVs (including exosomes and microvesi-
cles) that act as vehicles to transfer miRNAs, mRNAs, pro-
teins, and other signaling molecules from MSCs to recipi-
ent target cells. Via these mechanisms, MSCs contribute to
a broad spectrum of therapeutic effects such as enhanced
angiogenesis, suppression of apoptosis and fibrosis, pro-
motion of neuronal survival and differentiation, stimula-
tion of extracellular matrix remodeling, attenuation of local
inflammation, and modulation of immune responses [43].
Key soluble factors secreted by MSCs include vascular en-
dothelial growth factor (VEGF), insulin-like growth factor-
1 (IGF-1), and hepatocyte growth factor (HGF), which each
have critical roles in angiogenesis and tissue repair pro-
cesses [44–46]. In addition, MSC-derived exosomes encap-
sulate diverse miRNAs that regulate proliferation, differen-
tiation, and anti-inflammatory responses in recipient cells.
Notably, these exosomal miRNAs have been implicated in
promoting osteogenesis and influencing bone regeneration
[24].

Immune modulation is another pivotal aspect of MSC
paracrine function. For example, MSCs can finely tune
the immune microenvironment through exosome-mediated
delivery of specific miRNAs, thereby promoting tissue re-
generation. BM-MSC-derived exosomes containing miR-
223, miR-24-3p, miR-222-3p, miR-146a-5p, miR-34a-
5p, and miR-181a-5p facilitate the transition of synovial
macrophages from the pro-inflammatory M1 phenotype
to the anti-inflammatory M2 phenotype, reducing levels
of IL-1β, IL-6, and TNFα while increasing IL-10 in the
joint fluid—a shift that aids cartilage preservation and
slows OA progression [47]. Although EV-transported
miRNAs such as miR-223 can promote macrophage po-
larization toward the M2 phenotype, the role of exoso-
mal miR-223 in MSC-mediated regulation of macrophages
within joint tissues, while seemingly plausible, has not
yet been thoroughly investigated and warrants further ex-
ploration [48]. Chondrocytederived exosomes also con-
tribute to immune regulation. Recent data indicate that
miR-214-3p contained within chondrocyte exosomes pro-
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motes M2 macrophage polarization, attenuates inflamma-
tion, and supports angiogenesis—all of which are con-
ducive to a regenerative microenvironment [49]. More-
over, exosomes from various MSC sources have exhibited
widespread immunomodulatory capacity, such as suppress-
ing T helper 1 (Th1) cell-mediated immune responses, in-
cluding activities of both CD4+ and CD8+ T cells [50].
They also inhibit B cell activation and natural killer (NK)
cell cytotoxic functions, resulting in decreased secretion
of pro-inflammatory cytokines and mitigation of local in-
flammatory environments [51]. Engineered exosomebased
strategies for OA therapy that harness these mechanisms
have emerged. For example, MSCs overexpressing miR-
92a3p produce exosomes that upregulate cartilage matrix
markers (e.g., SOX9, COL2A1) while suppressing degra-
dation markers (e.g., Runx2, MMP-13), and demonstrate
protection against cartilage degeneration in animal models
[52]. Collectively, these findings highlight how exosome-
mediated immune cell reprogramming (via miRNA cargos)
and engineered enhancement of vesicles can reshape the im-
mune microenvironment to improve regenerative outcomes
and the applicability of regenerative therapies.

ESCs

ESCs are a pivotal category of stem cells, typically
derived from the inner cell mass of blastocyst-stage em-
bryos. During embryonic development, these cells differ-
entiate into the ectoderm, mesoderm, endoderm, and hy-
poblast layers, exhibiting robust self-renewal capacity and
the potential to differentiate into diverse lineage-specific
cell types [53]. Based on their differentiation potential,
stem cells are classified into early embryonic, fetal, um-
bilical cord, and adult stem cells. Early ESCs arise from
cleavage-stage embryos prior to blastocyst formation and,
along with fetal stem cells, possess extensive pluripotency,
enabling differentiation into virtually any cell type within
the organism. Umbilical cord stem cells (isolated predom-
inantly from cord blood) exhibit comparatively restricted
multipotency, differentiating into a limited array of cell
types. Adult stem cells reside within fully developed tis-
sues (such as the nervous system, peripheral blood, and
bone marrow) and differentiate into corresponding tissue-
specific cells that govern organ growth and maintenance.
Notably, adult stem cells exhibit “plasticity”, whereby one
type can transdifferentiate into other tissue lineages in re-
sponse to specific growth or differentiation cues [54].

Based on their source, ESCs can be human (hESCs)
or animal model ESCs. hESCs were first isolated in 1998
from the inner cell mass of blastocysts and were capable of
being cultured indefinitely in vitro while retaining the ex-
pression of key markers characteristic of the trophoblast,
such as cytokines [55]. hESCs are particularly useful for
studying pluripotency and differentiation potential and are
valuable tools for disease modeling and investigating hu-
man trophoblast biology [56]. They also have considerable

promise for cell replacement therapies for various human
diseases.

ESCs have shown certain potential in inducing car-
tilage and bone regeneration, but they are still rarely ap-
plied in clinical settings. In 2004, a classic study by
Bielby et al. [57] demonstrated that adding ascorbic
acid, beta-glycerophosphate, and dexamethasone to the cul-
ture medium to induce osteogenic differentiation of ESCs,
and implanting these cells through a poly-D, L-lactide
(PDLLA) scaffold into SCID mice, mineralized tissues
were found within the scaffold after 35 days. Bielby et
al. [57] also proved that the culture method established for
mouse ESC differentiation can be completely transferred to
human ESCs.

In 2021, Petrigliano et al. [58] transplanted hESCs
into porcine knees and observed the repair of the porcine
knees six months later. The results showed that after the im-
plantation of hESCs, the structure and joint function of the
injured area were better restored. At the same time, com-
pared with the control group, the implantation of hESCs did
not trigger a more intense immune response.

In 2025, An et al. [59] investigated the effect of me-
chanical stress on the osteogenic activity of ESC-derived
embryoid bodies (EBs). They analyzed the expression of
osteogenic genes and signaling pathways under different
mechanical stress conditions. They found that tensile stress
inhibited osteogenic potency of EBs by downregulating
ERK1-mediated signaling and osteogenic gene expression.

However, ethical concerns remain a substantial barrier
to the clinical application of hESCs. The core ethical de-
bate revolves around whether it is morally acceptable to de-
stroy early human embryos in pursuit of new therapies [60].
Consequently, policies vary markedly across countries: the
United Kingdom permits hESC research but prohibits re-
productive and therapeutic nuclear transfer (NT); Italy bans
all hESC research; and the USA restricts the generation
of new lines requiring embryo destruction, permitting us-
age only of lines derived before August 9, 2001 [60,61].
Such regulatory disparities not only reflect ethical tensions
but also hinder multinational collaboration and harmonized
clinical translation.

iPSCs
The emergence of induced iPSCs appears to circum-

vent many embryo-related ethical issues. First reported
by Takahashi and Yamanaka—mouse fibroblasts in 2006
and human somatic cells in 2007—iPSCs are generated
by reprogramming with specific transcription factors [62,
63]. They recapitulate many features of ESCs, including
pluripotency and long-term self-renewal, but avoid the eth-
ical concerns associated with embryo destruction. Impor-
tantly, iPSCs enable patient-specific disease modeling and
hold promise for autologous regenerative therapies.

In 2021, Zhou et al. [64] obtained the bone mar-
row samples of patients with ONFH (n = 16) and patients
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with the fracture of the femoral neck (n = 12) by operation,
and isolated BM-MSCs by density gradient centrifugation.
These BM-MSCs were reprogrammed to iPSCs and finally
differentiated into MSCs (iPSC-MSCs). They found that
the immunophenotype of iPSC-MSCs was similar to that
of normal BM-MSCs. However, transplantation of iPSC-
MSCs could effectively promote bone repair and angiogen-
esis compared to normal BM-MSCs.

In 2024, Kessler et al. [65] implanted PLGA/aCaP
scaffolds carrying iPSCs into mice to induce bone differen-
tiation of iPSCs, aiming to repair bone injuries. The study
showed that after 9 weeks of implantation, the bone mass in
the group using bone-conductive scaffolds carrying iPSCs
was significantly higher compared to the group using only
bone-conductive scaffolds alone, indicating that the bone-
conductive scaffolds carrying iPSCs can improve the regen-
eration of bone defects in mice.

