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Abstract

Radiation-induced skin injury (RISI) refers to injury to the skin resulting from
exposure to ionizing radiation, for which current treatinent options are limited.
Exosomes derived from bone marrow mesenchymal stein cells (BMSCs-Exos) have
demonstrated significant potential in tissue repair. This study evaluated the
healing efficacy of BMSCs-Exos in a rat immodel of RISI. BMSCs-Exos were isolated
and delivered via subcutaneous injecticn into the RISI. Our findings revealed that
BMSCs-Exos reduced the wound area and lowered the radiation injury score,
thereby indicating their capacity to facilitate RISI healing. Histological analysis
revealed that BMSCs-Exos enhanced epidermal repair and collagen deposition.
Immunological assays revealed significantly higher CD31 and a-SMA expression
of the BMSCs-Exos treatment group (EXO) than that of the irradiation group (IR),
suggesting that BMSCs-Exos promoted angiogenesis. In the EXO group, there was
also a downregulation of CD86, Inducible Nitric Oxide Synthase (INOS), Tumor
Necrosis Factor-a (TNF-a) and Interleukin-1pB (IL-1B) expression, coupled with an
upregulation of Macrophage Mannose Receptor 1 (CD206), Arginase-1 (Arg-1),
and Interleukin-10 (IL-10) expression, indicating that BMSCs-Exos can induce
macrophage polarization towards the M2 phenotype and suppress inflammation.
Additionally, BMSCs-Exos decreased the number of TUNEL-positive cells. Western
blot analysis of apoptosis-related proteins showed that BMSCs-Exos increased the
Bcl-2 expression and reduced Bax expression and promoted phosphorylation of the
Akt signaling pathway, which implied suppression of cellular apoptosis. In
summary, our findings demonstrate that BMSCs-Exos promote RISI repair by
regulating the inflammatory microenvironment, and inhibiting cell apoptosis.
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Introduction

Radiation-induced skin injury (RISI) stands as a prevalent and severe complication
in tumor radiotherapy. Clinical statistics indicate that approximately 85% to 95%
of radiotherapy patients undergo varying degrees of skin damage, with clinical
manifestations progressing from initial erythema and desquamation to the
potential development of chronic ulcers in advanced stages. This not only
significantly impacts the treatment outcomes but also markedly diminishes the
quality of patients’ life [1, 2]. Different from general wounds, the pathogenesis of
radiation-induced skin damage is intricate, involving multiple mechanisms,
including inflammatory responses, cell apoptosis, and impaired tissue repair.
Exposure to high doses of radiation can induce acute skin damage and apoptosis
and necrosis of radiation-sensitive cells [3]. Concurrently, macrophages,
neutrophils, and eosinophils are recruited to the injury site during the early stages
of acute injury. The infiltration of these iminune cells promotes the expression of
pro-inflammatory cytokines [4]. Through a positive feedback mechanism, pro-
inflammatory chemokines and cytokines continuously promote macrophage
recruitment and polarization toward the M1 phenotype. The sustained M1
polarization of Macrophages contributes to prolonged inflammation and impaired
tissue regeneration [5] , and the microvascular system at the irradiated site
becomes disrupted. These factors collectively hinder the regeneration of wound
tissues and compromise tissue repair. These characteristics highlight the
complexity of RISI, distinguish it from general wounds, and suggest the necessity
of developing targeted therapeutic approaches to address its unique healing
impairments.

Currently, there are no recognized specific therapies or standard dosing
guidelines for RISI, with clinical management primarily reliant on empirical
symptomatic supportive treatment [6]. In light of the absence of effective
interventions, therapeutic strategies aimed at promoting tissue regeneration have
gained increasing attention. Mesenchymal stem cells (MSCs), recognized for their
multilineage differentiation capacity and paracrine-mediated regenerative effects,
have become a key point of research. Numerous studies have confirmed that MSC
transplantation can accelerate the healing of various acute and chronic wounds,
improve healing quality, and reduce scar formation [7]. However, clinical
application of MSCs-based therapy is associated with several limitations, including



poor survival and low homing rates of transplanted cells at irradiated wound sites,
as well as potential risks such as immune rejection, abnormal differentiation, and
even tumorigenesis [8, 9]. Subsequent investigations have shown that a significant
portion of the therapeutic benefits of MSCs can be mediated by their secreted
exosomes. Exosomes, as a cell-free therapy, overcome several limitations of MSCs
therapies and are increasingly emerging as a promising strategy in wound healing
research [10].

