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ARTICLE INFO ABSTRACT

Keywords: Objective: Knee osteoarthritis (KOA) is the most prevalent subtype of arthritis, characterized by progressive
Osteoarthritis degeneration of articular cartilage. The present study aimed to investigate the reparative potential of exosomes
BMSCS_ derived from hypoxia-preconditioned bone marrow mesenchymal stem cells (Hypo-BMSCs-Exos) in treating
Hypoxic . . .

Fxosomes cartilage damage associated with KOA.

Cartilage Methods: An in vitro KOA chondrocyte model was established through induction with interleukin-1p (IL-1f).

Subsequently, the modeled chondrocytes were co-cultured with Hypo-BMSCs-Exos. Flow cytometry, Western
blotting, immunofluorescence staining, and senescence-associated p-galactosidase (SA-p-gal) staining were used
to evaluate the effects of Hypo-BMSCs-Exos on chondrocyte proliferation, apoptosis, extracellular matrix (ECM)
metabolic homeostasis, and cellular senescence. For in vivo assessment of Hypo-BMSCs-Exos efficacy, exosomes
were administered to KOA model rats via intra-articular injection. Histological scoring, Micro-CT, pain behav-
ioral assessments, and immunohistochemical analysis were then performed to determine the reparative effects of
Hypo-BMSCs-Exos on cartilage damage.

Results: Hypo-BMSCs-Exos exerted superior effects in suppressing inflammatory responses, apoptosis, ECM
degradation, and cellular senescence in rat chondrocytes. Specifically, treatment with Hypo-BMSCs-Exos upre-
gulated the expression of ECM synthesis-related proteins (Collagen II, aggrecan) while downregulating the
expression of ECM degradation-related proteins (ADAMTS-5, MMP-13), pro-inflammatory cytokines (iNOS,
COX2), and key senescence-associated proteins (p53, p21, p16). Additionally, a reduction in the number of SA-
B-gal-positive senescent chondrocytes was observed. In vivo experiments revealed that intra-articular injection of
Hypo-BMSCs-Exos in KOA rats significantly improved the inflammatory microenvironment within the joint,
promoted articular cartilage regeneration, and restored the structural integrity of subchondral bone. Further-
more, in vivo findings demonstrated that Hypo-BMSCs-Exos significantly regulated the expression of pain-related
molecules and exerted a marked inhibitory effect on pain-related behaviors in KOA rats.

Conclusion: Hypo-BMSCs-Exos can effectively alleviate cartilage degeneration and pain in KOA, thus offering a
novel and promising cell-free therapeutic strategy for the intervention of KOA.

1. Introduction

Knee osteoarthritis (KOA) is a degenerative joint disease character-
ized by cartilage degeneration, synovial inflammation, and osteophyte
formation [1,2]. The global incidence of KOA has been rising annually.
Statistics indicate that the number of KOA patients worldwide reached
374 million in 2021 [3]; additionally, the proportion of young

individuals with early-onset osteoarthritis is also on the increase [4].
Currently, the primary goals of clinical treatment for KOA are to relieve
symptoms and slow disease progression. Common treatment options
include analgesia with nonsteroidal anti-inflammatory drugs (NSAIDs),
intra-articular drug injection, and total joint replacement for end-stage
disease [5-7]. However, long-term use of NSAIDs tends to cause
gastrointestinal damage and elevate cardiovascular risks [8]. The
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Cell experiment groups

Control group:

Chondrocytes cultured under normal oxygen conditions

KOA group:

Chondrocytes treated with 10 ng/mL IL-1p.

Norm-BMSCs-Exos group:

Chondrocytes treated with 10 ng/mL IL-1p followed by addition of Norm-BMSCs-Exos.
Hypo-BMSCs-Exos group:

Chondrocytes treated with 10 ng/mL IL-1p followed by addition of Hypo-BMSCs-Exos.

B

Establishment of a rat KOA model

l l
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Animal experiment groups

Control group:

Rats in the sham surgery group.

KOA group:

Rats that have undergone ACLT surgery.

Norm-BMSCs-Exos group:

Intra-articular injection of Norm-BMSCs-Exos into the joint cavity of KOA model rats.
Hypo-BMSCs-Exos group:

Intra-articular injection of Hypo-BMSCs-Exos into the joint cavity of KOA model rats.

Injecting Hypo-BMSCs-Exos or Norm-BMSCs-Exos

into the knee joints of KOA rats

1111
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Assess whether the KOA rat model is successful.
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Inject 50 pL of Norm-BMSCs-Exos or Hypo-BMSCs-Exos into the knee joints of KOA rat models, respectively.
Assessment of knee joint pain in rats (Von-Frey filament test)

Histological assessment: Hematoxylin and eosin staining, OARSI scoring.

Micro-CT detection of subchondral bone bone volume in the knee joint (BV/TV, Tb.Sp, Tb.Th, Tb.N).
Immunohistochemistry (iNOS, COX2, Collagen II, Aggrecan, MMP13, ADAMTSS).

Immunofluorescence and Western blot analysis of CGRP and iNOS in lumbar dorsal root ganglion (DRG) tissue.

Fig. 1. Flow chart.

A: Grouping of animal experiments and cell experiments in this study. B: The schedule for injecting BMSCs-Exos into the joint cavity of KOA rats and different

detection methods after injection.

efficacy of intra-articular hyaluronic acid injection varies among in-
dividuals: it only relieves knee pain in the short term and fails to reverse
cartilage degeneration [9]. Although total joint replacement improves
joint function, it is associated with extensive surgical trauma and high
costs, making it unsuitable for young patients [10]. Therefore, exploring
safe and effective new therapeutic strategies for KOA has become a
research focus in the field of orthopedics.

Mesenchymal stem cells (MSCs) have shown considerable potential
in tissue repair due to their multi-directional differentiation capacity
and immunomodulatory properties [11,12]. However, in clinical
research, issues such as immune rejection, tumor formation related to
cell transplantation, and vascular embolism still limit the clinical
application of MSCs. MSCs primarily participate in tissue repair by
releasing bioactive substances through paracrine signaling [13]. Among
these substances, exosomes can carry microRNAs (miRNAs), proteins,
and lipids to mediate intercellular communication. Thus, they are
regarded as the main effector molecules underlying the therapeutic ef-
fects of MSCs [14,15]. Researchers have found that injecting bone
marrow mesenchymal stem cell-derived exosomes (BMSCs-Exos) into a
rat KOA model can inhibit the expression of matrix metalloproteinases
(MMPs) in chondrocytes and reduce the degradation of type II collagen
and proteoglycans [16,17]. Meanwhile, BMSCs-Exos also suppress

inflammatory damage and oxidative stress in chondrocytes [18]. These
findings lay a foundation for the application of BMSCs-Exos as a “cell--
free therapeutic strategy” for KOA.

Notably, BMSCs naturally reside in a hypoxic physiological micro-
environment, whereas in vitro culture under normoxic conditions may
diminish their biological activity. In recent years, studies have revealed
that a hypoxic environment can enhance the proliferation ability and
cytokine secretion efficiency of BMSCs by activating the HIF-1a
signaling pathway [19]. On the other hand, the interior of knee joint
cartilage is a physiologically hypoxic environment, with oxygen tension
much lower than that in ambient air or arterial blood [20]. Therefore, it
is reasonable to conclude that a hypoxic environment is more consistent
with the physiological microenvironment of both BMSCs and chon-
drocytes. However, research on the relationship between
hypoxia-preconditioned BMSC-derived exosomes (Hypo-BMSCs-Exos)
and chondrocyte metabolism remains limited. It is currently unclear
whether Hypo-BMSCs-Exos can achieve better therapeutic effects in
KOA than BMSCs-Exos derived from normoxically cultured BMSCs
(Norm-BMSCs-Exos).