However, they are not devoid of concerns: onco-
genic reprogramming factors (e.g., c-Myc) may raise tu-
morigenicity risks, and donor-derived genetic materials ne-
cessitate stringent informed consent and privacy safeguards
[22]. Moreover, inconsistent global regulation may give
rise to “iPSC tourism” similar to that observed with unreg-
ulated stem cell clinics.

To address such challenges, regulatory agencies have
begun issuing guidance for iPSC-derived products—for in-
stance, the FDA and EMA have released frameworks em-
phasizing safety, characterization, and manufacturing stan-
dards for pluripotent stem cell-based therapies [66]. These
efforts, together with harmonization initiatives such as the
ISCT’s standards (covering MSC definition, potency as-
says, manufacturing, and clinical-grade production under
GMP), aim to reduce regulation fragmentation and promote
consistent ethical and safety benchmarks across jurisdic-
tions [67]. Despite lingering ethical and regulatory hur-
dles, iPSCs remain a versatile and powerful platform for
disease modeling, autologous/allogeneic therapy develop-
ment, and translational research, provided that continued
oversight and harmonized regulation keep pace with scien-
tific progress [22].

SSCs

SSCs are a distinct population of lineage-restricted
stem cells that govern bone and cartilage development,
homeostasis, and regeneration [23]. Unlike the hetero-
geneous MSC population, SSCs are defined by clear hi-
erarchical organization and lineage potential, capable of
giving rise to chondrocytes, osteoblasts, and stromal cells
while lacking adipogenic capacity [68]. They have been
identified in multiple niches such as the bone marrow,
growth plate, and periosteum, with specific subsets exhibit-
ing unique regenerative capacities [69]. Recent advances in
single-cell RNA sequencing and lineage tracing have high-
lighted SSC heterogeneity, including early osteochondral
progenitors and perivascular SSCs that have critical roles

in skeletal growth and repair [70].
In a 2017 study, Tevlin et al. [71] investigated the role

of SSCs in bone regeneration in diabetic mice and the sig-
naling pathways involved. The study found that when Ihh
was directly antagonized, or a high concentration of TNF-α
was added to inhibit the Ihh signaling pathway, the num-
ber of SSCs in the corresponding groups significantly de-
creased. After local delivery of Ihh and Shh using hydro-
gels, the number of SSCs in the bone callus significantly
increased, emphasizing the importance of the Hh signal in
SSC-dependent bone regeneration.

In 2024, Zhang et al. [72] conducted a study on the
role of SSC-Exos in promoting meniscal tear healing and
ameliorating secondary OA. In this study, SSCs were iso-
lated from bone marrow, and exosomes were extracted via
ultracentrifugation. Forty Sprague-Dawley rats and twenty
NewZealandWhite rabbits were randomly divided into two
groups after undergoing a full-thickness longitudinal me-
dial meniscus tear. They were then treated with phosphate-
buffered saline and SSC-Exos, respectively. The results
showed that the SSC-Exos treatment group exhibited higher
cell proliferation and tissue regeneration after 8 weeks of
treatment, and achieved lower degeneration scores and syn-
ovitis scores. At the same time, the researchers also re-
vealed the mechanism of SSC-Exos. SSC-Exos treatment
enhanced the expression of key genes related to cell mi-
gration, such as the chemokine family, leading to upregu-
lation of extracellular matrix expression, while downregu-
lating the expression of inflammation-related genes such as
CD68 and the matrix metalloproteinase family. This indi-
cates a new direction for the application of stem cells in the
treatment of OA.

Accumulating evidence supports SSCs as promising
candidates for regenerative therapies. For example, Am-
brosi et al. [73] demonstrated that SSCs transplanted
into murine calvarial defects generated robust bone tis-
sue and outperformed heterogeneous MSCs. Similarly,
periosteum-derived SSCs generated stable cartilage tissue
in vivo, providing a potential cell source for OA treatment
[68]. In translational contexts, SSC dysfunction has been
linked to impaired fracture healing and age-related bone
loss, suggesting therapeutic opportunities to restore skeletal
homeostasis. Moreover, integration of SSCs with biomate-
rial scaffolds and bioreactor systems has enhanced their os-
teochondral differentiation, highlighting their potential in
bone defect repair, cartilage regeneration, and degenerative
disease therapy [69,74].

Other Types of Stem Cells

Cartilage is a vital connective tissue, playing a crucial
role in joint movement and skeletal development. How-
ever, it has a particularly limited capacity for self-repair
[75]. When the human body experiences trauma or degen-
erative disease, such as OA, cartilage defects often have
difficulty regenerating naturally [5]. However, CPCs have
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emerged as a promising solution to this problem due to their
unique potential for cartilage regeneration.

CPCs are precursor cells residing within cartilage tis-
sue and are essential in both embryonic cartilage develop-
ment and adult cartilage homeostasis. They can differen-
tiate into mature chondrocytes; however, their multipotent
ability to differentiate into osteogenic and adipogenic lin-
eages is weaker than that of MSCs [76].

CPCs mediate chondrogenesis primarily through the
Smad3 and Wnt/β-catenin signaling pathways. Appro-
priate activation of these pathways maintains CPC self-
renewal and differentiation capacity, but excessive activa-
tion can lead to cartilage calcification and may induce os-
teogenic differentiation [77].

Hypoxia-inducible factors (HIFs) are key regulators
that promote chondrogenic differentiation of CPCs. HIF-
1α has been shown to stimulate chondrogenesis, while HIF-
2α is involved in endochondral ossification and cartilage
degradation [78]. In vitro experiments with microaggregate
cultures lacking HIF-1α showed reduced cartilage forma-
tion and decreased expression of key chondrogenic markers
SOX9, SOX6, aggrecan, and type II collagen [79].

Given these properties, CPCs are mainly used in au-
tologous transplantation to address cartilage defects. They
are typically isolated from non-weight-bearing regions of
the patient’s joint, cultured in vitro, and then implanted into
damaged cartilage areas to promote repair [78]. Tissue en-
gineering and organoid models can also be constructed to
generate cartilage organoids that simulate the in vivo mi-
croenvironment, offering useful platforms for drug testing
and screening. Using CPCs to create OA disease models
mimics the structural and microenvironmental alterations
observed in OA in vivo, providing a robust in vitro system
for studying degenerative cartilage diseases [80].

In summary, stem cells have emerged as indispens-
able players in cartilage and bone regeneration, with each
category offering distinct biological properties and trans-
lational opportunities (Table 1). MSCs remain the most
widely studied owing to their accessibility, multipotent dif-
ferentiation, and immunomodulatory paracrine effects, yet
donor heterogeneity, lineage bias, and limited engraftment
capacity continue to restrict reproducible outcomes. iP-
SCs, including ESCs and induced iPSCs, provide power-
ful systems for developmental modeling and personalized
therapies. However, ESCs are constrained by ethical and
regulatory concerns, while iPSCs, despite circumventing
these issues, still face challenges such as tumorigenicity,
genomic instability, and inconsistent quality control. In
parallel, lineage-restricted populations such as SSCs and
CPCs are increasingly recognized as promising, more pre-
dictable sources for osteochondral repair, with accumulat-
ing evidence demonstrating their capacity to restore struc-
tural integrity and maintain tissue homeostasis.

Despite encouraging advances, significant barriers re-
main for clinical translation, including cellular heterogene-

ity, limited delivery efficiency, immune compatibility, and
the inability to fully replicate the biomechanical and bio-
chemical complexity of native tissues. Addressing these
hurdles will require an integrative approach that combines
single-cell and spatial omics for precise stem cell charac-
terization, the development of bioengineered scaffolds and
bioreactor systems to refine lineage commitment, and the
application of engineered EVs to modulate the immune mi-
croenvironment. Collectively, these strategies may accel-
erate the transition of stem cell–based therapies from ex-
perimental studies toward reproducible, safe, and effective
clinical interventions for skeletal disorders.

Mechanisms of Stem Cells in the Formation
of Bone and Cartilage
Molecular Regulation of Bone and Cartilage
Differentiation

Bone and cartilage differentiation refers to the process
bywhich stem cells harness their multipotent differentiation
potential to develop into chondrocytes under the influence
of various biochemical and biomechanical factors. This is
a highly regulated and programmed process involving the
coordinated interplay of multiple signaling pathways, tran-
scription factors, and other regulatory molecules that work
together to ensure proper chondrogenesis (Fig. 3).