Exosomes are nanosized extracellular vesicles (50-150 nm) secreted by
mammalian cells and enriched with lipids, mRNA, and microRNA, which regulate
diverse physiological and pathological processes [11, 12]. These vesicles play
multiple beneficial roles in promoting wound healing, including stimulating
cellular proliferation and migration, promoting angiogenesis, modulating wound
inflammation, accelerating re-epithelialization, and reducing scar formation [13,
14]. In myocardial injury models, BMSCs-Exos have been shown to modulate
macrophage polarization, thereby reducing inflammation and tissue damage in the
heart [15]. Similarly, BMSCs-Exos have also demonstrated significant efficacy in
enhancing tissue regeneration and functional recovery in the repair of other
wounds, such as burns and diabetic ulcers [16, 17]. The bioactive components
carried by BMSCs-Exos can activate relevant signaling pathways to promote cell
proliferation, suppress apoptosis, and facilitate general skin wound healing [18].
However, RISI represents a unique type of wound characterized by cytotoxicity,
vascular damage, and chronic inflammation, underpinned by more complex
pathological mechanisms compared to cther types of wounds. Ionizing radiation
not only causes acute tissue damage but also triggers persistent chronic
inflammation, irreversible microvascular injury, and prolonged oxidative stress,
collectively contributing to a significantly impaired healing process. Given the
promising prospects of BMSCs-Exos in wound repair, this study proposes and
validates the potential of BMSCs-Exos as a therapeutic strategy for RISI. We aim
to clarify the functional role of BMSCs-Exos in RISI repair, with particular
emphasis on their capacity to regulate inflammatory responses and inhibit the
apoptosis pathway, thereby providing new theoretical insights for the treatment
of radiation-induced skin injury.

Results

Isolation and Characterization of BMSCs

As shown in Figure 1A, the cells attached to the culture substrate and displayed a
spindle-shaped morphology. Multilineage differentiation assays indicated that,
following osteogenic induction, distinct calcium nodules were evident upon
Alizarin Red staining, which showed an amber color (Figure 1B). Under adipogenic
induction conditions, lipid droplets were observed after Oil Red O staining (Figure
1C). Flow cytometry analysis revealed a high expression of mesenchymal stem cell
markers CD44 and CD90, along with low expression of hematopoietic lineage



markers CD34 and CD45 (Figure 1D-G). These findings verify the successful
isolation of BMSCs from the bone marrow of SD rats.
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Fig 1. Characterization of BMSCs. Upon observation under an optical microscope: A
BMSCs exhibited a typical spindle or fusiform shape. Scale bar = 100 pm. B Alizarin Red
staining demonstrated the presence of calcium nodule deposition. Scale bar = 100 ym. C
The presence of accumulated lipid droplets was clearly demonstrated through Oil Red O
staining. Scale bar = 100 pm. D-G Flow cytometry of BMSCs surface markers showing low
expression of CD34 (4.83%) and CD45 (3.4%) and pronounced expression of CD44 (99.9%)
and CD90 (99.1%).

Isolation and Characterization of BMSCs-Exos

Exosomes were isoiated from BMSCs culture supernatant by ultracentrifugation,
resulting in an exosome particle concentration of 6.1 x 109 particles/mL, as
determined by nanoparticle tracking analysis (NTA). The mean diameter of the
exosomes was 144.4 nm (Figure 2B). Transmission electron microscopy (TEM)
confirmed that BMSCs-Exos exhibited a cup-shaped or nearly spherical
morphology, with a diameter of approximately 128 nm (Figure 2A). Western blot
analysis confirmed the presence of exosomal markers CD9, CD63, and TSG101,
with no detectable Calnexin expression (Figure2C), thereby validating the
successful isolation of BMSCs-Exos from the culture supernatant.



3.0E+6- 65
2.7E+6- T cD9
2.5E+6 1
22646
I 2.06+6-
L7E+6-
O 15646~

25KD

CD63 = = 38KD

'.: 1.2E+6-|

'5_\1 1.0E+6-

TSG101 | 44KD

7.5E+5
5.0E+5-]
2.5E+5-]
0.0E+0-
1

10 w0 om0 10000 Calnexin ,‘ 80KD
Diameter/nm ¢

Fig 2. Characterization of BMSCs-Exos. A Typical TEM image of BMSCs-Exos, displaying a
characteristic cup-shaped morphology. B Nanoparticle tracking analysis provided
quantitative data on the particle concentration and size distribution of the exosomes. C

Western blot analysis of CD9, CD63, and TSG101; Calnexin served as a negative control.