Based on the aforementioned research status, we hypothesized that
Hypo-BMSCs-Exos could more effectively alleviate cartilage degenera-
tion in KOA. In this study, we first analyzed the activity and
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differentiation ability of BMSCs cultured under normoxic and hypoxic
conditions. Subsequently, we isolated and identified Norm-BMSCs-Exos
and Hypo-BMSCs-Exos. Finally, we clarified the biological functions of
Hypo-BMSCs-Exos in chondrocyte metabolic activities through relevant
in vitro assays. We also established a rat KOA model to further explore
the therapeutic effects of Hypo-BMSCs-Exos in improving knee cartilage
defects, restoring joint function, and alleviating pain. This study may
provide new insights and experimental basis for the treatment of KOA.

2. Materials and methods
2.1. Experimental animals

The overall study design and grouping are presented in Fig. 1. For
this study, 12-week-old female Sprague-Dawley (SD) rats were pur-
chased from Beijing SPF Biotechnology Co., Ltd. The rats were housed in
a specific pathogen-free (SPF) facility, with free access to food and water
provided throughout the study. Environmental conditions were main-
tained at the barrier-system level, with temperature ranging from 20 °C
to 26 °C and relative humidity from 30 % to 70 %.

2.2. Culture and intervention of chondrocytes

Primary rat chondrocytes were purchased from iCell Bioscience Inc.
(iCell, China). The chondrocytes were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; BasalMedia, China) supplemented with 10 %
fetal bovine serum (FBS; Vivacell, China) and 1 % penicillin-
streptomycin solution (Biosharp, China). The culture incubator was
maintained at 37 °C with 5 % CO,. Chondrocytes were passaged when
they reached 80 % confluence. To preserve the phenotype of primary
chondrocytes, only passage 1 (P1) chondrocytes were used in this
experiment. For the establishment of an in vitro KOA chondrocyte
model, consistent with previous studies [21], chondrocytes were treated
with 10 ng/mL interleukin-1p (IL-1f; MCE, USA)—a widely used
method to simulate the in vitro inflammatory microenvironment of
KOA.

2.3. Culture and identification of BMSCs

Rat bone marrow mesenchymal stem cells (BMSCs) were purchased
from iCell Bioscience Inc. (iCell, China). BMSCs were cultured in DMEM
(BasalMedia, China) supplemented with 10 % FBS (Vivacell, China) and
1 % penicillin-streptomycin solution (Biosharp, China), with incubation
at 37 °C and 5 % CO». Flow cytometry was employed to identify BMSCs
by detecting their surface-specific antigens, including CD29, CD34,
CD45, and CD90 (all from BioLegend, USA).

2.4. Normoxic or hypoxic culture conditions for BMSCs

For well-grown third-passage (P3) BMSCs, the culture serum was
replaced with 10 % exosome-free fetal bovine serum. As described in
previous research [22], the hypoxic group was incubated in a tri-gas cell
incubator (LTG-165T, Shanghai, China) for 24 h under conditions of
37 °C, 5 % CO3, 1 % O3, and 95 % saturated humidity. The normoxic
group was cultured in a conventional incubator for 24 h, with the
environment maintained at 37 °C, 5 % CO,, 21 % O, and 95 % saturated
humidity.

2.5. Directed differentiation of BMSCs

BMSCs from the normoxic and hypoxic groups were collected sepa-
rately. The original culture medium was discarded, and osteogenic,
chondrogenic, or adipogenic induction medium (all purchased from
Procell, China) was added to induce differentiation. After induction, the
cells were fixed with 4 % paraformaldehyde for 30 min, rinsed with
phosphate-buffered saline (PBS), and then stained with Alizarin Red S
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(for osteogenic differentiation), Alcian Blue (for chondrogenic differ-
entiation), or Oil Red O (for adipogenic differentiation) for 30 min.
Images were captured under a light microscope.

2.6. Flow cytometric analysis of apoptosis

An Annexin V-APC/PI Double Staining Apoptosis Detection Kit
(keyGEN, China) was used to detect apoptosis in BMSCs and chon-
drocytes. When cells in each group reached approximately 80 %
confluence, they were stained using the Annexin V-APC/PI kit. The
proportion of apoptotic cells was determined with a Beckman CytoFLEX
flow cytometer (Beckman, USA).

2.7. Isolation of exosomes from BMSCs

Exosomes were isolated from BMSCs via differential centrifugation
[23]. P3 BMSCs from the normoxic and hypoxic groups were collected
separately. The cell culture supernatant was first centrifuged at 300xg
for 10 min at 4 °C. The resulting supernatant was carefully aspirated and
then centrifuged at 3000xg for 15 min at 4 °C to remove residual cell
debris. The supernatant obtained from this step was transferred to a
sterile centrifuge tube and further centrifuged at 10,000 xg for 45 min at
4 °C to remove large vesicles. The supernatant was then filtered through
a 0.45 pm membrane and ultracentrifuged at 100,000xg for 70 min at
4 °C using an ultracentrifuge rotor (CP100MX, Hitachi, Japan). The
resulting pellet was resuspended in PBS, filtered through a 0.22 pm
membrane, and subjected to ultracentrifugation again. The final pellet
contained the target exosomes, which was resuspended in an appro-
priate volume of PBS and stored at —80 °C for subsequent experiments.

2.8. Identification of rat BMSC-derived exosomes

A 10 pL aliquot of exosome samples from either the normoxic or
hypoxic group was dropped onto a copper grid and allowed to settle for
1 min. Excess liquid was blotted away with filter paper. A 10 pL aliquot
of uranyl acetate (Zhongjing Keying Technology Co., Ltd, China) was
then added to the copper grid and left to stand for 1 min. Excess liquid
was blotted away again, and the grid was air-dried at room temperature
for several minutes. The morphology of normoxic BMSC-derived exo-
somes (Norm-BMSCs-Exos) and hypoxic BMSC-derived exosomes
(Hypo-BMSCs-Exos) was observed with a transmission electron micro-
scope (Hitachi, Japan). Nanoparticle tracking analysis (NTA; Particle
Metrix, Germany) was used to determine and analyze the diameter of the
exosomes. To detect exosome markers, 50 pL of exosome suspension was
incubated with primary antibodies against CD9 (Bio-techne, USA), CD63
(Abcam, UK), and CD81 (BioLegend, USA) for 30 min at 4 °C in the dark.
After washing, the suspension was incubated with a pre-adsorbed sec-
ondary antibody (Abcam, UK) for 30 min at 4 °C in the dark, and flow
cytometric analysis was then performed.

2.9. BCA assay for exosome protein concentration

The protein concentration of the exosomes was measured using a
BCA Protein Assay Kit (Beyotime, China). Standard protein samples
were prepared in accordance with the kit instructions. A 20 pL aliquot of
the diluted exosome sample was added to the BCA working solution and
mixed thoroughly. After incubation at 37 °C for 30 min, the absorbance
was measured at 562 nm with a microplate reader. The protein con-
centration of the samples was calculated using the standard curve.