Key Signal Pathway
Stem cells exert their reparative functions in osteo-

chondral tissues through three interrelated mechanisms:
multi-directional differentiation, paracrine regulation, and
microenvironment remodeling. These processes are or-
chestrated by canonical signaling pathways—including
TGF-β/BMP,Wnt/β-catenin, Hedgehog (Hh), andNotch—
which converge on transcriptional regulators such as SOX9
and Runx2 to direct lineage specification, trophic factor re-
lease, and tissue reorganization [34,97–101].

Multi-directional Differentiation
TGF-β/BMP. Stem cells possess the ability to differen-
tiate into chondrocytes, osteoblasts, and other mesenchy-
mal lineages. The TGF-β superfamily (TGF-β isoforms
and BMPs) governs skeletal lineage choices via Smad-
dependent and Smad-independent (MAPK/ERK/JNK/Rho
GTPases) signaling [102,103]. Ligand binding to type I and
II receptors phosphorylates R-Smads, which complex with
Smad4 and translocate to the nucleus to activate SOX9 and
COL2A1 for chondrogenesis, and to induce Runx2 for os-
teogenesis [34]. Non-Smad arms provide further cross-talk
with PTH, FGF, and Wnt/β-catenin, aligning fate decisions
with developmental and repair contexts [88–92]. These sig-
naling cascades ultimately converge on critical transcrip-
tion factors, notably SOX9 and Runx2, which serve as mas-
ter regulators of chondrogenesis and osteogenesis, respec-
tively [104,105]. For example, inactivation of TGF-β sig-
naling results in excessive activation of type I PTH recep-
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Table 1. Comparative overview of current major stem cell types.
Cell Type Source Advantages Limitations Clinical Status

MSCs [81–84] Bone marrow, adipose,
umbilical.

Accessible, immunomod-
ulatory, multilineage.

Heterogeneity, survival,
standardization.

RCTs in OA; CARTIS-
TEM approved.

ESCs [58,85–87] Blastocyst ICM True pluripotency, high
differentiation.

Ethical/regulatory barri-
ers, tumor risk.

Preclinical & limited trials

iPSCs [58,88–91] Reprogrammed somatic Ethical advantage, person-
alized, versatile.

Tumorigenicity, regulatory
complexity.

Early clinical (e.g., TACK-
iPS), preclinical.

SSCs [14,68,73,92] Bone/growth
plate/periosteum

Targeted osteochondral
lineage

Rare, expandability chal-
lenges.

Early preclinical, promis-
ing repair efficacy.

CPCs [93–96] Native cartilage progeni-
tors

Cartilage-specific, migra-
tory.

Low yield, marker ambi-
guity.

Animal & in vitro models

Fig. 3. Mechanisms of stem cells in the formation of bone and cartilage. Stem cells affect downstream genes such as SOX9, COL2A1,
and Runx2 through the TGF-β/BMP pathway, Wnt/β-catenin pathway, Hh pathway, and Notch pathway, and finally promote the for-
mation of bone and cartilage in the body. Drawing software: Adobe Illustrator.

tors, leading to bone loss that can be mitigated by PTH in-
jection or PTH receptor knockout [106]. FGF family mem-
bers (FGF-2, FGF-4, and FGF-6) also modulate skeletal
development, enhancing chondrogenesis and osteogenesis
in some contexts but inhibiting ALP activity and mineral-
ization in osteoblasts [107]. Importantly, FGF-2 cooper-
ates with BMP-2 during fracture healing, with FGF-2 driv-
ing early repair and BMP-2 facilitating mineralization at
later stages [108]. TGF-β/BMP signaling further interacts
with Wnt/β-catenin pathways, where TGF-β1 activates β-
catenin signaling through ALK-5, Smad3, PKA, and PI3K,
while Wnt stabilizes β-catenin and activates Runx2 via
prostaglandin E2, highlighting the bidirectional regulatory
network that is crucial for skeletal homeostasis [34,109].

Wnt/β-catenin. Wingless-like (Wnt) proteins are a fam-
ily of over 19 secreted compounds. Due to lipid modi-
fications, Wnt family members exhibit poor water solu-

bility, which significantly restricts their capacity to medi-
ate signal transduction across tissues [110]. Based on de-
pendence on β-catenin, Wnt signaling is classified as the
canonical pathway, which relies on β-catenin signaling, and
the non-canonical pathway, which operates independently
of β-catenin [32]. β-catenin in the cytoplasm associates
with cadherins on the cell membrane and with actin fil-
aments in the cytoskeleton, contributing to cell adhesion.
When phosphorylated by glycogen synthase kinase 3 beta
(GSK3β), β-catenin forms a complex with GSK3β and un-
dergoes ubiquitin-mediated proteasomal degradation [111].
In the canonical pathway, Wnt ligands bind to Frizzled
(FZD) and low-density lipoprotein receptor-related proteins
5 or 6 (LRP5/6) co-receptors, producing a protein complex
that inhibits β-catenin degradation and facilitates its nuclear
translocation. Once in the nucleus, β-catenin activates tran-
scription of Wnt target genes [110].

Wnt signaling has a bidirectional regulatory effect on
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bone and cartilage formation. Takada et al. [112] in 1994
were the first to demonstrate that Wnt3a-deficient embryos
exhibit axial skeletal defects, establishing the critical role
ofWnt signaling in skeletal morphogenesis. Subsequent re-
search revealed that Wnt3a activates the transcriptional co-
activator TAZ via the canonical Wnt pathway, thereby pro-
moting osteogenic differentiation of MSCs [113]. Wnt3a
also enhances osteogenic differentiation of human BM-
MSCs via the c-Jun N-terminal kinase (JNK) signaling
pathway while concurrently inhibiting adipogenic differen-
tiation [114]. More recent studies indicate that Wnt7a facil-
itates binding of T-cell factor 1 (TCF1) to the Runx2 pro-
moter, upregulating Runx2 expression and promoting os-
teogenesis in human MSCs [115]. Similarly, Wnt10b fos-
ters osteoblast formation by increasing Runx2 expression
and simultaneously suppressing adipogenic transcription
factors C/EBPα and PPARγ, thereby inhibiting adipogenic
differentiation of mesenchymal progenitor cells [37,116].

Conversely, low levels of Wnt signaling are essential
for cartilage formation. Overexpression of ICAT (a small
molecule inhibitor of β-catenin and T-cell factors) in artic-
ular chondrocytes suppresses β-catenin activity, thereby in-
activating the canonical Wnt pathway. This inhibition re-
sults in increased degradation of articular cartilage and ele-
vated chondrocyte apoptosis [117].

Hh. The Hh signaling pathway has an indispensable role
in embryonic development, being extensively involved in
the differentiation of stem cells into osteogenic and chon-
drogenic lineages, and in the proliferation of differentiated
cells. Inmammals, the Hh family has threemembers: Sonic
hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedge-
hog (Dhh) [100,101]. Shh promotes the expression of an-
giogenic factors in adults, facilitating neovascularization
[118]. Ihh is implicated primarily in bone and cartilage de-
velopment, having three main functions: (i) forming a neg-
ative feedback loop with parathyroid hormone-related pep-
tide (PTHrP) to regulate chondrocyte differentiation; (ii)
promoting chondrocyte proliferation; and (iii) modulating
osteoblastic osteogenic activity [100]. Dhh predominantly
regulates spermatogenesis and peripheral nerve sheath for-
mation [119].

The primary receptor for Hh ligands is the Patched
protein (Ptch), which associates with two co-receptors: Boc
(brother of Cdo) and Gas1 (growth arrest-specific 1). In
the absence of Hh, Ptch localizes mainly around the pri-
mary cilium and suppresses the activity of the Smoothened
receptor (Smo). Upon Hh binding to Ptch on target cells,
Ptch is displaced from the cilium, thereby relieving its in-
hibitory effect on Smo [100]. Downstream transcriptional
responses to Hh are mediated by Gli zinc-finger transcrip-
tion factors (Gli1, Gli2, and Gli3). The Suppressor of Fused
(SuFu) protein forms a complex with Gli proteins, seques-
tering them in the cytoplasm. Without Hh stimulation, Gli2
and Gli3 are phosphorylated by protein kinase A (PKA),

casein kinase 1α (CKI), and glycogen synthase kinase 3β
(GSK3β), leading to their proteolytic processing into re-
pressor forms at the base of the cilium. Speckle-type POZ
protein (Spop) acts as a substrate adaptor for ubiquitin E3
ligase, targeting Gli2 and Gli3 for ubiquitination and pro-
teasomal degradation. When Hh is present, activated Smo
inhibits the proteolytic processing of Gli2 and Gli3, al-
lowing their activator forms to translocate into the nucleus
and induce target gene transcription [120,121]. Given the
critical role of Hh signaling in bone and cartilage forma-
tion, disruption or absence of this pathway results in var-
ious developmental defects, including impaired long bone
growth, polydactyly, syndactyly, and ectopic ossification
[100,101].

