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Simple Summary: This study provides evidence supporting the use of immature canine bone
marrow as a viable source of mesenchymal stem cells (MSCs) for regenerative therapies targeting
knee osteoarthritis. Bone marrow obtained from a clinically healthy donor yielded MSCs with a
characteristic spindle-shaped, fibroblast-like morphology and robust substrate adherence.
Quantitative colony-forming unit assays confirmed the cells’ clonogenic potential, highlighting their
inherent self-renewal and proliferative capacity. Notably, proliferation kinetics displayed a biphasic
profile; early-passage cultures exhibited rapid doubling times suggestive of an undifferentiated,
highly proliferative subpopulation, whereas later passages demonstrated increased doubling times
consistent with replicative senescence, likely mediated by telomere shortening and oxidative stress.
Immunophenotypic characterization via flow cytometry confirmed MSC identity through high
expression levels of CD90 and CD105 and minimal expression of hematopoietic markers CD34 and
CD45. Furthermore, directed differentiation assays substantiated the multipotency of these cells, as
evidenced by successful adipogenic, osteogenic, and chondrogenic lineage commitments, validated
via lineage-specific histochemical staining and observed morphological transitions. Collectively,
these findings underscore the promise of immature canine bone marrow-derived MSCs for advanced
regenerative applications and warrant further investigations to optimize in vitro expansion protocols
and rigorously evaluate their in vivo efficacy in cartilage repair and joint restoration. These preclinical
findings are encouraging.

Abstract: Osteoarthritis is a common knee joint disease that significantly affects pet health, especially
among domestic dogs. Bone marrow mesenchymal stem cells (BMSCs) are multipotent cells capable
of differentiating into multiple lineages and self-renewing. However, their limited quantity and
proliferative capacity during laboratory cultivation present challenges. In this study, BMSCs were
isolated from the bone marrow of immature dogs and evaluated for various biological characteristics.
Researchers assessed their ability to form colonies (Colony Forming Unit—CFU), stability of cellular
morphology, proliferative capacity, expression of stem cell markers, and potential for differentiation
into other cell types. The results indicated that the isolated cells exhibited colony-forming ability with
a CFU-f of 5 + 1 colonies per million mononuclear cells. The cells maintained stable morphology
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through the 8th passage and showed a doubling time of less than 42 hours. Additionally, these
BMSCs expressed surface markers CD90 and CD105 while lacking CD34 and CD45, and they
successfully differentiated into bone, cartilage, and fat cells. These findings encourage continued
research into the clinical use of canine BMSCs for joint repair. In conclusion, this study presents a
successful method for isolating and culturing canine BMSCs, highlighting their potential application
in treating degenerative knee diseases.

Keywords: osteoarthritis; immature BMSCs; cartilage repair

1. Introduction

Knee osteoarthritis (KOA) is a degenerative joint disease that affects domestic dog breeds. Its
clinical signs include joint pain, swelling, stiffness, and reduced mobility. When articular cartilage is
damaged or ages, it loses its ability to self-repair due to a lack of blood supply. Consequently, early
treatment options primarily provide symptomatic relief rather than a cure [1].

Mesenchymal stem cells (MSCs) have garnered attention for their ability to self-renew and
differentiate into specialized cell types, making them a promising avenue for cartilage repair and
joint regeneration. Their multipotent nature allows them to potentially address the underlying tissue
degeneration associated with KOA, offering hope for more effective, disease-modifying therapies
[2,3].

MSCs are undifferentiated cells that can undergo multipotent differentiation and self-renewal.
They reside in specific microenvironments and play a crucial role in maintaining tissue homeostasis
and promoting healing. MSCs can be sourced from bone marrow, adipose tissue, dental pulp,
umbilical cord, placenta, and amniotic fluid. Bone marrow-derived mesenchymal stem cells (BMSCs)
have significant clinical applications. BMSCs are safe and capable of evading host immune rejection
responses. However, they represent only a small fraction of the total mononuclear cells in bone
marrow, and their numbers decline with age [4-7].

Moreover, as people age, the overall cellularity of bone marrow decreases—studies have shown
a reduction of about 3% per decade. This gradual decline is partly due to the conversion of
hematopoietic and stromal tissue into adipose tissue, which disrupts the microenvironment
necessary for supporting mesenchymal stem cells (MSCs). As a result, the already limited MSC pool
becomes even smaller in older individuals, potentially diminishing the tissue’s capacity for repair
and regeneration [8,9].