2.10. Tracking of rat BMSC-derived exosomes

PKH26 dye (Umibio, China) was prepared following the kit in-
structions, with the mixture composed of 1 pL PKH26 dye and 9 pL
Diluent C. The PKH26 solution was added to either Norm-BMSCs-Exos or
Hypo-BMSCs-Exos, mixed thoroughly, and incubated for 10 min at room
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temperature in the dark. Excess fluorescent dye was removed via ul-
tracentrifugation at 100,000 xg for 1 h at 4 °C, and the labeled exosomes
were then washed three times with PBS. After resuspension in PBS,
PKH26-labeled Norm-BMSCs-Exos or Hypo-BMSCs-Exos (red fluores-
cence) were co-cultured with KOA chondrocytes for 24 h or 48 h,
respectively. The culture plate was removed, and the supernatant was
aspirated. The cells were washed twice with PBS, fixed with 4 % para-
formaldehyde at room temperature for 30 min, and then washed three
times with PBS. Cell nuclei were stained with DAPI (blue fluorescence)
for 10 min, and images were captured with a fluorescence microscope
(Olympus, Japan).

2.11. CCK-8 assay for chondrocyte proliferation

Chondrocytes were seeded into a 96-well plate and treated with 10
ng/mL interleukin-1p (IL-1p) for 24 h. Subsequently, 50 pg of either
Norm-BMSCs-Exos or Hypo-BMSCs-Exos was added to each well, and
the cells were cultured in an incubator maintained at 37 °C with 5 %
CO5. A 110 pL aliquot of CCK-8 working solution (Biosharp, China) was
added to each well, and the plate was then incubated for 2 h. After 24 h
and 48 h of culture, the absorbance at 450 nm was measured with a
microplate reader to evaluate chondrocyte proliferation.

2.12. Western blotting analysis

For chondrocytes in different treatment groups, total proteins were
extracted using pre-cooled RIPA lysis buffer (NCM Biotech, China)
supplemented with a protease/phosphatase inhibitor cocktail (also from
NCM Biotech, China). The protein concentration was determined using
the BCA assay described above. Protein samples were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
Biosharp, China) and then transferred to a 0.22 pm polyvinylidene
difluoride (PVDF) membrane (Sigma-Aldrich, Germany) at a constant
current of 300 mA. The membrane was blocked with 5 % non-fat milk
for 1 h at room temperature. Primary antibodies against inducible nitric
oxide synthase (iNOS; Affinity, USA; 1:2000), cyclooxygenase-2 (COX2;
Huabio, China; 1:2000), type II collagen (Collagen II; Affinity, USA;
1:2000), aggrecan (Abclonal, USA; 1:1000), a disintegrin and metal-
loproteinase with thrombospondin motifs 5 (ADAMTS-5; Affinity, USA;
1:2000), matrix metalloproteinase 13 (MMP-13; Proteintech, USA;
1:1000), p16 (Abclonal, USA; 1:1000), p21 (Proteintech, USA; 1:2000),
and p53 (Immunoway, USA; 1:2000) were incubated with the mem-
brane overnight at 4 °C. After removing the primary antibody on ice, the
membrane was washed three times with Tris-buffered saline containing
Tween 20 (TBST) and then incubated with a horseradish peroxidase
(HRP)-conjugated secondary antibody (Abclonal, USA) for 1 h at room
temperature. Protein bands were visualized using an enhanced chem-
iluminescence (ECL) reagent (Biosharp, China) and imaged. p-actin
served as the internal reference. The relative protein expression levels
were quantified using ImageJ software (National Institutes of Health,
USA).

2.13. Immunofluorescence staining

Chondrocytes in different treatment groups were fixed with 4 %
paraformaldehyde for 15 min at room temperature. Permeabilization
buffer was added to cover the cells and incubated for 10 min at room
temperature. The cells were then washed three times with PBS, with
each wash lasting 5 min. After blocking with bovine serum albumin
(BSA) for 20 min at room temperature and subsequent washing with
PBS, the cells were incubated overnight at 4 °C with primary antibodies
against iNOS (Servicebio, China), COX2 (Servicebio, China), Collagen II
(Bisso, China), aggrecan (Bisso, China), ADAMTS-5 (Bisso, China),
MMP-13 (Affinity, USA), p16 (Abcam, USA), p21 (Affinity, USA), and
p53 (Proteintech, USA). The following day, the cells were incubated
with the corresponding fluorescent secondary antibodies for 1.5 h at
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37 °C. Cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI; Servicebio, China) for 3 min at room temperature. The samples
were observed and imaged with a fluorescence microscope (Olympus,
Japan), and the fluorescence intensity was quantified using ImageJ
software.

2.14. Senescence-associated f-galactosidase (SA-p-gal) staining

Senescence-associated f-galactosidase (SA-p-gal) staining was per-
formed using a B-Galactosidase Staining Kit (Solarbio, China). For
chondrocytes in different treatment groups, the supernatant in each well
was aspirated, and the cells were washed three times with PBS. A 1 mL
aliquot of B-galactosidase fixation solution was added, and the cells were
fixed for 15 min at room temperature. After removing the fixation so-
lution, the cells were washed twice with PBS, with each wash lasting 3
min. A 1 mL aliquot of staining working solution (prepared as follows:
10 pL B-galactosidase staining solution A, 10 pL p-galactosidase staining
solution B, 930 pL fB-galactosidase staining solution C, and 50 pL X-Gal
solution) was added to each well. The cells were then incubated over-
night at 37 °C. The cells were observed and imaged under a light
microscope.

2.15. Intracellular reactive oxygen species (ROS) measurement

The culture medium in each well was aspirated, and the cells were
gently washed twice with PBS pre-warmed to 37 °C. A total of 1 mL of
serum-free medium containing the DCFH-DA probe (Beyotime, China)
was added to each well, and the cells were incubated for 30 min at 37 °C
in the dark. After incubation, the probe-containing medium was dis-
carded, and the cells were washed twice with PBS to completely remove
any free, uninternalized probe. Subsequently, 0.5 mL of trypsin was
added to each well, and the cells were incubated at 37 °C for 2-3 min.
When cell shrinkage and increased intercellular spacing were observed
under a microscope, 1 mL of complete culture medium was added to
terminate digestion. The cells were gently pipetted to form a single-cell
suspension, which was then transferred to a 1.5 mL light-protected
centrifuge tube. The suspension was centrifuged at 1000 rpm for 5
min, the supernatant was discarded, and the cell pellet was resuspended
in PBS. This centrifugation and resuspension step was repeated once.
Finally, the cells were resuspended in PBS, passed through a 300-mesh
cell strainer, and transferred to a flow cytometry-compatible, light-
protected tube. The ROS levels in different groups were measured with a
flow cytometer.

2.16. Establishment of rat KOA model and intra-articular injection of
exosomes

A rat KOA model was established using the methods described in
previous studies [24-26]. Rats were anesthetized by intraperitoneal
injection of 3 % sodium pentobarbital at a dose of 3 mL/kg body weight
and then fixed in a supine position. Sham operation group (Control
group): After shaving the hair on both hind limbs, the knee joint capsule
was opened through a medial parapatellar approach, with the anterior
cruciate ligament (ACL) left intact (i.e., not transected). KOA model
group: After opening the knee joint capsule, the ACL was transected and
the medial meniscus was excised. The muscles and skin were closed
layer by layer. The affected hind limb was not immobilized, and the rats
were housed in individual cages with free movement. For 3 days after
surgery, each rat was intramuscularly injected with 0.1 mL of penicillin
sodium injection (800,000 units/mL) once daily. To validate the effec-
tiveness of the KOA model, three rats were randomly selected from the
KOA model group for evaluation four weeks post-surgery. After suc-
cessful model establishment, rats in the KOA group were randomly
allocated into different treatment groups. The control and KOA groups
received injections of normal saline, whereas the Norm-BMSCs-Exos and
Hypo-BMSCs-Exos ~ groups were administered 50 pg of
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Fig. 2. Identification of BMSCs and biological changes in hypoxic conditions.