Master Transcription Factors. Among numerous tran-
scription factors, the SRY-related high-mobility group box
(SOX) transcription factor family, particularly SOX9, plays
a pivotal role in chondrogenesis [122]. SOX9 acts as the
master regulator of cartilage formation by orchestrating
multiple developmental stages through phase-specific reg-
ulation of downstream genes. Working both independently
and synergistically with SOX5 and SOX6, SOX9 com-
pletes the “chondrogenic SOX trio” essential for skeletal
development. SOX5 and SOX6, although unable to ini-
tiate cartilage formation independently, enhance SOX9’s
DNA-binding affinity by co-binding to cartilage-specific
enhancers, thereby potentiating its chondrogenic activity
[123,124]. Genetic evidence supports this synergy, as mice
deficient in either SOX5 or SOX6 exhibit only mild skele-
tal abnormalities, whereas simultaneous deletion of both
results in severe chondrodysplasia and intrauterine lethal-
ity [125]. Functionally, SOX9 directly regulates COL2A1
and ACAN, which encode type II collagen and aggrecan,
respectively, that are indispensable for extracellular matrix
formation. SOX9 also activates the Ihh and Wnt signal-
ing pathways, thereby controlling chondrocyte prolifera-
tion, columnar organization, and growth plate maturation
[126]. Ihh, in turn, modulates chondrocyte maturation rates
and promotes cortical bone formation in adjacent perios-
teum [101]. Clinically, diminished SOX9 expression is ob-
served in osteoarthritic cartilage, while aberrant upregula-
tion occurs in cartilage and bone tumorigenesis. Moreover,
heterozygous mutations in or near the SOX9 locus cause
campomelic dysplasia, a lethal skeletal dysplasia charac-
terized by abnormal cartilage development and multi-organ
malformations, including defects of the heart, lungs, kid-
neys, and pancreas [104].

Similarly, Runx2 is indispensable for osteogenesis.
It contains two critical domains: a runt DNA-binding
domain and a heterodimerization domain that interacts
with core-binding factor β (Cbfβ)/polycomb group protein
2β(PEBP2β) [127]. Runx2 drives MSCs toward the os-
teoblast lineage while suppressing adipogenic and chon-
drogenic fates, thereby committing progenitor cells to bone
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formation [128]. Crucially, Runx2 collaborates with Smad
proteins to mediate BMP signaling; in the absence of
Runx2, cells fail to respond to BMP-2 stimulation, high-
lighting the indispensable role of the Runx2–Smad com-
plex. Beyond BMP/Smad interactions, Runx2 expression
and activity aremodulated by additional transcriptional reg-
ulators. For instance, HOXB7 upregulates Runx2 mRNA,
thereby promoting osteogenesis [129]. During osteogenic
differentiation, HOXA2 expression increases, repressing
Sox9 and favoring osteogenesis, whereas HOXA9 expres-
sion decreases [130]. Conversely, HIF-1α negatively regu-
lates Runx2 through its downstream effector TWIST [131].
While HIF-1α overexpression enhancesMSC proliferation,
survival, and pro-angiogenic gene expression, it simulta-
neously reduces BMP-2 and Runx2 levels, thereby modu-
lating osteogenic differentiation under hypoxic conditions.
These intricate regulatory networks position Runx2 as the
principal effector of osteoblast differentiation and high-
light the fine balance between chondrogenic and osteogenic
pathways mediated by transcription factors and their up-
stream signaling cascades.

Paracrine Regulation

Beyond direct differentiation, these pathways also
regulate the secretome and EVs that amplify regenera-
tion. TGF-β/BMP–Wnt crosstalk modulates the secretion
of FGFs, VEGF, IGF-1, and other trophic cues that drive
angiogenesis, matrix synthesis, and cell survival [107–109].
For example, during early fracture repair, FGF-2 predom-
inates, whereas BMP-2 facilitates later mineralization, ex-
emplifying time-staged paracrine orchestration within the
same network [108]. Shh upregulates angiogenic medi-
ators and supports neovascularization, coupling paracrine
vascular cues to chondrogenic/osteogenic programs [118].
These pathways also influence the EV cargo (miRNAs, pro-
teins) released by stem/progenitor cells and chondrocytes,
which in turn modulate proliferation, differentiation, and
inflammation in recipient cells (e.g., VEGF/IGF-1/HGF
and EV-miRNAs impact osteogenesis and immunomodu-
lation) [24,43].

Microenvironment Remodeling

Effective and durable regeneration requires niche
repatterning/rebuilding of ECM architecture, normalization
of inflammatory signals, and restoration of vascular supply.
Wnt/β-catenin controls ECM turnover (collagens, MMPs)
and, when excessively activated, drives chondrocyte hy-
pertrophy via Runx2/MMP-13, which contributes to OA.
β-catenin is elevated in OA chondrocytes, and loss of the
Wnt antagonist FRZB (females exhibit a predisposition to
the common inactivation of FRZB in OA) removes a natu-
ral brake on this pathway [32,104,128]. TGF-β integrates
skeletal and endocrine cues (e.g., its inactivation hyperacti-
vates PTH1R, causing bone loss that is reversed by PTH in-
jection or receptor knockout) and shapes the inflammatory

milieu toward repair, thereby supporting matrix anabolism
and coupling it to bone remodeling [106]. Hh aligns angio-
genesis (vascular invasion, nutrient delivery) with osteo-
genesis to ensure timely callus maturation and endochon-
dral ossification [100,101]. Structurally, the Ptch–Smo–Gli
logic (with SuFu/Spop regulation) defines Hh-responsive
gene programs that govern growth plate dynamics and corti-
cal bone formation. Disruption at any node produces skele-
tal malformations such as impaired long-bone growth, poly-
dactyly, and ectopic ossification [100,120,121,132].

Microenvironment and Stem Cell Fate Determination

The microenvironment strongly influences the differ-
entiation of stem cells into bone and cartilage by providing
extrinsic cues that complement intrinsic genetic regulation.
In cartilage differentiation, the microenvironment directs
stem cells toward the chondrocyte lineage through various
factors, including mechanical stimulation and the composi-
tion and architecture of the extracellular matrix (ECM).

The ECM offers essential physical support to stem
cells and serves as a dynamic biochemical signaling reser-
voir. Its composition and structure tightly regulate stem cell
behavior, including proliferation and lineage commitment
[133]. The ECM is composed predominantly of twomacro-
molecular classes—proteoglycans and fibrous proteins—
which collectively determine its structural characteristics,
elasticity, and stiffness [134]. Proteoglycans occupy sub-
stantial interstitial space, providing hydration and buffering
capacity, while fibrous proteins such as collagen, elastin, fi-
bronectin, and laminin confer tensile strength and elasticity.
These fibers also serve as crucial attachment sites for cells,
facilitating migration, tissue development, and mechanical
energy storage [133].

Mechanical stimulation is a vital extrinsic factor reg-
ulating stem cell fate in load-bearing tissues like bone and
cartilage. Throughout development and maturation, chon-
drocytes and their progenitors are constantly exposed tome-
chanical forces, including deformation, shear stress, fluid
flow, electric potentials, hydrostatic pressure, and osmotic
pressure (Fig. 4) [135].

Matrix stiffness is a well-characterized determinant of
human MSC (hMSC) differentiation. Hadden et al. [136]
engineered artificial matrices with tunable stiffness by vary-
ing chemical cross-linking in order to study hMSC fate in
uniform culture conditions. They demonstrated that hM-
SCs cultured on soft matrices (0.1–1 kPa) preferentially dif-
ferentiated into neuronal and adipogenic lineages, while on
intermediate stiffness matrices (8–17 kPa) myogenic differ-
entiation dominated, peaking near 12 kPa, and on stiff ma-
trices (25–40 kPa) osteogenic differentiation was favored,
peaking around 36 kPa [137].