BMSCs-Exos are internalized by HDFs and promote fibroblast

migration

To determine whether BMSCs-Exos interact with dermal fibroblasts, we first
investigated whether BMSCs-Exos can be internalized by human dermal
fibroblasts (HDFs). The PKH26-labeled exosomes were internalized by fibroblasts
and were clearly visualized by fluorescence confocal miicroscopy. The red punctate
signals were predominantly located in the perinuclear region, indicating
successful uptake of exosomes by fibroblasts (Figure 3A). We next evaluated
whether BMSCs-Exos influence fibroblast behavior associated with wound repair.
Scratch closure test results demonstraied that HDFs treated with BMSCs-Exos
(100 pg/mL) displayed enhanced wound closure at 12 h and 24 h (Figure 3B).
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Fig 3. Effects of BMSCs-Exos on HDFs uptake and migration. A Confocal fluorescence
microscopy illustrated the internalization of PKi 26-labeled exosomes (red) by HDFs. Cell
nuclei were subjected to DAPI staining, displaying a blue appearance. B Representative

images from the scratch wound assay
Macroscopic Appeeaerance of RISI

To construct the RISI model, the skin of the right hind limb in rats was subjected
to a 60-Gy radiation exposure. Treatment commenced on day 10 following
radiation exposure, with this time point designated as day O of the treatment phase.
Wound images were systematically captured and evaluated on days 0, 7, 14, and
21 (Figure 4A). As depicted in Figure 4B, both IR group and EXO group exhibited
pronounced radiation-induced skin damage, characterized by extensive erythema,
ulceration, and yellow exudates on day 0, thereby confirming the successful
establishment of the RISI model. Analysis of the percent of wound areas revealed
that, on days 7, 14, and 21, the EXO group demonstrated considerably diminished
wound areas when compared with the IR group (Figure 4C). Furthermore, on days
7, 14, and 21, the EXO group showed considerably lower radiation injury scores
than the IR group (Figure 4D), indicating that BMSCs-Exos treatment accelerated
skin recovery and mitigated radiation-induced damage.
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Fig 4. Impact of BMSCs-Exos on the Healing of RISI. A Schematic representation outlining
the establishment of RISI model and the timeline for exosome treatment administration. B
Representative photographs of the regenerative progression of RISI and schematic
diagrams of wound areas. C Quantitative assessment of the percent of wound areas in

radiation-induced skin injury across different treatment groups. D Radiation injury scoring



system to evaluate the severity of skin damage. Statistical significance: *P < 0.05, **P <
0.01, ¥**P < 0.001.

Histopathological Changes in RISI Treated with BMSCs-Exos

Hematoxylin and Eosin (H&E) and Masson’s trichrome staining were carried out
to assess histopathological changes in skin tissues. H&E staining revealed that the
Control group (CON) displayed an intact skin structure, while the IR group showed
epidermal defects, inflammatory cell infiltration, and destruction of skin
appendages. In contrast, the EXO group displayed partial epidermal recovery and
reduced inflammatory infiltration (Figure 5A). Masson’s trichrome staining
demonstrated that the CON group possessed a well-organized collagen structure,
whereas the IR group exhibited sparse, disorganized collagen fibers. The EXO
group showed a significant improvement in collagen fiber organization,
resembling the normal skin structure, although the arrangement remained
somewhat disordered (Figure 5B). Quantitative assessment of collagen content
revealed that the EXO group had elevated collagen levels compared to the IR
group, although these levels remained inferior to those detected in the CON group,
with statistically significant differences noted (Figure 5C). These findings
collectively suggest that BMSCs-Exos promote epidermal repair and collagen
synthesis, expediting the regenerative progression in RISI.
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Fig 5. The effect of BMSCs-Exos on radiation-induced skin injury (RISI) and the histological
analysis. A H&E staining of skin sections. Scale bars: 100 nym. B Masson’s trichrome-
stained skin sections. Scale bars: 100 pm. C Measurement of collagen volume fraction (CVF)
in skin tissues. The data stand for the mean = SD, n = 3/per group. *P < 0.05, *P < 0.01,
***P < 0.001. The CON group: Received identical anesthesia and positioning, with no

radiation exposure.