In this study, we hypothesize that cells isolated from the bone marrow of immature canines
exhibit characteristics similar to those of mesenchymal stem cells (MSCs) and represent a potential
cellular source for treating articular cartilage injuries in canine knee joints. We intend to isolate these
cells from the immature bone marrow of a canine and evaluate their biological properties using
colony-forming unit (CFU) assays on plastic culture dishes, as well as by assessing cellular
morphology, stability, proliferation capacity, surface marker expression, and their potential to
differentiate into various cell types.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods
2.1. Sample Collection

In this study, the canine bone marrow donors were exclusively puppies under one month old.
Biochemical assays and complete blood count (CBC) tests were conducted to verify the puppies’
health status. The Ethics Committee on Animal Experiments at Can Tho University approved the
experimental protocol (CTU-AEC24014).

2.2. Methods for the Collection and Isolation of Cells from the Bone Marrow of the Immature Canine

The donor canine was anesthetized with Zoletil 50 at a dose of 0.1 mg/kg body weight,
administered intramuscularly, followed by the collection of bone marrow fluid [10]. The collected
bone marrow fluid, which contained a 1X PBS solution, was filtered through a 100 um cell strainer.
The filtered cells were washed with 10 mL of 1X PBS solution and centrifuged at 1500 rpm for 5
minutes at room temperature. Subsequently, the cell pellet that accumulated at the bottom of the tube
was collected. The cells were cultured in aMEM basal culture medium supplemented with 10% fetal
bovine serum (FBS, Gibco, USA) and 1% antibiotics (penicillin-streptomycin) [11]. The obtained cells
were incubated under constant conditions at 37°C with 5% CO..

2.3. Assessment of Colony-Forming Unit Capability of Cells Isolated from the Immature Canine Bone
Marrow

The obtained bone marrow cells were cultured in 6-well plates at a density of 1 million
mononuclear cells (MNCs) per well. The cells were well suspended in basal medium and incubated
under constant conditions at 37°C with 5% CO». After two weeks of culture, cell colonies were fixed
with a 4% paraformaldehyde (PFA) solution and stained with Crystal Violet. The morphology of the
cell colonies was observed and imaged.

2.4. Evaluation of the Morphology of Cells Collected from the Immature Canine Bone Marrow

The morphology of cells obtained from immature canine bone marrow was observed under the
magnification of an inverted microscope. Specifically, cell morphology was continuously
documented from the first passage (P1) to the eighth passage (P8).

2.5. Evaluation of the Proliferation Capacity of Cells Obtained from the Immature Canine Bone Marrow

The cell proliferation capacity was assessed through the doubling time assay. The obtained cells
were transferred into 12-well plates and resuspended at a density of 5 x 10* cells per well. After the
cells adhered and proliferated to cover approximately 70-80% of the dish surface, they were
subcultured. Cells were collected after detachment using 1X trypsin. Cell numbers were confirmed
using trypan blue staining and a hemocytometer. Proliferation continued similarly until P8 [12].

2.6. Identification of Cells Harvested from Immature Canine Bone Marrow

Identifying cells derived from immature canine bone marrow was accomplished using stem cell
surface markers, including CD34-PE, CD45-PE, CD90-APC, and CD105-FITC. Surface marker
expression was analyzed by flow cytometry with the BD FACSCanto® system (Becton Dickinson
Biosciences, San Jose, CA, USA).

2.7. Evaluation of Differentiation Capacity of MSCs Harvested from the Immature Canine Bone Marrow)

Adipogenic differentiation: The cells were cultured in an adipogenic differentiation medium.
They were seeded in 6-well plates at a density of 2x10* cells/cm? using the adipogenic differentiation
medium from the MesenCult™ Adipogenic Differentiation Kit (Gibco™, USA). Control wells were
maintained in a-MEM medium supplemented with 10% FBS and 1% antibiotics. The medium was
changed every three days. After two weeks of MSC differentiation into adipocytes, the cells were
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stained with Oil Red O to observe the presence of lipid droplets within the adipocytes. Oil Red O
(ORO) staining is a commonly used experimental technique for detecting lipid content in cells or
tissues [13].