Bone matrix is subjected to considerable mechanical
loading due to gravity and muscle contractions, making
compressive forces especially important for osteogenic dif-
ferentiation [138]. Moderate compressive strain (~20%)
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Fig. 4. Microenvironmental regulation of stem cell differentiation into bone and cartilage. The stem cell fate toward bone or
cartilage is orchestrated by extracellular matrix composition and mechanical cues, with matrix stiffness and compressive strain acting as
key regulators of osteogenic versus chondrogenic differentiation. Drawing software: Adobe Illustrator.

promotes osteogenic differentiation of MSCs, whereas ex-
cessive strain (40–60%) inhibits it [139,140]. Baumgart-
ner et al. [141] found that under 5% cyclic compressive
loading, increased scaffold stiffness correlates with signifi-
cant upregulation of osteogenic markers such as Runx2 and
type I collagen, which promotes osteogenesis. However,
other studies have suggested that cyclic compressive stim-
ulation at 5–10% strain does not enhance osteogenic dif-
ferentiation and may reduce MSC migration [142]. These
conflicting reports highlight the complexity of mechanical
regulation and underscore the need for further research to
elucidate the optimal pressure parameters and underlying
mechanisms governing MSC osteogenic differentiation.

Bone and cartilage differentiation is a tightly orches-
trated process regulated by signaling pathways, transcrip-
tion factors, and microenvironmental cues. Key cascades
such as TGF-β/BMP, Wnt/β-catenin, Hh, and Notch con-
verge on master regulators like SOX9 and Runx2, ensur-
ing the balance between chondrogenesis and osteogenesis.
These networks not only guide lineage commitment but
also regulate paracrine signaling and extracellular vesicle
release, which further influence angiogenesis, matrix re-
modeling, and immune modulation. Equally important, the
extracellular matrix and mechanical forces act as decisive
determinants of stem cell fate. Variations in stiffness, strain,
and compressive loading can shift the balance toward os-
teogenic or chondrogenic outcomes, yet inconsistent find-
ings highlight the complexity of biomechanical regulation.

Such discrepancies underscore the need for integrative ap-
proaches that combine biochemical and mechanical cues.

Despite remarkable progress, clinical translation re-
mains hampered by limited control over signaling dynamics
and the inability to fully reproduce the native osteochon-
dral microenvironment. Future directions should prioritize
single-cell and spatial omics to decode pathway cross-talk,
while advanced biomaterials and bioreactor systems can
provide controllable environments that mimic in vivo con-
ditions. Together, these strategies may transform our mech-
anistic understanding into precise and reproducible stem
cell–based therapies for cartilage and bone regeneration.

Interaction Between Cartilage and Bone
Formation

The interaction of cartilage and bone spans the en-
tire life cycle, from embryonic skeletal development to
adult bone remodeling, and maintains skeletal homeosta-
sis via dynamic signaling dialogue and cellular interactions.
This interplay is crucial in physiological processes such as
growth plate elongation, as well as pathological conditions,
including OA and fracture healing.

Ossification of Cartilage Templates

Bone formation begins with the establishment of a car-
tilaginous precursor. During the embryonic phase, specific
lineages of mesenchymal cells migrate to, and aggregate
at, sites designated for future skeletal development, grad-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v059a11


186 www.ecmjournal.org

European Cells and Materials Vol.59 2026 (pages 175–200) DOI: 10.22203/eCM.v059a11

ually differentiating into chondroprogenitor cells. This ag-
gregation forms a hyaline cartilage template, characterized
by high cellular density and the secretion of type II col-
lagen and proteoglycans, which serves as the precursor of
the future skeleton [143]. Bone formation proceeds within
this framework via two main pathways: endochondral os-
sification, where mesenchymal cells first differentiate into
chondrocytes before transforming into osteocytes; and in-
tramembranous ossification, where mesenchymal cells dif-
ferentiate directly into osteocytes without a cartilaginous in-
termediate [93]. For example, the growth of cortical bone
along the long bone axis typically occurs through intramem-
branous ossification. Skeletal progenitor cells within the
periosteum (marked by PRX1 or CTSK expression) dif-
ferentiate directly into postnatal periosteal osteoblasts of
long bones without passing through a chondrocyte stage
[144,145].

The ossification center comprises layers of flattened,
rapidly proliferating chondrocytes arranged in a longitu-
dinal columnar structure [146]. These dividing chondro-
cytes further differentiate into pre-hypertrophic chondro-
cytes, which then transform into hypertrophic chondro-
cytes. During this progression, cell and tissue volume in-
crease rapidly, regulated by PTHrP and Ihh signaling path-
ways. PTHrP inhibits the differentiation of chondrocytes
into the hypertrophic stage, maintaining their proliferative
state. As the influence of PTHrP wanes, the chondrocytes
start to undergo hypertrophy and begin producing Ihh that
induces Runx2 expression, thereby enhancing chondrocyte
proliferation and promoting osteoblast differentiation in the
adjacent perichondrium [147]. Driven by Ihh, the chondro-
cytes also release VEGF, which recruits endothelial cells to
invade the perichondrium, establishing the primary ossifi-
cation center and attracting osteoclasts and osteoprogenitor
cells to the site.

The ends of long bones contain an area rich in stem
cells known as the secondary ossification center. The pre-
served growth plate in this area facilitates continued skeletal
elongation through endochondral ossification. Stem cells
in the secondary ossification center possess robust self-
renewal and multipotent capabilities, playing a crucial role
in the growth of long bones during development. Following
the rapid growth phase of puberty, the growth plate closes
and eventually disappears in late adolescence [93].

Role of Stem Cells in Bone Repair

Bone is one of the most regenerative tissues in the hu-
man body, and under pathological conditions, stem cells
play a significant role in repairing it.

In the early stages of OA, alterations in collagen and
proteoglycan structures, along with degradation of the car-
tilage matrix, lead to a loss of mechanical buffering ca-
pacity of the articular cartilage. This results in abnormal
stress being transmitted to the subchondral bone. As car-
tilage erodes, chondrocytes respond with enhanced prolif-

eration to increase cartilage matrix synthesis. However,
this process simultaneously elevates the production of in-
flammatory factors such as IL-6 and IL-8 that can activate
osteoclasts, which exacerbates cartilage degradation and
promotes bone resorption [148]. The final stage of carti-
lage destruction is marked by chondrocyte apoptosis, which
causes an imbalance between the synthesis and degradation
of collagen and proteoglycans. Moreover, the release of
inflammatory factors induces changes in the synovial tis-
sue and subchondral bone, leading to bone sclerosis and
increased thickening of the synovial membrane and joint
capsule [149].

Post-fracture bone repair is a rapid and efficient pro-
cess that parallels developmental bone formation. Repair
depends heavily on close interaction between stem cells
and the skeletal vascular network, often making it difficult
to distinguish newly formed tissue from the original pre-
injury bone [150]. Stable fractures primarily heal through
intramembranous ossification, where stem cells differenti-
ate directly into osteoblasts without forming cartilage. By
contrast, unstable fractures initially form fibrocartilage at
the injury site. Healing is achieved when this is subse-
quently replaced by bone tissue—a process reminiscent of
endochondral ossification [93]. Injury causes local vascular
disruption that leads to hematoma formation and tissue hy-
poxia, triggering the release of factors such as HIF-1α and
VEGF that promote angiogenesis. Concurrently, multiple
signaling pathways, including TGF-β, Wnt, and Notch, are
activated, facilitating bone tissue differentiation [151–153].

Cartilage-bone interplay underlies skeletal growth, re-
modeling, and repair, integrating progenitor differentiation,
vascular invasion, and signaling crosstalk. In OA, carti-
lage breakdown and inflammatory cascades disrupt this bal-
ance, accelerating subchondral remodeling and joint degen-
eration. Fracture healing, by contrast, reactivates develop-
mental programs where stem cells and angiogenic cues co-
ordinate ossification according to mechanical stability. Al-
though key pathways such as TGF-β, Wnt, and Ihh are well
defined, replicating their dynamic integration in engineered
systems remains challenging. Future therapies combining
stem cells, vascularized biomaterials, and pathway-targeted
modulation may enable more faithful osteochondral regen-
eration and improved treatment outcomes.

Clinical Translation to Application of Stem
Cells in Cartilage and Bone Regeneration

As research in cartilage and bone regeneration
medicine advances, cutting-edge technologies are rapidly
evolving toward precision, intelligence, and individualiza-
tion, gradually aligning with practical clinical applications.
This transformation enhances the efficiency and effective-
ness of regenerative medicine and offers patients more per-
sonalized treatment options.
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Single-cell Sequencing (SCS)

SCS is a high-throughput technology that enables the
analysis of genomic, transcriptomic, and epigenomic infor-
mation at the resolution of individual cells. Unlike tradi-
tional bulk sequencing methods, SCS aims to reveal cellu-
lar heterogeneity by capturing the unique molecular charac-
teristics of each cell. Since the advent of single-cell RNA
sequencing (scRNA-seq) in 2009, SCS technologies have
rapidly advanced, with applications extending across ge-
nomics, proteomics, and metabolomics. These advances
have been widely applied in various research fields, includ-
ing stem cell biology, allowing researchers to systemati-
cally catalog human cell types, elucidate developmental tra-
jectories and inter-individual differences, and uncover cel-
lular associations with diseases [154].