Effect of BMSCs-Exos on Angiogenesis in RISI

Immunohistochemical staining was performed to examine the expression of
endothelial cell marker CD31 and vascular smooth muscle cell marker a-SMA, to
further explore whether BMSCs-Exos promote angiogenesis at the injury site. As
shown in Figure 6, the EXO group displayed markedly enhanced
neovascularization in comparison to the IR group, as indicated by elevated CD31
expression. Furthermore, the EXO group exhibited a higher density of mature
blood vessels, characterized by elevated a-SMA expression. These results suggest
that BMSCs-Exos may promote both angiogenesis and vascular maturation,
thereby improving tissue perfusion and nutrient supply to optimize the
microenvironment conducive to wound healing.
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Fig 6. Effect of BMSCs-Exos on Angiogenesis in RISI. A, C Immunohistochemical staining
of CD31 and a-SMA in radiation-induced skin injury. Scale bar = 100 pm. B, D Quantitative
assessment of the average optical density of CD31 and a-SMA staining in RISI. Statistical
significance: *P < 0.05, *P < 0.01, **P < 0.001.

Effect of BMSCs-Exos on Inflammation Microenvironment in RISI



To further investigate the impacts of BMSCs-Exos on the inflammatory response
in RISI wounds, we examined the expression of key markers: CD86 and CD206 as
macrophage phenotype indicators, iNOS and Argl as functional markers of M1
and M2 macrophages, respectively, along with the cytokines TNF-a, IL-1pB, and IL-
10. Immunofluorescence results (Figure 7A-D) revealed that in the IR group, the
M1 macrophage marker CD86 was significantly upregulated, whereas the M2
marker CD206 showed only a modest increase, indicating that radiation injury
primarily triggers an M1l-dominant inflammatory response. After BMSCs-Exos
intervention, a notable decrease in CD86 expression was observed, accompanied
by a significant upregulation of CD206. Western blot analysis (Figure 7E-G)
further corroborated these findings, revealing a reduction in iNOS (an M1 pro-
inflammatory factor) expression and a concurrent increase in Arg-1 (an M2 repair
factor) levels in the EXO group, suggesting that BMSCs-Exos promote macrophage
polarization toward the M2 phenotype. Figure 8 illustrates that there was an
elevation in TNF-a and IL-1B expression in the IR group, alongside a moderate
increase in IL-10, suggesting an initial attempt by the body to mount an anti-
inflammatory response following radiation damage. BMSCs-Exos treatment
further inhibited the expression of TNF-a and IL-1B, while significantly boosting
IL-10 secretion, thereby amplifying anti-inflammatory effects. These findings
suggest that BMSCs-Exos may modulate the inflammatory microenvironment by
promoting M2 macrophage polarization and effectively mitigate radiation-induced
inflammation.
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tissue. Scale bar = 100 pm. Average optical density analysis of B TNF-«, D IL-1B, and F IL-
10 expression in skin tissue. Statistical significance: *P < 0.05, *P < 0.01, **P < 0.001.

Effect of BMSCs-Exos on Reducing Cell Apoptosis in RISI

To study the influence of BMSCs-Exos on apoptosis in RISI, we performed TUNEL
staining and Western blotting to analyze the expression of the apoptosis-related
proteins Bcl-2 and Bax. TUNEL staining (Figure 9A, B) revealed minimal apoptosis
in the CON group, whereas the IR group exhibited a significant elevation in
apoptotic cells. Conversely, the EXO group showed a notable reduction in
apoptotic cells. As shown in Western blot results (Figure 9C-E), the pro-apoptotic



protein Bax levels decreased while the anti-apoptotic protein Bcl-2 levels
increased in the EXO group, suggesting that BMSCs-Exos possess the ability to
inhibit apoptosis in RISI.