A: Expression of surface markers (CD90, CD29, CD34, CD45) on rat BMSCs analyzed by flow cytometry. B: Osteogenic, adipogenic, and chondrogenic differentiation
of Norm-BMSCs and Hypo-BMSCs. Scale = 50 pm. C: Quantitative analysis of BMSC differentiation potential. Hypo-BMSCs exhibit enhanced osteogenic and
chondrogenic differentiation capacity but reduced adipogenic differentiation. D: Proliferation assessment of Norm-BMSCs and Hypo-BMSCs via CCK-8 assay. E: Flow
cytometry analysis of apoptosis in Norm-BMSCs and Hypo-BMSCs. F: Quantitative analysis of apoptosis in Norm-BMSCs and Hypo-BMSCs. Data are presented as
Mean + SD. Intergroup differences with statistical significance: *P < 0.05, **P < 0.01, n = 3 per group.

Norm-BMSCs-Exos or Hypo-BMSCs-Exos, respectively. Injections were [27]. At the eighth week, all rats were euthanized via anesthetic over-
performed twice weekly for a total duration of five weeks. This dosing dose, and knee joint samples were collected for subsequent assessment
regimen for Norm-BMSCs-Exos and Hypo-BMSCs-Exos has previously of disease progression.

been demonstrated to be effective in animal models of osteoarthritis
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Fig. 3. Characterization of hypoxic and normoxic pretreated BMSCs-Exos.

Regenerative Therapy 31 (2026) 101049

A: Morphology of Norm-BMSCs-Exos and Hypo-BMSCs-Exos under transmission electron microscopy. B: Nanoparticle tracking analysis (NTA) of Norm-BMSCs-Exos
and Hypo-BMSCs-Exos reveals similar size distributions (40-160 nm). C: Flow cytometry analysis of surface marker expression (CD9, CD63, CD81) in Norm-BMSCs-
Exos and Hypo-BMSCs-Exos. D: BCA assay was used to measure exosome protein concentration in Norm-BMSCs-Exos and Hypo-BMSCs-Exos. E: PKH26-labeled
Norm-BMSCs-Exos and Hypo-BMSCs-Exos were internalized by chondrocytes. Data are presented as Mean + SD. Intergroup differences were statistically signifi-

cant at: *P < 0.05, n = 3 per group.

2.17. Histological evaluation

At week 8, joint tissues from rats in different groups were fixed in 10
% formaldehyde for 24 h, followed by decalcification in 10 % ethyl-
enediaminetetraacetic acid (EDTA) solution at 37 °C for 7 days. The
tissues were then dehydrated, embedded in paraffin, and sectioned into
5 um-thick slices. The sections were stained with Safranin O-Fast Green.
Two examiners independently graded the severity of cartilage damage
on the medial tibial plateau of each specimen using the Osteoarthritis
Research Society International (OARSI) histopathological scoring sys-
tem [28]. Both examiners were blinded to the group assignments to
avoid bias. A high-resolution microcomputed tomography (micro-CT)
scanner (VivaCT 40; Scanco Medical AG, Switzerland) was used for
imaging. Micro-CT images of the femoral and tibial articular surfaces (at
a depth of approximately 1.5 mm) were imported into Image-Pro Plus
software (Version 6.0.0; Media Cybernetics Inc., USA) to generate
three-dimensional reconstructed images. Bone volume/total volume
(BV/TV), trabecular pattern factor (Tb. Pf), trabecular separation (Tb.
Sp), and trabecular number (Tb. N) were measured for comparative
analysis.

2.18. Immunohistochemistry

Paraffin sections were deparaffinized to water and then subjected to
antigen retrieval using a citrate buffer (pH 6.0). The sections were
blocked with 10 % fetal bovine serum (FBS) for 1 h at room temperature,
then incubated overnight at 4 °C with primary antibodies against iNOS
(Servicebio, China), COX2 (ProteinTech Group, China), Collagen II
(Bioss, China), aggrecan (Bioss, China), MMP-13 (ProteinTech Group,
China), and ADAMTS-5 (Zenbio, China). The following day, the sections
were incubated with the corresponding secondary antibodies for 1 h at
37 °C. After gentle washing with PBS and air-drying, fresh 3,3-dia-
minobenzidine (DAB) chromogen solution was added to the sections for
color development at room temperature (positive signals appeared
brown). Cell nuclei were counterstained with hematoxylin for 5 min.
The sections were sequentially immersed in 75 %, 85 %, 95 %, and
absolute ethanol, each for 10 min, followed by immersion in xylene for
10 min. They were then mounted with neutral balsam. The percentage of
the positive staining area was quantified using the Halo image analysis
system (Indica Labs, USA).

2.19. Pain assessment

Previous studies have demonstrated that the Von Frey filament test
can detect mechanical hyperalgesia in rats [29,30]. The ‘up-down
method’ was used to test Von Frey filaments of different weights, and the
hind paw withdrawal frequency in response to mechanical stimulation
was recorded. This method assesses secondary mechanical hyperalgesia,
a behavioral indicator of central and peripheral sensitization in KOA,
where pain sensitivity is increased beyond the directly affected joint. To
evaluate whether Hypo-BMSCs-Exos alleviate knee pain in rats,
pain-related behaviors of KOA rats were assessed at weeks 2, 4, 6, and 8.
Each rat was placed on a metal mesh grid, and Von Frey filaments were
applied to the plantar surface of the hind paw. Paw withdrawal re-
sponses were recorded. Calcitonin gene-related peptide (CGRP) is a
neuropeptide released by sensory neurons. In KOA, elevated CGRP levels
are closely associated with pain sensitization and disease progression. In
this study, Western blotting and immunofluorescence staining were used

to detect the expression levels of CGRP and iNOS in the lumbar dorsal
root ganglia (DRG).

2.20. Statistical analysis

All data in this study were analyzed using SPSS 25.0 statistical
software, and statistical graphs were generated with GraphPad Prism 6.0
software. Quantitative data were expressed as mean + standard devia-
tion (mean + SD). Two-group comparisons: If the data conformed to a
normal distribution and exhibited homogeneous variance, an indepen-
dent samples t-test was used; if the data were skewed (did not follow a
normal distribution), non-parametric tests were employed. Multi-group
comparisons: If the data conformed to a normal distribution and
exhibited homogeneous variance, one-way analysis of variance
(ANOVA) was used, followed by Tukey’s post-hoc test for multiple
comparisons; otherwise, the Kruskal-Wallis test was used, with the
Bonferroni method for post-hoc analysis.

3. Results

3.1. Identification of rat BMSCs and biological changes of rat BMSCs
under hypoxic conditions

First, rat bone marrow mesenchymal stem cells (BMSCs) were
identified. Flow cytometric analysis showed that BMSCs highly
expressed the surface markers CD29 (99.50 %) and CD90 (99.83), while
the expression levels of CD34 (0.03 %) and CD45 (0.26 %) were low.
This indicated that highly purified BMSCs were obtained in vitro
(Fig. 2A). To assess whether a hypoxic environment affects the biolog-
ical behavior of BMSCs, Alizarin Red S, Oil Red O, and Alcian Blue
staining were used to compare the differentiation capacity of BMSCs
cultured under normoxic conditions (Norm-BMSCs) and hypoxic con-
ditions (Hypo-BMSCs) (Fig. 2B and C). Under appropriate induction
conditions, Hypo-BMSCs exhibited a stronger ability to differentiate into
osteoblasts and chondrocytes than Norm-BMSCs, but a weaker ability to
differentiate into adipocytes. Results from the CCK-8 assay showed that
Hypo-BMSCs had a more significant proliferation rate (Fig. 2D). Further
detection via flow cytometry revealed that Hypo-BMSCs had a lower
apoptosis rate (Fig. 2E and F). These findings suggest that a hypoxic
environment may alter the biological activity of BMSCs, giving them a
greater advantage in differentiating into chondrocytes and osteoblasts.