In the context of OA pathogenesis, Ji et al. [155]
employed scRNA-seq to identify novel chondrocyte sub-
populations and associated signaling pathways, thereby re-
vealing the internal states and functional diversity of chon-
drocytes. They discovered three previously unrecognized
chondrocyte clusters: effector chondrocytes (ECs), regula-
tory chondrocytes (RegCs), and homeostatic chondrocytes
(HomCs). ECs, characterized by expression of cytokine-
like 1 (CYTL1), contribute to energy supply during chon-
drocyte development and promote the chondrogenic dif-
ferentiation of MSCs [156]. Beyond providing mechanis-
tic insights, these subpopulations have translational poten-
tial: variations in RegC abundance or signaling activity
may serve as predictive biomarkers to stratify OA patients
and guide personalized interventions, such as targeted im-
munomodulatory or regenerative therapies [154]. More-
over, the integration of chondrocyte stem cell technolo-
gies with artificial intelligence (AI) offers powerful tools
to uncover predictive multiomic signatures, forecast dis-
ease trajectories, and define optimal timings for stem cells.
Machine learning applied to single-cell transcriptomes has
already enabled the identification of diagnostic gene sig-
natures and immune-related pathways that distinguish OA
subtypes, supporting precise classification of patients [157].
AI-driven imaging and live-cell prediction models have
been used to non-invasively forecast stem cell differentia-
tion outcomes and screen forMSC lines with optimal regen-
erative capacity [158]. These approaches, when coupled
with MSC-derived exosomes or biomaterial-assisted deliv-
ery of anti-inflammatory miRNAs, can refine therapeutic
timings, improve treatment consistency, and accelerate the
translation of stem cell–based strategies into personalized
clinical interventions.

Sun et al. [159] applied scRNA-seq to analyze healthy
human menisci, identifying seven distinct cell types: (i) EC
expressing CD93 and CDH5, (ii) CPC expressing CDK1
and BIRC5, (iii) RegC expressing BMP-2 and FOSL1, (iv)
fibrocartilage cells (FC) expressing COL1A1, COL3A1,
andCOL6A1, (v) pre-hypertrophic chondrocytes (PreHTC)
expressing MMP1 and TNFAIP6, (vi) fibrocartilage pro-

genitor cells (FCP) co-expressing fibrocartilage markers
and MSC markers MCAM and MYLK, and (vii) proliferat-
ing fibrocartilage cells (ProFC) expressing COL1A1 along-
side growth factors FGF7 and CTGF. They also mapped
spatial gene expression patterns in the meniscus, underscor-
ing the power of SCS to reveal cellular heterogeneity in
complex tissues.

Despite these advances, the massive amount of data
generated by SCS presents significant challenges for trans-
lating findings into actionable biological targets suitable for
clinical applications. Effective computational tools and in-
tegrative analytical frameworks are essential to harness the
full potential of SCS in precision medicine. These issues
are commonly addressed through anchor-based mapping
(e.g., SeuratWNN), latent factor decomposition (MOFA+),
deep learning frameworks (TotalVI), and spatial integration
tools (e.g., Tangram), supplemented by dimensionality re-
duction, parallel computing, and batch effect correction to
enhance efficiency and accuracy [160–164]. Experimen-
tally, cell capture methods (such as droplet-based microflu-
idics, FACS, and single-nucleus sequencing) often intro-
duce biases, including loss of specific subpopulations and
transcriptional stress. These can be mitigated by optimiz-
ing tissue dissociation, adopting single-nucleus sequencing,
integrating multi-modal validation, and applying compu-
tational normalization and correction algorithms, thus im-
proving the reliability of results through both computational
and experimental methods [165,166].

Organoids

Organoids are three-dimensional miniature organ
models cultured in vitro. They are derived from stem
cells or primary tissues and are capable of recapitulating
the structural and functional characteristics of real organs
(Fig. 5) [167]. Organoid technology addresses challenges,
such as immunogenic risks and functional integration, en-
countered in traditional in vitro studies, providing a highly
biomimetic experimental platform to investigate molecu-
lar mechanisms of diseases and develop novel therapeutic
strategies. This technology has become an invaluable tool
for studying organ development, disease pathogenesis, and
drug screening (Table 2) [168].

Chen et al. [169] reported the first study of bone
organoids in 2022, incorporating the unique features of the
bone microenvironment into the organoid concept. They
proposed strategies for constructing bone organoids, out-
lined potential research directions, and discussed applica-
tions. In vitro three-dimensional culturing combined with
directed differentiation was used to co-culture various stem
cells (including bone and chondrocyte stem cells) with
functional cell types such as osteoblasts, osteoclasts, and
endothelial cells. This approach enabled the creation of
miniaturized bone and cartilage units rich in vascular net-
works, which were assembled into bone-like tissues. These
constructs serve as useful models to simulate pathological
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Fig. 5. The origin and application of bone-cartilage organoids. Bone-cartilage organoids are derived from stem cells and are finally
capable of recapitulating the structural and functional characteristics of a real organ. Drawing software: Adobe Illustrator.

Table 2. Comparative overview of current bone/cartilage organoid models.
Study/Year Stem Cell Source Key Features Advantages Limitations

Chen et al.
[169], 2022

Bone stem cells, chondrocyte
stem cells, co-cultured with os-
teoblasts, osteoclasts, endothe-
lial cells.

Integrated bone mi-
croenvironment with 3D
organoid culture; vascular-
ized mini-bone/cartilage
units.

Recapitulates cellular het-
erogeneity of bone tissue;
allows modeling of OA
pathology.

Limited vascular matura-
tion; insufficient mechani-
cal load-bearing capacity.

Lamandé et al.
[172], 2023

iPSCs→chondroprogenitors
→chondrocytes→osteoblasts
via endochondral ossification

Bone-cartilage organoids
mirroring developmental
transitions

Reflects dynamic gene ex-
pression; useful for genetic
disease models.

Mechanically immature;
lacks physiological load-
bearing.

Other 3D
organoid sys-
tems [173,174]

MSCs, ESCs, or iPSCs cul-
tured with bioactive scaffolds
(e.g., hydrogels, ECM mimet-
ics).

Enhancedmatrix organiza-
tion and 3D structure

Better ECM deposition;
customizable microenvi-
ronment.

Poor vascularization; lim-
ited scalability; integration
issues.

processes such as OA, and as platforms for drug testing
[170,171].

In 2023, Lamandé et al. [172] used iPSCs to gener-
ate bone–cartilage organoids. They differentiated the iPSCs
into chondroprogenitor cells, which then underwent differ-
entiation into articular chondrocytes or hypertrophic chon-
drocytes via endochondral ossification pathways, even-
tually giving rise to osteoblasts. This study elucidated
the expression profiles of osteogenesis-related genes dur-
ing the developmental stages. The constructed bone–
cartilage organoids recapitulated various disease states, in-

cluding chondrodysplasia, collagenopathies, and OA, pro-
viding a powerful platform for studying disease pathogen-
esis, screening therapeutics, and optimizing the timing of
clinical interventions [172].

Organoids provide a biomimetic platform that bridges
the gap between traditional in vitro studies and complex in
vivo biology. Bone and osteochondral organoids derived
from stem cells can recapitulate key developmental path-
ways, disease phenotypes, and therapeutic responses, mak-
ing them powerful tools for mechanistic research and drug
discovery. However, inconsistent differentiation, incom-
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plete maturation, and challenges in scaling production re-
main major barriers to clinical translation. Looking ahead,
integration with 3D/4D bioprinting, organ-on-chip systems,
and dynamic bioreactors, alongside robust technical stan-
dards and ethical oversight, will be essential to realize
the full potential of organoid-based regenerative strategies.
Looking ahead, integration with 3D/4D bioprinting, organ-
on-chip systems, and dynamic bioreactors, alongside robust
technical standards and ethical oversight, will be essential
to realize the full potential of organoid-based regenerative
strategies.