To elucidate the anti-apoptotic mechanism of BMSCs-Exos, we conducted a
comprehensive assessment of the expression intensities of pivotal proteins within
the Akt signaling pathway. Our results (Figure 9F, G) showed that after BMSCs-
Exos treatment, there was a significant upregulation in the phosphorylation levels,
accompanied by an increased p-Akt/Akt ratio. The observation suggests that the
Akt signaling pathway may play an important role in the anti-apoptotic effects
mediated by BMSCs-Exos.
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Fig 9. Effect of BMSCs-Exos on Cell Apoptosis in RISI. A, B TUNEL staining and positive
rate analysis of the RISI region. Scale bar = 100 pm. C-E Western blot analysis showing
Bax and Bcl-2 protein expression, with densitometric quantification normalized to Aactin.
F, G Western blot analysis and quantitative optical density analysis of the Akt signaling
pathway, including p-Akt/Akt proteins, normalized to S-actin. Statistical significance: *P <
0.05, ¥*P < 0.01, ¥»*<P < 0.001.

Discussion

RISI is a distinct type of tissue injury induced by ionizing radiation, which
differs from conventional wounds such as burns and trauma. RISI is characterized
by delayed onset, progressive nature, and poor healing. Clinically, it progresses
from early erythema and desquamation to late-stage ulceration, fibrosis, and even
necrosis, with the healing process typically being slow and prone to secondary
infections [19, 20]. The healing of general wounds usually proceeds through four
stages: hemostasis, inflammation, proliferation, and remodeling. These processes
rely on cellular regeneration and the coordinated immune and vascular responses
[21]. However, the healing process of RISI is severely disrupted by apoptosis,
microvascular damage, and persistent inflammation. Ionizing radiation causes
direct DNA damage to basal keratinocytes and endothelial cells, significantly
increasing the generation of reactive oxygen species (ROS), which triggers
apoptosis and the release of pro-inflammatory cytokines (such as TNF-«, IL-18,
and IL-6). This leads to a prolonged inflammatory state and disrupts the
endothelial system of microvessels, causing impaired blood supply. These
pathological features make the healing process of RISI more complex and
prolonged compared to general wounds [22, 23].

In recent years, mesenchymal stem cell-derived exosomes (MSCs-Exos) have
attracted significant attention for their promising potential in immune regulation
and tissue repair, emerging as a focal point of research in wound healing [24-26].
In this study, we isolated and prepared BMSCs-Exos and administered them to
treat RISI. Treatment with BMSCs-Exos significantly promoted wound healing,
evidenced by a notable decrease in wound area and radiation injury scores in the
EXO group relative to the IR group. Histological analysis revealed that the
epidermis in the IR group was necrotic, skin appendages were absent, and
collagen fibers were sparse and disorganized. In contrast, following BMSCs-Exos
therapy, partial epidermal recovery, increased collagen deposition, and improved
tissue structure. Experimental evidence supports that BMSCs-Exos serve as key
regulators in the healing of RISI, likely attributable to their ability to promote
angiogenesis, as well as regulate the inflammatory microenvironment and reduce
apoptosis, thereby providing a favourable repair microenvironment for tissue
regeneration and healing.

Adequate local blood circulation is paramount for effective skin repair.
However, ionizing radiation disrupts the skin’s microcirculation network, causing
angiogenic impairment that limits the supply of oxygen and nutrients, thereby



significantly hindering the wound repair process [27, 28]. Earlier research has
indicated that BMSCs-Exos contribute to promoting the formation of functional
vascular networks by upregulating the expression of vascular endothelial growth
factor A (VEGFA) and platelet endothelial cell adhesion molecule (CD31), thus
accelerating tissue repair [14]. Our study showed that BMSCs-Exos treatment
significantly increased CD31 and a-SMA expression compared with the IR group,
suggesting that exosomes not only promote the formation of new capillaries but
also enhance the recruitment of vascular smooth muscle cells, further facilitating
vascular maturation. The enhanced angiogenesis improved the local ischemic
microenvironment, providing the necessary nutritional support crucial for wound
repair. Furthermore, in this study, we observed that BMSCs-Exos promoted
collagen accumulation and increased a-SMA expression, BMSCs-Exos can enter
the cytoplasm of fibroblasts and promote migration, suggesting that BMSCs-Exos
may induce or activate skin fibroblasts, thereby facilitating collagen deposition
and phenotypic changes. Studies have shown that bioactive molecules from
exosomes can mediate intercellular communication, regulating gene expression
and signaling pathways in target cells. BMSCs-Exos activate fibroblasts via the
miR-144-3p/miR-23b-3p-PTEN-PI3K/Akt axis, promoting proliferation, migration,
and collagen synthesis [29]. In diabetic wound models, InckRNA H19 in BMSCs-
Exos transfers to fibroblasts to aid wound healing [20]. BMSCs-Exos also regulate
the TGF-B/Smad pathway to stimulate fibroblast activity [31]. Fibroblasts play a
crucial role in collagen synthesis and wound healing. BMSCs-Exos may promote
RISI healing through similar mechanisms. Future work will focus on better
understanding the mechanisms through which BMSCs-Exos regulate the function
of radiation-exposed skin fibroblasts, which is essential for enhancing the repair
of RISI and supporting the clinical use of BMSCs-Exos.