3.2. Identification and characterization of Norm-BMSCs-Exos and Hypo-
BMSCs-Exos

In this study, normoxic BMSC-derived exosomes (Norm-BMSCs-
Exos) and hypoxic BMSC-derived exosomes (Hypo-BMSCs-Exos) were
first identified. Via transmission electron microscopy, both types of
exosomes were observed to present as round or oval vesicles with a
distinct phospholipid bilayer membrane structure (Fig. 3A). Nano-
particle tracking analysis (NTA) results showed that Norm-BMSCs-Exos
and Hypo-BMSCs-Exos had similar size distributions, with diameters
ranging from 40 to 160 nm (Fig. 3B), indicating no significant difference
in the morphology of exosomes between the two groups. Flow cytometry
was used to detect three extracellular surface molecular markers of
exosomes, and the results showed high expression of CD9, CD63, and
CD81 in both exosome groups (Fig. 3C). The BCA protein assay revealed
that the total protein concentration of Hypo-BMSCs-Exos was
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Fig. 4. Hypo-BMSCs-Exos attenuate IL-1f-Induced Chondrocyte Inflammation.

Regenerative Therapy 31 (2026) 101049

A: Immunofluorescence staining reveals changes in iNOS, and COX2 in IL-1p-induced chondrocytes following intervention with Norm-BMSCs-Exos and Hypo-BMSCs-
Exos. B: Quantitative analysis of immunofluorescence staining. C: Western blot detection of protein expression levels of iNOS, and COX2 in IL-1p-induced chon-
drocytes treated with Norm-BMSCs-Exos and Hypo-BMSCs-Exos. D: Statistical analysis of relative protein band intensity values. Data are presented as Mean + SD.
Lntergroup differences with statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, n = 3 per group.

significantly higher than that of Norm-BMSCs-Exos (Fig. 3D). Since the
phagocytosis of exosomal informational substances by chondrocytes is
critical for therapeutic efficacy, exosomes were stained with PKH26 dye
and co-cultured with chondrocytes to verify whether Hypo-BMSCs-Exos
can enter chondrocytes. Norm-BMSCs-Exos and Hypo-BMSCs-Exos
labeled with the red fluorescent dye PKH26 were added to chon-
drocytes, and the results showed that both types of exosomes could be
internalized by chondrocytes and localized in the cytoplasm surround-
ing the cell nucleus (Fig. 3E). In addition, changes in exosome uptake by
chondrocytes at different time points (24 h and 48 h) were measured,
and a significant increase in intracellular exosome uptake was observed
at 48 h (Fig. 3E).

3.3. Hypo-BMSCs-Exos inhibit IL-1f-induced inflammation in
chondrocytes

An in vitro KOA chondrocyte model was established using inter-
leukin-1f (IL-1pB) stimulation, consistent with previous studies. After IL-
1B intervention, the proliferation of chondrocytes was decreased
(Fig. S1A), whereas their apoptosis was increased (Fig. S1B). Norm-
BMSCs-Exos or Hypo-BMSCs-Exos were co-cultured with IL-1p-stimu-
lated chondrocytes for 24 h and 48 h, respectively. The results showed
that Hypo-BMSCs-Exos had a more potent promotional effect on the
proliferation of KOA chondrocytes than Norm-BMSCs-Exos. This pro-
liferative effect became more pronounced as the treatment duration was
prolonged, showing a time-dependent pattern. Therefore, a 48 h co-
culture duration was used in subsequent experiments. Hypo-BMSCs-
Exos effectively inhibited IL-1f-induced apoptosis in KOA chon-
drocytes, and this anti-apoptotic effect was stronger than that of Norm-
BMSCs-Exos. These results suggest that hypoxic preconditioning may
enhance the ability of BMSCs-Exos to inhibit KOA chondrocyte apoptosis
by regulating their cargo content.

Excessive activation of inflammatory responses is a key pathological
feature of chondrocyte damage. Inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX2) are critical effector molecules in inflam-
matory signaling pathways, and their expression levels directly reflect
the inflammatory status of cells. Immunofluorescence results showed
that the fluorescence intensities of iNOS and COX2 were increased in
chondrocytes of the KOA model group, while they were decreased in
both the Norm-BMSCs-Exos and Hypo-BMSCs-Exos groups—with a
more significant reduction in the Hypo-BMSCs-Exos group (Fig. 4A and
B). Western blot analysis revealed that compared with the control group,
the protein expression levels of iNOS and COX2 in chondrocytes were
significantly elevated in the KOA model group. After treatment with
Norm-BMSCs-Exos, the protein expression levels of iNOS and COX2
were lower than those in the KOA model group. Moreover, the Hypo-
BMSCs-Exos group showed a further downregulation of iNOS and
COX2 protein expression, which was significantly lower than that in the
Norm-BMSCs-Exos group. These results indicate that Hypo-BMSCs-Exos
can more effectively suppress IL-1f-induced inflammatory responses in
chondrocytes (Fig. 4C and D).

3.4. Effects of Hypo-BMSCs-Exos on the expression of cartilage matrix-
related proteins in IL-1$-induced KOA chondrocytes

The core pathological feature of KOA is the imbalance between the
degradation and anabolism of articular cartilage. Collagen II and
aggrecan are core components of the cartilage matrix, and their degra-
dation and loss are key pathological changes in cartilage damage. Matrix

metalloproteinase 13 (MMP-13) and a disintegrin and metalloproteinase
with thrombospondin motifs 5 (ADAMTS-5) are critical enzymes medi-
ating cartilage matrix degradation; their overexpression is a major
driver of progressive cartilage damage. Immunofluorescence results
(Fig. 5A and B) showed that after 24 h of IL-1f-induced damage, the
fluorescence intensities of ADAMTS-5 and MMP-13 in chondrocytes
were increased, while those of Collagen II and aggrecan were decreased.
After the addition of Norm-BMSCs-Exos or Hypo-BMSCs-Exos, the
fluorescence intensities of ADAMTS-5 and MMP-13 were reduced, and
those of Collagen II and aggrecan were elevated. Notably, Hypo-BMSCs-
Exos induced a more significant decrease in the fluorescence intensities
of ADAMTS-5 and MMP-13, as well as a more prominent increase in the
fluorescence intensities of Collagen II and aggrecan. Western blot
analysis (Fig. 5C and D) showed that compared with normal chon-
drocytes, the protein expression levels of ADAMTS-5 and MMP-13 were
increased, while those of Collagen II and aggrecan were decreased in the
IL-1p-induced KOA chondrocyte model. In contrast to the KOA model
group, chondrocytes treated with Norm-BMSCs-Exos or Hypo-BMSCs-
Exos exhibited increased protein expression of Collagen II and aggre-
can, along with decreased protein expression of ADAMTS-5 and MMP-
13. Specifically, the expression levels of MMP-13 and ADAMTS-5 in
the Hypo-BMSCs-Exos group were significantly lower than those in the
Norm-BMSCs-Exos group, while the expression levels of Collagen II and
aggrecan were significantly higher. These results suggest that Hypo-
BMSCs-Exos more effectively promote the recovery of matrix synthesis
function in damaged chondrocytes and alleviate IL-1p-induced cartilage
matrix destruction by inhibiting the expression of matrix-degrading
enzymes.