Engineering Strategy: Application of Bioreactors

Advances in stem cell research have enabled their ap-
plication in both scientific studies and clinical treatments
[176,177]. To deepen our understanding of stem cell be-
havior and expand their therapeutic applications, it is es-
sential to establish specialized in vitro culture systems—
bioreactors—that can support the controlled expansion and
differentiation of specific stem cell types. Dynamic biore-
actors offer significant advantages over traditional static
culture systems by allowing precise monitoring and reg-
ulation of culture conditions. This facilitates large-scale
and long-term cultivations while better supporting stem cell
proliferation and lineage commitment [178].

However, there are considerable challenges in design-
ing stem cell bioreactors. Different stem cell types and dif-
ferentiation goals demand tailored environmental parame-
ters such as specific oxygen tensions, pH values, and me-
chanical stimuli, including compressive forces and shear
stress. The ability to precisely replicate these conditions re-
mains a technical hurdle in bioreactor development [179].

Bone and cartilage tissue engineering integrates stem
cells (e.g., MSCs, iPSCs) with biomaterial scaffolds and the
controlled delivery of bioactive factors (classically TGF-β
and BMP-2) to recapitulate osteogenesis and chondrogen-
esis to repair osteochondral units [180]. Bioreactors have
been successfully employed to mimic physiological con-
ditions for bone and cartilage tissue engineering. Luciani
et al. [181] utilized a dual-axis rotating bioreactor provid-
ing continuous liquid perfusion and gas exchange for three-
dimensional scaffolds, establishing a dynamic mechanical
environment. This setup enhanced nutrient diffusion and
metabolic waste removal and generated physiological stim-
uli (e.g., shear stress) that contributed to the generation
of functionally enhanced, engineered cartilage. Similarly,
Montorsi et al. [182] designed a bioreactor with laminar
flow at the top for nutrient delivery and shear stress reg-
ulation, coupled with ultrasonic stimulation from below.
This system was used to study bone matrix deposition and
osteogenic differentiation of SAOS-2 cells under various
stimuli.

While in vitro stem cell bioreactors provide more
reliable and physiologically relevant data, current tissue-
engineered cartilage still falls short of fully replicating the

biomechanical and functional properties of native carti-
lage [181]. Given this limited ability to reproduce native
cartilage/bone mechanics, 3D bio-printing integrated with
dynamic-loading chambers is gaining traction [183]. Cus-
tom compression bioreactors applied directly to bio-printed
osteochondral/meniscal constructs enable long-term cyclic
loading in culture, improving matrix deposition and con-
struct stiffness while maintaining cell viability. Recently
reported systems exhibit sustained compression of printed
tissues and computer-controlled mechanical conditioning
of bio-printed menisci in vitro. Lai et al. [184] propose
4D bio-printing and stimuli-responsive inks as routes to dy-
namically tune construct mechanics during culture.

Microfluidic organ-on-chip (OoC) platforms recreate
the osteochondral microenvironment under precisely con-
trolled perfusion, shear, and cyclic strains, overcoming dif-
fusion limits and facilitating physiological load patterns
that are difficult to maintain in bulk bioreactors [185,186].
Bone/joint-on-chip systems also now model osteochon-
dral crosstalk and OA-like inflammation under controlled
flow conditions. Importantly, several designs incorpo-
rate embedded sensors (impedance, strain, electrochemi-
cal) for real-time readout of mechanical stress and tissue re-
sponses, enabling closed-loop optimization of loading reg-
imens, which together point to a practical path for mimick-
ing native mechanics while capturing relevant human biol-
ogy data [187].

Bioreactors provide dynamic and controllable envi-
ronments that support stem cell proliferation, differen-
tiation, and tissue maturation, offering clear advantages
over static culture systems. Recent advances, including
perfusion-based designs, 3D/4D bio-printing with mechan-
ical conditioning, and organ-on-chip platformswith embed-
ded sensors, have enhanced osteochondral tissue engineer-
ing by better replicating physiological cues. However, cur-
rent constructs still lack the full mechanical complexity of
native bone and cartilage, and stem cell heterogeneity com-
plicates universal design. Future integration of smart bio-
materials, real-time monitoring, and personalized bioreac-
tor parameters holds promise to achieve more reproducible
and clinically relevant regenerative therapies.

Combined Treatment Strategy

Immunotherapy activates the body’s immune system
to combat disease through enhanced immune cell func-
tion, in contrast to traditional chemotherapy and radiother-
apy that directly target abnormal cells. Significant clinical
progress has been seen with this approach in oncology, au-
toimmune diseases, and infectious conditions [188]. While
immunotherapy has recently been applied to malignancies
such as osteosarcoma, it also has potential in regenerative
contexts, particularly for OA (Fig. 6).
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Fig. 6. The immune regulatory mechanism of stem cells in bone and cartilage regeneration. The EVs and cytokines produced by
MSCs can regulate the functions of immune cells and promote the repair of articular cartilage. Drawing software: Adobe Illustrator.

MSC-derived Exosomes for Immunomodulation in OA
MSC–derived exosomes have gained attention as ef-

fective cell-free immunomodulators to treat OA. Preclinical
studies show they can alleviate synovial inflammation, in-
hibit cartilage degradation, and restore matrix homeostasis
in both knee and temporomandibular joint models of OA
[174]. Exosomes engineered to carry miR-146a or miR-
140 can suppress pro-inflammatory mediators (e.g., IL-6,
TNF-α), induce macrophage polarization toward an anti-
inflammatory M2 phenotype, and inhibit matrix-degrading
enzymes such as MMP-13 and ADAMTS-5—thereby sup-
porting cartilage preservation and repair [189].

Biomaterials for Targeted miRNA Delivery
To overcome the problem of rapid clearance from

the joint, biomaterial-based carriers such as injectable
hydrogels offer controlled, localized delivery of anti-
inflammatory miRNAs. For example, delivering miR-
140 using chondrocyte-targeting exosomes or embedding
it in hydrogels can directly inhibit MMP-13/ADAMTS-
5 activity and counter synovial IL-6-driven inflammation,
thereby promoting matrix deposition and cartilage regen-
eration [189]. By combining MSCderived exosomal im-

munomodulation with biomaterialmediated miRNA deliv-
ery, a comprehensive therapeutic strategy emerges—one
that simultaneously attenuates inflammation and fosters
cartilage/bone regeneration through modulation of the im-
mune microenvironment and direct preservation of ex-
tracellular matrix. This integrative “exosomemiRNAbio-
material” platform embodies a translational approach that
bridges the gap between immunotherapy and regenerative
medicine in the treatment of OA.

Immunomodulatory approaches are increasingly rec-
ognized as integral to cartilage and bone regeneration, com-
plementing conventional regenerative strategies. MSC-
derived exosomes act as potent cell-free therapies that alle-
viate synovial inflammation, promote M2 macrophage po-
larization, and suppress catabolic enzymes such as MMP-
13 and ADAMTS-5. When engineered to deliver specific
miRNAs (e.g., miR-146a, miR-140), they further enhance
matrix preservation and immune balance [190]. Biomate-
rial carriers, particularly injectable hydrogels, enable local-
ized and sustained delivery, reducing clearance and ampli-
fying therapeutic effects. Together, the integration of exo-
somes, miRNA modulation, and biomaterial scaffolds rep-
resents a promising translational platform that bridges im-
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Fig. 7. Graphical illustration of the clinical translation pathway for stem cell-based therapies in cartilage and bone regeneration.
Clinical applications of stem cell-based therapies in cartilage and bone regeneration include intra-articular injection of MSCs to relieve
joint pain and improve function. The therapies own advantages, with well tolerated and mild pain, while also having risks of ectopic
tissue and tumorigenicity. While limitations concentrate on ethics and long-term safety issues. Drawing software: Adobe Illustrator.

munotherapy with regenerative medicine in OA.

Clinical Efficacy and Safety Evidence in Cartilage and
Bone Regeneration

Preclinical studies have provided crucial insights into
the mechanisms of stem cell-based therapies for cartilage
and bone regeneration. For example, Kaczanowska et al.
[191] demonstrated the utility of genetically engineered
mesenchymal-like cells (GEMys) in murine models. These
studies highlight proof-of-concept mechanisms but should
be clearly distinguished from clinical translation.

Clinical data provide cautious optimism. Multiple
clinical trials have demonstrated promising results for stem
cell–based therapies in cartilage and bone regeneration.
For instance, Phase I/II trials using intra-articular injec-
tions of AD-MSCs or hUCB-MSC have reported signifi-
cant improvements in joint pain, function scores, and car-
tilage quality (evaluated via MRI), with minimal adverse
events such as mild injection-site pain or transient swelling
[192,193]. In osteochondral defect repairs, autologous bone
marrow-derived MSCs embedded in biomaterial scaffolds
have shown durable defect filling and improved clinical
scores up to 5 years post-surgery, with no evidence of ec-
topic bone formation or tumorigenicity [194].