Osteogenic differentiation: The obtained cells were cultured in an osteogenic differentiation
medium. Cells were seeded in 6-well plates at a density of 2 x 10° cells/cm? using the StemPro®
Osteogenesis Differentiation Kit (Gibco™, USA). Control wells were maintained in ac-MEM medium
supplemented with 10% FBS and 1% antibiotics. The medium was changed every three days.
Osteogenic differentiation was conducted for 21 days. By the end of the second week, Ca2+ began to
accumulate during the osteogenic differentiation process. Alizarin Red is a commonly used dye for
detecting cells containing calcium deposits in the osteogenic differentiation culture medium of MSCs
[14].

Chondrogenic differentiation: The obtained cells were cultured into 3D aggregates in a
chondrogenic differentiation medium. Three hundred thousand cells were centrifuged in a 15 mL
tube at 2500 rpm for 5 minutes to form cell aggregates, which were then cultured in a 5% CO,
incubator at 37°C. After 24 hours of culture, the induction medium for chondrogenic differentiation,
MesenCult ACF Chondrogenic Differentiation Kit (Gibco, USA), was applied. The medium was
changed every three days. After three weeks of differentiation, samples were fixed with 4%
formaldehyde and embedded in paraffin. The embedded samples were then sliced into four um-thick
sections and stained with Safranin O to observe the presence of sulfated glycosaminoglycans (GAGs).
This method detected cartilage particles, mucins, and mast cells. Cartilage and mucins were stained
orange to red, while nuclei appeared black. The background was stained green to signify the color
contrast [15].

2.8. Statistical Analysis

GraphPad Prism 10 (version 10.4.2; GraphPad Software, CA, USA) was used to generate
graphical representations and conduct statistical analyses. A one-way analysis of variance (ANOVA)
was employed to compare multiple groups, followed by Tukey’s post hoc test for multiple
comparisons. For comparisons involving only two groups, unpaired t tests were utilized. Data are
expressed as the mean + standard deviation.

3. Results
2.1. Sample Collection

The immature canine selected to provide bone marrow tissue exhibited biochemical properties
and CBC results, as shown in Table 1. The results indicated that the AST level of the bone marrow
donor puppy was 16.04 U/L, within the normal range of 8.9 — 48.5 U/L, indicating normal liver
function and overall health. The ALT level was 16.05 U/L, within the normal range of 8.2-57.3 U/L,
indicating that the liver was unaffected by hepatitis, cirrhosis, liver tumors, or liver toxicity. The urea
level was 8.2 mmol/L, within the normal range of 3.1-9.2 mmol/L, indicating normal kidney function.
Additionally, the physiological indices of the puppy were as follows: red blood cell count was 4.85 x
106 /mm?3 (the normal range is 4.95 — 7.87 x 106 /mm?); white blood cell count was 17.0 x 10¢ /mm? (the
normal range is 5.0 — 14.1 x 105 /mm?3); platelet count was 189 x 10¢ /mm? (the normal range is 121 —
621 x 103 /mm?3); hemoglobin content was 21 g/dL (the normal range is 11.9 — 18.9 g/dL). The blood
physiology results showed minor differences between the immature canine and standard indices,
possibly due to the age differences of the individual subjects being studied.

Table 1. The biochemical and physiological indices of the immature canine donating the bone marrow.

Data from the bone marrow

Test N 1
es ormal range donor

Biochemical indices
AST (U/L) 8.9-48.5 16.40
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ALT (U/L) 82-57.3 16.05
Urea (mmol/L) 3.1-92 8.2
Physiological indices

Red blood cell count (RBC) 495-7.87 4.85
(nx10¢/mm3)

White blood cell count (WBC) 50-14.1 17.0
(nx105/mm?)

Platelet count (nx105/mm?3) 211 - 621 189
Haemoglobin (g/dL) 11.9-18.9 21

2.2. Methods for the Collection and Isolation of Cells from the Bone Marrow of the Immature Canine

After seven days of primary culture, cells obtained from the bone marrow fluid of the immature
canine began to adhere to the surface of the culture dish (Figure 1A,C). The cells exhibited a fibroblast-
like morphology, characterized by a spindle shape with long, extended processes.

Figure 1. Isolation and culture of cells from immature Canine bone marrow. (A) showed bone marrow collected
from the hip. (B) showed that the cells isolated from bone marrow were observed under the magnification of an

inverted microscope at PO (scale bar: 100 pum).