3.5. Hypo-BMSCs-Exos delay IL-1p-induced senescence of chondrocytes

To further explore the effect of Hypo-BMSCs-Exos on the senescence
of KOA chondrocytes, the senescence status of chondrocytes in different
treatment groups was evaluated via senescence-associated p-galactosi-
dase (SA-p-gal) staining and flow cytometry analysis. Immunofluores-
cence results showed that after IL-1B treatment, the fluorescence
intensities of the senescence-related proteins p16, p21, and p53 in
chondrocytes were significantly increased (Fig. 6A and B), indicating
that IL-1f induced chondrocyte senescence. When Norm-BMSCs-Exos or
Hypo-BMSCs-Exos were co-cultured with IL-1f-treated chondrocytes,
the fluorescence intensities of p16, p21, and p53 showed a decreasing
trend—with a more pronounced reduction in the Hypo-BMSCs-Exos co-
culture group. Western blot analysis confirmed this observation: the
protein expression levels of p16, p21, and p53 were increased in IL-1p-
treated chondrocytes, and this trend was reversed by the addition of
Norm-BMSCs-Exos or Hypo-BMSCs-Exos. Hypo-BMSCs-Exos exerted a
more significant inhibitory effect on the expression of these senescence-
related proteins (Fig. 6C and D). To visually observe the effect of Hypo-
BMSCs-Exos on chondrocyte senescence, an SA-B-gal staining kit was
used to detect SA-p-gal activity in chondrocytes (Fig. 6E and F). The
results showed that IL-1f significantly increased the number of SA-f-gal-
positive cells, while Hypo-BMSCs-Exos effectively inhibited SA-f-gal
activity in chondrocytes. At the morphological level, this confirmed that
Hypo-BMSCs-Exos can significantly suppress IL-1p-induced chondrocyte
senescence. Cellular senescence is often accompanied by high levels of
oxidative stress. Flow cytometry results showed that IL-1p increased the
intracellular reactive oxygen species (ROS) levels in chondrocytes,
whereas the addition of Hypo-BMSCs-Exos led to a more substantial
reduction in ROS expression (Fig. 6G and H). In conclusion, Hypo-
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Fig. 5. Hypo-BMSCs-Exos attenuate IL-1p-induced chondrocyte injury.

Regenerative Therapy 31 (2026) 101049

A: Immunofluorescence staining reveals changes in Collagen II, Aggrecan, ADAMTS-5, and MMP-13 in IL-1p-induced chondrocytes following intervention with
Norm-BMSCs-Exos and Hypo-BMSCs-Exos. B: Quantitative analysis of immunofluorescence staining. C: Western blot detection of protein expression levels of
Collagen II, Aggrecan, ADAMTS-5, and MMP-13 in IL-1p-induced chondrocytes treated with Norm-BMSCs-Exos and Hypo-BMSCs-Exos. D: Statistical analysis of
relative protein band intensity values. Data are presented as Mean =+ SD. Intergroup differences with statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, n

= 3 per group.

BMSCs-Exos can delay IL-1p-induced senescence of chondrocytes.

3.6. Intra-articular injection of Hypo-BMSCs-Exos delays articular
cartilage degeneration in KOA rats

To investigate the effect of Hypo-BMSCs-Exos on articular cartilage
degeneration in KOA rats, a rat KOA model was established by trans-
ecting the anterior cruciate ligament (ACL) and excising the medial
meniscus. Norm-BMSCs-Exos and Hypo-BMSCs-Exos were then injected
into the knee joint cavity of the model rats, respectively. The results
showed that the cartilage surface in the KOA model group exhibited
erosion and fissures, with a reduction in the number of chondrocytes in
the damaged area and weakened matrix staining. In contrast, compared
with the KOA model group, the degree of cartilage tissue damage was
significantly alleviated in the Norm-BMSCs-Exos and Hypo-BMSCs-Exos
injection groups—with Hypo-BMSCs-Exos promoting better recovery of
cartilage tissue damage (Fig. 7A). The Osteoarthritis Research Society
International (OARSI) histopathological scoring system was used for
quantitative evaluation of cartilage degeneration. The results showed
that the OARSI scores of the Norm-BMSCs-Exos and Hypo-BMSCs-Exos
groups were lower than that of the KOA model group, and the OARSI
score of the Hypo-BMSCs-Exos group was significantly lower than that of
the Norm-BMSCs-Exos group (Fig. 7B). Three-dimensional micro-
computed tomography (micro-CT) imaging was used to evaluate the
effect of Hypo-BMSCs-Exos on the subchondral bone structure of KOA
model rats. As shown in Fig. 7C, the integrity of the knee subchondral
bone structure in the KOA model group was significantly impaired. In
contrast, both Norm-BMSCs-Exos and Hypo-BMSCs-Exos treatment
effectively maintained the integrity of the subchondral bone structure.
Further observation of sagittal reconstructed images of the knee joint
showed that the KOA model group had a significant reduction in sub-
chondral bone mass, with loose trabecular arrangement, fractures, and
abnormal morphology. After intervention with Norm-BMSCs-Exos or
Hypo-BMSCs-Exos, subchondral bone loss was significantly improved,
and the quality of the trabecular structure was maintained (Fig. 7C).
Specifically, compared with the KOA model group, both exosome
treatments significantly reduced trabecular separation (Tb.Sp) and
increased subchondral bone surface area, bone volume/total volume
(BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th).
Notably, Hypo-BMSCs-Exos showed a more significant repair effect in
promoting subchondral bone remodeling than Norm-BMSCs-Exos
(Fig. 7D-G).

To further explore the in vivo effect of BMSCs-Exos on chondrocyte
catabolism, anabolism, and pro-inflammatory factors, immunohisto-
chemistry was performed on cartilage samples from different treatment
groups. The results showed that Hypo-BMSCs-Exos treatment reduced
the expression of iNOS, COX2, ADAMTS-5, and MMP-13 in chondrocytes
and increased the expression of Collagen II and aggrecan. The regulatory
effect of Hypo-BMSCs-Exos on rat chondrocytes was more significant,
with statistically significant differences (Fig. 8A and B). These findings
indicate that Hypo-BMSCs-Exos have a more potent effect in delaying
cartilage degeneration in vivo.

3.7. Intra-articular injection of Hypo-BMSCs-Exos alleviates pain in KOA
rats

To evaluate whether Hypo-BMSCs-Exos treatment can alleviate pain
in KOA rats, the Von Frey filament test was used to assess mechanical
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hyperalgesia (Fig. 9A). In the sham operation group, no significant dif-
ference in the mechanical pain threshold was observed during the
experimental period. In all groups except the sham operation group, the
mechanical pain threshold of rats decreased in the first 4 weeks after
surgery and then gradually increased. At weeks 6 and 8, the mechanical
pain thresholds of the Norm-BMSCs-Exos and Hypo-BMSCs-Exos groups
were higher than that of the KOA model group, and the mechanical pain
threshold of the Hypo-BMSCs-Exos group was significantly higher.

To further investigate the effect of Hypo-BMSCs-Exos on nociceptive
nerve fibers in the subchondral bone, the expression levels of calcitonin
gene-related peptide (CGRP) and iNOS proteins in lumbar dorsal root
ganglion (DRG) tissue were analyzed. Immunofluorescence (Fig. 9B and
C) and Western blotting (Fig. 9D and E) results showed that compared
with the sham operation group, the protein levels of CGRP and iNOS in
DRG tissue were significantly upregulated in the KOA model group-
—indicating that KOA rats exhibited a combination of inflammatory and
neuropathic pain. In addition, compared with the KOA model group, the
protein levels of CGRP and iNOS in the Norm-BMSCs-Exos and Hypo-
BMSCs-Exos groups were significantly reduced, suggesting that
BMSCs-Exos exert a pain-relieving effect on KOA rats. The reduction in
CGRP and iNOS protein levels was more significant in the Hypo-BMSCs-
Exos treatment group, indicating that Hypo-BMSCs-Exos are more
effective in alleviating pain in KOA rats.