While angiogenesis plays a crucial role in enhancing nutrient delivery to
support tissue repair, the regulation of the inflammatory microenvironment is
equally vital. As documented in the literature, the delayed healing of RISI is
strongly associated with sustained activation of a pathological inflammatory
microenvironment [22, 32]. Macrophages play a key role in inflammation and
tissue repair [33, 34]. M1 macrophages secrete pro-inflammatory cytokines,
including TNF-a and IL-1B, which perpetuate the inflammatory response, whereas
M2 macrophages produce anti-inflammatory cytokines like IL-10, promoting tissue
regeneration and repair [5, 35]. MSCs-Exos possess significant promise in
modulating the inflammatory microenvironment [36-38]. Our study suggests that
BMSCs-Exos may influence macrophage polarization and help mitigate radiation-
induced inflammation. These results are consistent with previous studies,
reinforcing the notion that BMSCs-Exos alleviate inflammation by regulating
macrophage polarization [39]. The shift toward the M2 phenotype may help
mitigate excessive inflammation and establish a microenvironment conducive to
tissue repair. BMSCs-Exos carrying miR-125a have been shown to promote M2
polarization by downregulating IRF5 [40], while exosomal miR-124-3p enhances



M2 polarization through targeting Ernl [41]. Radiation-induced damage affects
cellular function through complex biological mechanisms, where exosomes, as
carriers of bioactive molecules, may regulate intracellular signaling pathways in
macrophages by transferring miRNAs, proteins, lipids, and other molecules. In the
complex biological context of radiation induced damage by radiation therapy,
Prospective research would further explore the key miRNAs within BMSCs-Exos
that regulate radiation damage repair, validate their role in radiation-damaged
cells, and investigate their potential repair mechanisms, aiming to provide new
targeted strategies for the treatment of radiation-induced damage.

Apart from modulating inflammation, reducing cell apoptosis represents
another critical mechanism for mitigating radiation-induced skin damage [42]. Our
findings demonstrated that treatment with BMSCs-Exos significantly inhibited
radiation-induced apoptosis in skin cells, accompanied by reduced Bax expression
and increased Bcl-2 expression. Furthermore, we observed an increase in the p-
Akt/Akt ratio, suggesting that Akt signaling pathway activation may play a role in
reducing apoptosis. This activation enhances cell survival and promotes tissue
repair. The Akt pathway, an important regulatory axis in cell survival and anti-
apoptosis, phosphorylates downstream effectors such as Bad, GSK-3B, and
Caspase-9, thereby blocking mitochondrial pathway-mediated apoptosis and
enhancing cell resistance to radiation-induced stress [43]. Notably, exosomes are
enriched with miRNAs, which could potentially activate the PI3K/Akt pathway,
either directly or indirectly, thus exerting strong anti-apoptotic and tissue
regenerative effects [44]. Based on these cbservations, we hypothesize that the
interaction between exosomes, miRNAs, and the Akt pathway may contribute to
the efficacy of BMSCs-Exos in radiation damage repair. However, further studies
are needed to directly profile the exosomal cargo and functionally test this
hypothesis.

Although the resuilts of this study support the potential of BMSCs-Exos in the
treatment of RISI, certain limitations still exist. First, this study used a single high
radiation dose to induce RISI. While this ensures consistency in the injury model,
the radiation doses received by different patients during clinical radiotherapy vary,
leading to differences in the severity of radiation-induced skin toxicity. The choice
of a single high dose may limit the broader applicability of the findings. Future
studies could consider validating the results using a range of radiation doses to
enhance the clinical relevance of the findings. Second, although this study
provides preliminary evidence for the efficacy of BMSCs-Exos, the specific
bioactive molecules within the exosomes have not been thoroughly analyzed, and
the direct interactions between exosomes and target cells remain to be further
explored. Future research could incorporate in vitro cell models as well as in vivo
tracking experiments of exosomes, utilizing techniques such as mass spectrometry
and miRNA profiling for a more detailed analysis of the bioactive molecules within
exosomes. Additionally, using Akt inhibitors or miRNA knockdown experiments to



validate the specific signaling pathways of exosomes will further elucidate their
mechanisms in the repair process.