The absence of late-onset safety issues in ongoing
iPSC and hUCB-MSC studies is encouraging, yet larger,
controlled Phase III trials with standardized protocols are
urgently needed. Ultimately, combining immune regula-
tion with regenerative repair may establish a safer and more

effective paradigm for osteochondral therapy.

Challenges and Prospects
Barriers to Clinical Translation

Clinical translation of stem cell therapy faces numer-
ous challenges, notably ethical concerns and safety risks.
A 2016 survey identified 351 companies operating across
various states in the USA providing “stem cell therapy” ser-
vices directly to consumers through 570 clinics. Many of
these services are characterized by unverified efficacy and
unapproved procedures and have given rise to “stem cell
tourism” where regulatory scrutiny is circumvented [195].
This phenomenon highlights the substantial ethical barri-
ers that continue to impede the widespread application of
stem cell therapies. As previously noted, the primary ethi-
cal controversy surrounding the use of hMSCs arises from
their procurement, which frequently involves the destruc-
tion of embryos. Consequently, countries including the
United Kingdom, the USA, and Italy have implemented
varying restrictions on research and therapeutic use of hM-
SCs [60].

Safety concerns arise predominantly from the in-
herent multipotent differentiation potential of stem cells,
which poses challenges to controlling their fate post-
transplantation. For example, hESCs possess the capac-
ity to differentiate into hundreds of distinct cell types,
complicating efforts to direct their differentiation upon
transplantation into living organisms [196]. The reported
incidence of teratoma formation following hESC trans-
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plantation in immunodeficient mice varies widely—from
33% to 100%—depending on factors such as implanta-
tion site, cell maturity, purity, and transplantation technique
[197]. Moreover, although stem cell therapies have shown
promise in treating retinal diseases, their long-term efficacy
remains uncertain [198]. Given patients’ expectations of
absolute safety and favorable outcomes, these reports am-
plify concerns regarding the clinical safety of stem cell ther-
apies.

Overcoming these barriers requires targeted strate-
gies. To improve post-transplantation cell survival, bio-
material scaffolds such as hydrogels can provide a three-
dimensional microenvironment that enhances cell reten-
tion, protects against anoikis, and allows sustained release
of trophic factors [199]. Similarly, hypoxic precondition-
ing (1–5% O2) has been shown to increase MSC resistance
to stress, augment their paracrine secretome, and improve
bone and cartilage repair efficacy [200]. Co-transplantation
with endothelial progenitor cells (EPCs) also enhances neo-
vascularization, thereby supporting graft survival and func-
tional integration into osteochondral defects [201].

Equally important are approaches to mitigate tumori-
genic risks. Genetic safety switches, such as the inducible
caspase-9 (iCasp9) system, can be engineered into trans-
planted cells to enable rapid elimination if uncontrolled pro-
liferation or malignant transformation occurs [202]. Ad-
vances in CRISPR technology facilitate precise insertion
of such constructs, providing an additional layer of safety
[203]. Removal of senescent cells—from within stem cell
preparations or host tissue—has also emerged as another
promising approach. Senolytic agents (e.g., dasatinib plus
quercetin [204], or navitoclax [205]) and experimental pep-
tides (e.g., FOXO4-DRI [206]) selectively clear senescent
cells, reducing their pro-inflammatory secretome and low-
ering the risk of tumor initiation [207].

Future Research Directions

To address these challenges and facilitate the transla-
tion of stem cell therapies from bench to bedside, future re-
search must prioritize enhancing the precision of microen-
vironmental regulation and improving cell viability. Con-
trolling the differentiation microenvironment is critical: ex-
tensive investigation is required to determine optimal pa-
rameters (including matrix stiffness and mechanical stimuli
such as compressive and shear forces) that provide suitable
conditions for directed stem cell differentiation, thereby
maximizing the fidelity of lineage commitment [133].

Ensuring the survival of transplanted cells is
paramount. Studies on stem cell therapies for peripheral
arterial disease have demonstrated that co-transplantation
of stem cells with EPCs can enhance regional blood
perfusion and improve the survival of transplanted stem
cells, ultimately improving therapeutic efficacy [208].

The clinical translation of stem cell therapies faces
persistent ethical and safety challenges, including unreg-

ulated practices, risks of uncontrolled differentiation, and
tumorigenicity (Fig. 7) [209]. Emerging strategies—
such as biomaterial scaffolds, hypoxic preconditioning,
co-transplantation with endothelial progenitor cells, and
encapsulation techniques—are improving cell survival
and functional integration. Genetic safety switches and
senolytic agents offer additional safeguards against ma-
lignant transformation and inflammatory risks. Future
progress will rely on precise control of the differentia-
tion microenvironment and standardized regulatory frame-
works. Together, these advances may transform stem cell
therapies into safe, reproducible, and ethically sustainable
treatments for degenerative and regenerative disorders.

Conclusions
Stem cells are irreplaceably valuable in the field of

cartilage and bone formation and regeneration due to their
multipotent differentiation potential, paracrine effects, and
ability to regulate microenvironments.

They can differentiate directly into chondrocytes or
osteoblasts and can repair bone defects. Under specific in-
duction conditions, MSCs activate key transcription fac-
tors such as SOX9 and Runx2, driving the production of
functional cartilage matrix and bone tissue. This differen-
tiation lays the structural foundation for bone regeneration
and contributes to the restoration of normal biomechanical
function.

The paracrine effects of stem cells also play a vital role
in tissue regeneration. The cells secrete a variety of growth
factors (including VEGF, IGF-1, and HGF) that stimulate
angiogenesis and recruit host cells to the injury site. More-
over, EVs secreted by stem cells carry bioactive molecules
(such as miRNAs, mRNAs, and proteins) that suppress in-
flammation and retard cartilage degeneration. Stem cells
modulate the immune microenvironment by fostering anti-
inflammatory and tissue-repair conditions that create a fa-
vorable milieu for regeneration.

SCS has emerged as a powerful technological tool for
analyzing gene expression profiles at the individual cell
level. It can reveal cellular heterogeneity and precisely
identify disease-related subpopulations, providing a foun-
dation for the development of targeted therapies. Mean-
while, organoid technology leverages stem cells to con-
struct three-dimensional in vitro functional tissue mod-
els that simulate organ development and pathological pro-
cesses. Such models enable personalized drug screening
and disease modeling.

Combined stem cell therapies harness both regen-
erative and immunomodulatory capabilities. For exam-
ple, MSCs can serve as delivery vehicles for CAR-T cells
that cross the blood–brain barrier to treat brain tumors, or
they can be integrated into biomaterial scaffolds to repair
bone defects. These strategies enhance therapeutic effi-
cacy while minimizing side effects. Such interdisciplinary
approaches—from cellular-level analysis and model con-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v059a11


www.ecmjournal.org 193

European Cells and Materials Vol.59 2026 (pages 175–200) DOI: 10.22203/eCM.v059a11

struction to clinical interventions—constitute a closed-loop
innovation system that accelerates breakthroughs in preci-
sion medicine and regenerative therapies.

Looking forward, the integration of SCS and intelli-
gent biomaterials is poised to steer stem cell therapies to-
ward greater precision and personalization and has the po-
tential to reshape the field of regenerative medicine, offer-
ing more effective and tailored treatment options for a wide
range of skeletal and soft tissue diseases.

Fundamental integration of basic stem cell research
and clinical translation is the driving force behind the de-
velopment of regenerative medicine. Basic research estab-
lishes a theoretical foundation for the precise manipulation
of cell fate by analyzing molecular regulatory mechanisms,
epigenetic characteristics, and microenvironment interac-
tions with stem cells—for example, SCS reveals the het-
erogeneity of MSC subpopulations, while organoid models
simulate disease microenvironments.

Clinical translation, meanwhile, directly addresses
real-world challenges by ensuring cell viability through
standardized production systems and iterating foundational
designs based on feedback from clinical trials. Synergies
between basic research and clinical translation can accel-
erate successful technological applications in clinical set-
tings. Stronger interdisciplinary research collaborations are
needed to build a comprehensive innovation system encom-
passing molecular mechanisms, engineered modifications,
and real-world evidence to achieve the leap from theory to
practice.
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