4. Discussion

This study focused on bone marrow mesenchymal stem cell-derived
exosomes (BMSCs-Exos) as the core research object. By establishing
different culture environments, we separately prepared hypoxia-
preconditioned BMSC-derived exosomes (Hypo-BMSCs-Exos) and nor-
moxically cultured BMSC-derived exosomes (Norm-BMSCs-Exos), and
systematically investigated the therapeutic effects of these two types of
exosomes on knee osteoarthritis (KOA). Through a combination of in
vitro cellular experiments and in vivo animal model tests, we found that
compared with normoxic culture conditions, a hypoxic culture envi-
ronment could significantly enhance the biological function of BMSCs-
Exos.

In in vitro experiments, Hypo-BMSCs-Exos more effectively inhibited
interleukin-1p (IL-1p)-induced chondrocyte apoptosis, reduced cartilage
matrix damage, and delayed the senescence process of chondrocytes. In
the rat KOA model, after intervention with Hypo-BMSCs-Exos, the defect
area of knee joint cartilage tissue in KOA rats was significantly reduced,
and pain-related behaviors in rats were notably decreased. These results
indicate that Hypo-BMSCs-Exos exert a more potent effect in preventing
knee cartilage degeneration and alleviating joint pain. In summary, this
study confirms that a hypoxic environment can optimize the function of
BMSCs-Exos and improve their therapeutic efficacy against KOA. This
research not only provides experimental evidence for an in-depth un-
derstanding of the environmental regulation mechanism of BMSCs-Exos
but also offers new insights for the clinical treatment and prevention of
KOA.

Since the development of regenerative medicine, exosomes derived
from different types of mesenchymal stem cells (MSCs) have been
regarded as effective tools for treating various refractory clinical dis-
eases [31-33]. It has also been shown that the biological effects of
exosomes depend on the culture status of their parent cells. Existing
studies have demonstrated that hypoxic preconditioning can improve
the therapeutic effect of BMSCs [34,35]. According to previous reports,
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Fig. 6. Effects of Hypo-BMSCs-Exos on IL-1p-induced chondrocyte senescence.

Regenerative Therapy 31 (2026) 101049

A: Immunofluorescence staining revealed changes in p16, p21, and p53 in IL-1f-induced chondrocytes following intervention with Norm-BMSCs-Exos and Hypo-
BMSCs-Exos. B: Quantitative analysis of immunofluorescence staining. C: Western blot detection of pl6, p21, and p53 expression in chondrocytes. D: Statistical
analysis of gray values and relative values for corresponding protein bands. E: SA-f-gal activity in chondrocytes across different groups assessed using SA-f-gal
staining kit, bar = 75 pm. F: Counting and statistical analysis of SA-B-gal positive cells in chondrocytes across groups. G: Flow cytometry analysis of mean fluo-
rescence intensity for reactive oxygen species (ROS). H: Statistical analysis of ROS expression levels across groups. Results are presented as Mean + SD. Intergroup
s‘tatistical significance is indicated as: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3).
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the oxygen concentration in the mammalian bone marrow cavity is
relatively low, which differs significantly from the oxygen concentration
(21 % oxygen) used for in vitro BMSC culture. Therefore, in this study,
BMSCs were exposed to a hypoxic environment, with the expectation
that Hypo-BMSCs-Exos would exhibit stronger biological activity. Re-
sults of exosome identification showed that culturing BMSCs in a hyp-
oxic environment did not significantly alter the morphology or size of
exosomes, but the protein expression level of exosomes was higher.
Additionally, BMSCs cultured in a hypoxic environment had a greater
advantage in differentiating into chondrocytes and osteoblasts, which
may be attributed to the fact that hypoxia is more consistent with the
physiological conditions required for BMSC growth and development.

Knee joint cartilage is an avascular tissue that exists in a hypoxic
environment, obtaining oxygen and nutrients primarily from superficial
synovial blood vessels. Due to the lack of vascular components, articular
cartilage develops and maintains its function in a hypoxic microenvi-
ronment [36]. Studies have also confirmed that a hypoxic environment
can promote chondrogenic differentiation and matrix synthesis [37,38].
With increasing attention paid to the microenvironment by researchers,
how to simulate the hypoxic microenvironment within the knee joint to
a certain extent has become a current research focus [39]. The results of
this study showed that a hypoxic environment can promote the differ-
entiation of BMSCs into chondrocytes, and Hypo-BMSCs-Exos can
enhance the expression of aggrecan and Collagen II. Meanwhile, further
evidence from the rat KOA model demonstrated that exosomes secreted
by BMSCs stimulated by a hypoxic environment can promote the repair
of the cartilage layer, highlighting the importance of the hypoxic
microenvironment in cartilage homeostasis. Hypoxia can activate the
survival mechanism of stem cells, enhance their antioxidant capacity,
and promote cell proliferation—all of which help stem cells successfully
complete the processes of chondrocyte differentiation and matrix syn-
thesis in a hypoxic environment. The hypoxic environment can simulate
the relatively hypoxic physiological state inside the human joint; under
this condition, BMSCs are stimulated to differentiate into chondrocytes
and promote the secretion of cartilage matrix.

Aging is one of the important risk factors for KOA [40]. Multiple
studies have confirmed that cellular senescence plays a key role in the
occurrence and development of KOA. Senescent cells have been
observed in various structures of knee joint tissue, including cartilage,
subchondral bone, and synovium [41]. These cells exhibit several
typical characteristics: first, the function of senescent chondrocytes is
significantly impaired, with reduced ability to synthesize and secrete the
extracellular matrix (ECM); second, they can release a variety of
pro-inflammatory factors and matrix-degrading enzymes, thereby
altering the local joint microenvironment and accelerating the
destruction of the cartilage matrix [42]. Although senescence and KOA
can occur as independent processes, it is undeniable that chondrocyte
senescence plays an important role in promoting the progression of
KOA. Studies have shown that specific clearance of senescent chon-
drocytes can effectively delay cartilage degeneration and exert a pro-
tective effect [43]. In this study, we observed that after stimulation with
IL-1, the expression levels of senescence-related markers (p16, p21, and
p53) in chondrocytes increased, and the activity of
senescence-associated fp-galactosidase (SA-p-gal) and reactive oxygen
species (ROS) levels also significantly increased. These results indicate
that inflammatory factors can effectively induce chondrocyte senes-
cence, which is consistent with previous mechanistic studies on in-
flammatory stress promoting cellular senescence [42]. Further
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experiments showed that intervention with Hypo-BMSCs-Exos signifi-
cantly delayed the senescence process of chondrocytes induced by IL-18,
as evidenced by downregulated expression of pl6, p21, and p53,
reduced SA-f-gal activity, and decreased ROS production. Therefore, we
suggest that Hypo-BMSCs-Exos may exert a cartilage-protective effect in
KOA by reducing ROS release and inhibiting chondrocyte senescence.

Alleviating knee pain is a primary clinical demand of KOA patients.
Studies have shown that articular cartilage itself lacks sensory inner-
vation; thus, cartilage damage usually does not directly trigger a pain
response. However, the subchondral bone region is rich in sensory nerve
endings, and when subjected to noxious stimuli, it may become an
important cause of KOA pain [44]. During the course of KOA, chronic
pain can induce sensitization of the central and peripheral nervous
systems, manifested as mechanical hyperalgesia around the join-
t—suggesting that neuropathic pain mechanisms may be involved in the
occurrence and development of KOA pain [45,46]. As primary sensory
neurons, the activation level of dorsal root ganglia (DRG) is closely
related to the intensity of sensory stimulation in the innervated area.
Multiple studies have confirmed that the expression level of nerve
growth factor in peripheral nerve endings and the expression level of
calcitonin gene-related peptide (CGRP) in the DRG are positively
correlated with pain transmission [47]. Notably, the sensory nerves of
the knee joint, especially in the subchondral bone region, mainly project
to the lumbar DRG. The results of this study showed that the rat KOA
model significantly upregulated the expression of CGRP in the DRG,
which is consistent with the conclusions of previous studies.