2.3. Assessment of Colony-Forming Unit Capability of Cells Isolated from the Immature Canine Bone
Marrow

The results showed that MSCs formed CFUs after two weeks of culture in an essential medium
on tissue culture plates. MSCs from canine bone marrow can form cell clusters. The colony-forming
ability, as measured by the CFU-f frequency, yielded (5 + 1) clusters per million mononuclear cells
obtained from the bone marrow of the immature canine (Figure 2).

Figure 2. Colony-forming assay of bone marrow-derived cells. (A) showed the colony formation of cells derived
from bone marrow. (B) showed that the cells isolated from bone marrow were observed under the magnification
of an inverted microscope (scale bar: 100 um).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Evaluation of the Morphology of Cells Collected from the Immature Canine Bone Marrow

The obtained cell morphology was observed and documented under an inverted microscope
using a 4X objective lens before each passage. Through these passages, the cells demonstrated
stability in morphology, as shown in Figure 3. These results demonstrate that MSCs harvested from
an immature canine’s bone marrow can proliferate and maintain stability.

Figure 3. The morphology of cells isolated from immature canine bone marrow, from P1 to P9. Through 9
passages, the cells demonstrated stability in morphology. All images were captured at the same magnification,

with a 100-pum scale bar provided for reference.

2.5. Evaluation of the Proliferation Capacity of Cells Obtained from the Immature Canine Bone Marrow

The doubling time of the mesenchymal cells originating from the immature canine bone marrow
was as follows: P1 was 28.09 + 1.20 hours, P2 was 27.13 + 1.57 hours, P3 was 14.72 + 0.61 hours, P4
was 28.93 + 0.61 hours, P5 was 33.35 + 1.77 hours, P6 was 46.67 + 2.24 hours, P7 was 54.53 + 0.74 hours,
P8 was 75.36 + 7.38 hours, P9 was 162.66 + 31.68 hours, and P10 was 670.71 + 129.29 hours (Figure 4).

1000
800
600
400

200

Dobling time (hours)

0- 1 T T T T T T
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Figure 4. The proliferation rate of the cells was calculated based on the doubling time of the cell population.

2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.6. Identification of Cells Harvested from Immature Canine Bone Marrow

Identifying cells originating from immature canine bone marrow was performed using stem cell
surface markers, including CD34-PE, CD45-PE, CD90-APC, and CD105-FITC. Surface marker
expression was analyzed by flow cytometry using the BD FACSCanto® system (Becton Dickinson
Biosciences, San Jose, CA, USA).

CD34 CD45

Figure 5. Flow Cytometric Analysis of Surface Marker Expression Representative histograms illustrating the
expression profiles of CD34, CD45, CD90, and CD105 on a cell population. For CD90 and CD105, a gray
histogram (typically representing the corresponding isotype control) is also shown. The data indicate that the
cells exhibit minimal expression of hematopoietic markers (CD34 and CD45) while expressing mesenchymal

markers (CD90 and CD105), consistent with the expected immunophenotype of mesenchymal stem cells.

2.7. Evaluation of Differentiation Capacity of MSCs Harvested from the Immature Canine Bone Marrow)

The obtained cells were cultured in an adipogenic induction medium for 21 days. Afterward,
they were stained with Oil Red O. The differentiated adipocytes formed lipid droplets that stained
red, as captured in Figure 6.

After 21 days of culture in the osteogenic induction medium, the cells developed a bean-shaped
morphology characteristic of osteocytes (Figure 6). Following Alizarin Red staining, the matrix
showed nodules that stained red-orange due to the dye binding to deposited calcium, indicating the
successful mineralization of the extracellular matrix and confirming robust osteogenic differentiation.

Cells cultured in a chondrogenic induction differentiation medium for 21 days formed cartilage
aggregates (Figure 6). The cartilage matrix stained red-orange due to the binding of the dye molecules
with GAGs present in the cartilage matrix. Additionally, the cell nuclei were observed to stain a deep
blue-black.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Evaluation of differentiation capacities of immature Canine bone marrow. This figure demonstrates
the multipotent differentiation potential of bone marrow-derived mesenchymal stem cells (BM-MSCs) isolated
from an immature canine donor. In adipogenesis, cells induced in adipogenic medium, where the accumulation
of intracellular lipid droplets is visualized by Oil Red O staining. In osteogenesis, cells cultured in osteogenic
induction medium for 21 days exhibit a characteristic bean-shaped morphology, and the extracellular matrix is
mineralized as evidenced by red-orange nodules following Alizarin Red S staining, indicating calcium
deposition. In chondrogenic differentiation, cells form pellet aggregates that stain positively with Saffranin-O,
highlighting the synthesis of glycosaminoglycans. All images were captured using phase-contrast microscopy

with a 100-pum scale bar.

4. Discussion

Knee osteoarthritis is a chronic, progressive, and degenerative disorder that affects domestic
dogs, particularly large and predisposed breeds, causing significant morbidity. Due to its clinical
burden, advanced regenerative therapies, such as intra-articular injections of MSCs, have gained
attention for their potential to stimulate cartilage repair and influence the disease trajectory. This
study investigated a novel MSC source derived from immature canine bone marrow. The inherent
stem cell characteristics of these cells, along with their strong regenerative properties, make them
promising candidates for treating KOA.

A comprehensive biochemical and hematological evaluation of the immature canine donor
confirmed its overall health and suitability for bone marrow extraction. The donor’s liver enzyme
markers, including AST (16.04 U/L) and ALT (16.05 U/L), were within normative ranges, effectively
excluding hepatic dysfunction, while a urea level of 8.2 mmol/L corroborated proper renal function
[16,17]. Although the hematological profile demonstrated a slightly lower red blood cell count (4.85
x 106/mm?), a modestly elevated white blood cell count (17.0 x 10¢/mm?), and an increased hemoglobin
concentration (21 g/dL), these variations are interpreted as normal developmental physiology rather
than pathological aberrations. The platelet count (189 x 10¢/mm?) remained within the standard
range, further validating the donor’s fitness for bone marrow procurement [18].

Upon primary culture, cells isolated from immature canine bone marrow demonstrated
significant adherence to the culture substrate within seven days, as shown in Figure 1A,C. The cells
exhibited a spindle-shaped, fibroblast-like morphology with elongated cytoplasmic processes—a
hallmark phenotype of MSCs that conforms to established criteria [19,20]. The strong adhesion
observed is likely due to integrin-mediated focal adhesions, which support cell survival,
proliferation, and the maintenance of the undifferentiated state. These morphological characteristics
highlight the effectiveness of the optimized isolation and culture protocols in enriching a progenitor
cell population while reducing cytotoxic stress.

) 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0294.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2025 d0i:10.20944/preprints202506.0294.v1

9 of 12

The clonogenic potential of the isolated MSCs was further evidenced by their ability to form
colony-forming units (CFUs) after two weeks of culture. The formation of distinct cell clusters, with
a CFU-f frequency of (5 + 1) clusters per one million mononuclear cells, quantitatively reflects their
inherent proliferative and self-renewal capabilities. This robust clonogenicity not only validates the
successful isolation and in vitro maintenance of a functionally competent MSC population but also
indicates that these cells inherently possess the multipotent differentiation capacity required for
practical regenerative medicine applications.

Morphological stability during in vitro expansion was closely monitored through serial imaging
at 4x magnification. As documented in Figure 3, MSCs maintained a consistent spindle-shaped,
fibroblast-like appearance throughout successive passages. This phenotypic uniformity signifies the
preservation of cytoskeletal integrity. It confirms that the culture conditions—encompassing
optimized medium composition, substrate properties, and controlled incubation parameters—
effectively uphold the undifferentiated state of the cells. Importantly, such morphological constancy
is closely linked with the preservation of multipotency, while also diminishing the tendency for
replicative senescence or spontaneous lineage commitment [21].

A detailed evaluation of proliferation kinetics through serial passaging revealed a distinct
biphasic profile. Early passages demonstrated rapid cell doubling times (28.09 + 1.20 hours at P1,
27.13 + 1.57 hours at P2, and a notably accelerated 14.72 + 0.61 hours at P3), likely reflecting the
selective expansion of a primitive, highly proliferative MSC subpopulation endowed with peak
metabolic vigor. However, from passages P4 through P7, a progressive increase in doubling times
(ranging from 28.93 + 0.61 to 54.53 + 0.74 hours) was noted, suggesting the onset of replicative stress
or shifts in population dynamics. This trend became even more pronounced at later passages, with
doubling times dramatically extending to 75.36 + 7.38 hours (P8), 162.66 + 31.68 hours (P9), and
culminating at 670.71 + 129.29 hours (P10). Such a significant elongation in doubling time indicates
replicative senescence, likely mediated by telomere attrition, cumulative oxidative stress, and
genomic instability, thereby underscoring the critical need to optimize culture duration to preserve
the therapeutic potency of MSCs [22].