On the other hand, the mechanism of KOA pain involves a variety of
peripheral pain-causing factors, including pro-inflammatory cytokines
(e.g., IL-1p, IL-6, TNF-a, iNOS). These mediators participate in pain
generation and peripheral sensitization through interaction with sen-
sory nerves [48]. Noxious signals are transmitted to the central nervous
system via the dorsal horn of the spinal cord, ultimately forming pain
perception in the cerebral cortex. Under stimulation by
pro-inflammatory factors, iNOS is rapidly expressed and produces nitric
oxide (NO), which triggers an inflammatory cascade and promotes the
progression of inflammation. This study found that KOA model rats
injected with BMSCs-Exos via the joint cavity exhibited significant
improvement in pain-related behaviors. In addition, compared with the
KOA group, the protein levels of CGRP and iNOS in the DRG of rats
injected with Hypo-BMSCs-Exos were significantly reduced, and the
fluorescence intensity of CGRP and iNOS in the DRG was also signifi-
cantly decreased. These results further indicate that exosome treatment
can alleviate both inflammatory and neuropathic pain in OA rats. A
possible mechanism for this phenomenon is that Hypo-BMSCs-Exos
improve the subchondral bone microenvironment and reduce
abnormal innervation, thereby decreasing the activation of nerve end-
ings by noxious stimuli. In conclusion, the study results suggest that
Hypo-BMSCs-Exos may have potential therapeutic value in alleviating
KOA pain symptoms.

Hypoxia preconditioning not only enhances the release of BMSCs-
Exos but also modifies their cargo composition—including specific
miRNAs and proteins—thereby augmenting their biological efficacy.
Reports indicate that exosomes derived from BMSCs under hypoxic
conditions exhibit significantly elevated levels of miR-210-3p and miR-
125a-5p [35,49]. Among these, miR-210-3p has been shown to mitigate
osteoarthritis progression by targeting TGFBR1 and ID4, thereby sup-
pressing subchondral angiogenesis [50]. Meanwhile, miR-125a-5p pro-
motes chondrocyte migration and is associated with the upregulation of
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Fig. 7. Intra-articular injection of Hypo-BMSCs-Exo maintains the microstructure of articular cartilage and subchondral bone in KOA rats.

A: Representative histological images of KOA knee cartilage after 8 weeks of intervention, stained with safranin O/fast green. B: Progression of cartilage degeneration
assessed using the OARSI scoring system. C: Three-dimensional reconstructed X-ray micrographs of subchondral bone surfaces (upper panel) and corresponding
sagittal microstructures of the tibial subchondral bone (lower panel) in rats from different treatment groups, scale bar = 200 pm. D-G: Histomorphometric analysis of
three-dimensional subchondral bone images in rats from different groups. All data are expressed as Mean + SD, with n = 3 per group. Statistical significance between
groups is indicated as: *P < 0.05, **P < 0.01, ***P < 0.001 compared to control rats; “p < 0.05, *#p < 0.01. #*##p < 0.001 indicate differences compared with OA
rats; “p < 0.05, **p < 0.01, ***p < 0.001 indicate differences compared with Norm-BMSCs-Exos rats.
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Fig. 8. Intra-articular injection of Hypo-BMSCs-Exo protects articular cartilage from degeneration in KOA rats.

A: Representative images of immunohistochemical staining for iNOS, COX2, Collagen II, Aggrecan, ADAMTS-5, and MMP-13 in cartilage tissue at 8 weeks post-
intervention. Scale bar = 50 pm. B: Quantitative analysis and statistical evaluation of immunopositive cells. Data are expressed as mean =+ standard deviation
(SD), with n = 3 per group. Intergroup statistical significance is indicated as: *P < 0.05, **P < 0.01, ***P < 0.001 compared to control rats; “p < 0.05, #*#p <
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Fig. 9. Intra-articular injection of Hypo-BMSCs-Exos alleviates pain in KOA rats.
A: Mechanical hyperalgesia and pain thresholds were assessed using the Von Frey filament test at weeks 2, 4, 6, and 8 post-intervention. B: Immunofluorescence
staining revealed CGRP and iNOS expression in dorsal root ganglion (DRG) tissue across groups. Scale bar = 20 pm. C: Quantitative analysis of CGRP and iNOS
immunofluorescence staining. D: Western blot analysis of CGRP and iNOS protein expression in DRG tissue across groups. E: Statistical analysis of relative gray
values for protein bands. All data are expressed as mean + standard deviation (SD) (n = 3). Statistical significance between groups is indicated as: *P < 0.05, **P <
0.01, ***P < 0.001 compared to control rats; “p < 0.05, *#p < 0.01, *##p < 0.001 indicate differences compared with OA rats; “p < 0.05, **p < 0.01, “*4p <

0.001 indicate differences compared with Norm-BMSCs-Exos rats.
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collagen II, aggrecan, and SOX9, along with downregulation of MMP-13
in vitro. Studies in mouse OA models further confirm that miR-125a-5p
attenuates extracellular matrix degradation in chondrocytes [51].
Beyond miRNAs, Hypo-BMSCs-Exos are likely enriched with
anti-inflammatory proteins such as TGF-f1 and cartilage-protective
factors like IGF-1. Evidence suggests that these proteins stimulate
collagen II synthesis and suppress the expression of COX-2 and iNOS in
KOA chondrocytes [52-54]. Our BCA assay results, which demonstrated
higher total protein content in Hypo-BMSCs-Exos, further support the
notion that hypoxia preconditioning promotes protein enrichment
within exosomes.

However, this study also has certain limitations: First, only a specific
source of rat chondrocyte line was used, and the cell source was rela-
tively single, which may not fully represent the characteristics of
chondrocytes from different individuals and different pathological
stages. In subsequent studies, multiple cell types will be further inves-
tigated to verify the above conclusions. Second, the exact molecular
mechanism by which Hypo-BMSCs-Exos improve knee OA cartilage
degeneration and joint pain remains unclear; future work should focus
on exploring this mechanism through proteomic and transcriptomic
analyses to identify key functional components (e.g., specific miRNAs or
proteins) in Hypo-BMSCs-Exos that mediate the observed therapeutic
effects. Although the dosage and injection frequency employed in this
study proved effective, they were determined based on existing litera-
ture and preliminary data. A comprehensive investigation into the pe-
ripheral administration mechanism, optimal dosage, and minimum
effective injection frequency of Hypo-BMSCs-Exos falls beyond the scope
of this work. Future studies should systematically evaluate different
dosing regimens to establish a clear dose-response relationship and
maximize its translational potential.

5. Conclusions

In conclusion, Hypo-BMSCs-Exos exhibit stronger abilities to pro-
mote chondrocyte proliferation and delay cellular senescence compared
with Norm-BMSCs-Exos. Animal experiments further confirmed that
Hypo-BMSCs-Exos can more effectively promote the repair of articular
cartilage structure, restore the integrity of subchondral bone, and
significantly alleviate KOA-related pain symptoms. This study provides a
new potential strategy and experimental basis for the clinical treatment
of KOA, and lays a foundation for the further development of cell-free
therapeutic approaches targeting KOA.
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