Rigorous immunophenotypic characterization was performed using flow cytometry with a
panel of fluorochrome-conjugated antibodies (CD34-PE, CD45-PE, CD90-APC, and CD105-FITC) on
the BD FACSCanto® system. The resulting data confirmed the MSC identity through robust
expression of CD90 and CD105, which are markers emblematic of multipotency and regenerative
potential, alongside minimal or absent expression of hematopoietic markers (CD34 and CD45). This
precise immunophenotypic profiling verifies the purity of the isolated MSC population and ensures
the functional integrity and reproducibility of the cell product for downstream regenerative
applications [23,24].

The multipotent differentiation potential of these MSCs was conclusively demonstrated through
directed lineage induction. Under adipogenic conditions for 21 days, the cells accumulated
prominent intracellular lipid droplets, which were intensely stained red with Oil Red O, thus
evidencing the activation of adipogenic transcriptional programs and successful commitment to the
adipocyte lineage [25]. Similarly, osteogenic induction for 21 days prompted a marked morphological
transition to a bean-shaped phenotype characteristic of osteoblastic differentiation, with subsequent
Alizarin Red staining revealing red—orange calcium-rich extracellular matrix nodules—a definitive
marker of mineralization and osteogenic maturation, as evidenced by upregulation of osteo-specific
markers such as Runx2 and osteocalcin [26]. Furthermore, exposure to chondrogenic induction
medium for 21 days led to the formation of well-defined cartilage aggregates; the extracellular matrix
within these aggregates stained red-orange due to the deposition of glycosaminoglycans (GAGs),
while the concomitant deep blue-black nuclear staining affirmed the synthesis and spatial
organization of a cartilage-specific matrix, essential for functional cartilage tissue [27].

In summary, the thorough characterization of MSCs derived from immature canine bone
marrow —illustrated through biochemical and hematological validation, rigorous morphological and
proliferation assessments, precise immunophenotypic profiling, and clear demonstration of
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trilineage differentiation —attests to their significant translational potential. These findings not only
highlight the inherent multipotency of these cells but also position them as a strong and promising
therapeutic tool for advanced tissue engineering and regenerative medicine applications in the
treatment of KOA.

5. Conclusions

In summary, the present study provides compelling evidence that immature canine bone
marrow is a promising and effective source of MSCs for regenerative applications in treating KOA.
The donor’s robust biochemical and hematological profile confirmed its systemic health and
validated the suitability of the extracted bone marrow. Subsequent isolation procedures yielded cells
that displayed the hallmark spindle-shaped, fibroblast-like morphology and strong substrate
adherence typical of MSCs, thereby affirming the efficacy of the optimized culture protocols.
Quantitative analyses further substantiated the intrinsic regenerative capabilities of these MSCs, with
the colony-forming unit assay revealing a reproducible clonogenic potential indicative of inherent
self-renewal and proliferative capacity. A detailed evaluation of proliferation kinetics exhibited a
biphasic profile whereby early passages demonstrated rapid doubling times—suggestive of a
primitive, highly proliferative subpopulation —followed by a pronounced increase in doubling times
in later passages, indicative of replicative senescence likely driven by telomere attrition and oxidative
stress; this underscores the critical importance of utilizing early-passage MSCs to ensure maximal
regenerative efficiency. Rigorous immunophenotypic characterization via flow cytometry confirmed
MSC identity through high expression of CD90 and CD105 coupled with negligible reactivity for
hematopoietic markers CD34 and CD45, while directed differentiation assays further demonstrated
robust multipotency, evidenced by pronounced adipogenic, osteogenic, and chondrogenic lineage
commitment as confirmed by lineage-specific histochemical staining and characteristic
morphological changes. Collectively, these data validate that MSCs derived from immature canine
bone marrow possess the critical attributes required for advanced regenerative therapies, positioning
them as a promising candidate for future clinical applications in KOA treatment and warranting
continued investigations to optimize in vitro expansion strategies and further evaluate their in vivo
efficacy in cartilage regeneration and joint repair.
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