Materials and Methods

Experimental Animals

In this study, a total of 34 Sprague-Dawley (SD) rats were utilized, comprising 30
healthy adults (10 weeks, 300-350 g), along with 4 juveniles aged 4 weeks and
weighing 70-80 g. Animals were sourced from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (SYXK [Beijing] 2022-0052). Experimental animals
were housed with precisely regulated conditions in a consistently maintained
temperature (22 = 2 °C), relative humidity (50% to 60%), and a 12-hour light/dark
cycle. After a 7-day acclimation period, during which animals had unrestricted
access to food and water, experimental procedures were initiated. This study was
approved by the Animal Ethics Committee of Qigqihar Medical University (QMU-
AECC-2024-7). All procedures were performed in strict accordance with the
ARRIVE guidelines, and all methods were carried out in accordance with relevant
guidelines and regulations.

Isolation, Cultivation, and Characterization of BMSCs

We isolated BMSCs from 4-week-old Sprague-Dawley (SD) rats via whole bone
marrow adherence. Cells were incubated in Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12) complete medium supplemented
with 10% fetal bovine serum (FES) and 1% penicillin-streptomycin at 37 °C in a
humidified incubator containing 5% CO,. Cells were passaged sequentially until
the third passage (P3). To evaluate their multipotent differentiation capacity, the
cells were induced to undergo adipogenic and osteogenic differentiation using
standard protocols [45]. Flow cytometry was employed to precisely determine the
cell surface marker profile. Briefly, the cell suspension was incubated with
fluorochrome-conjugated antibodies against CD34, CD45, CD90, and CDA44.
Expression intensities of these markers were precisely determined by employing
a flow cytometer (Luminex, Austin, Texas, USA).

Characterization of BMSCs-Exos

To isolate BMSC-Exos, the supernatant from BMSCs was collected and centrifuged
at 10,000 g for 30 minutes to remove debris. The clarified supernatant was then
transferred to a new centrifuge tube and concentrated using a 100 kDa
ultrafiltration membrane by centrifugation at 3,500 g for 15 minutes, followed by
filtration through a 0.22 pm membrane. The filtrate was transferred to an
ultracentrifuge tube and centrifuged at 120,000 g for 90 minutes at 4 °C (Beckman
Coulter, Optima XE-100). The supernatant was discarded, and the exosomes were
resuspended in PBS. The protein concentration of the exosomes was determined
using a bicinchoninic acid (BCA) protein assay kit (Beyotime, Shanghai, China),



and the exosomes were stored at —80 °C for future experiments. The morphology
of the isolated exosomes was characterized by transmission electron microscopy
(TEM; Hitachi High-Tech Corporation, Tokyo, Japan), and nanoparticle tracking
analysis (NTA; Particle Metrix GmbH, Meerbusch, Germany) was used to
determine the size distribution and concentration of the exosomes. Western blot
analysis was conducted to determine expression of exosomal markers CD9, CD63,
and TSG101, while Calnexin, an endoplasmic reticulum protein, served as a
negative control to exclude cellular contamination.

Internalization of BMSCs-Exos by HDFs

To investigate exosomal uptake and internalization, BMSC-Exos were labeled with
the fluorescent dye PKH26. Human dermal fibroblasts (HDFs) were acquired from
Procell (Wuhan, China) and were cultured in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin. HDFs were seeded in 24 well plates and co-
cultured with the labeled exosomes for 12 hours at 37 °C. After incubation, the
cells were washed with PBS to remove any uninternalized exosomes, fixed in 4%
paraformaldehyde, and counterstained with DAPI to visualize cell nuclei. The
internalization of labeled exosomes was visualized employing a fluorescence
microscope.

HDFs Scratch Assay

The HDFs were seeded in 6-well plates and when they reached a confluence of
80%, scratch wounds were made usiiig a 200 pL. micropipette tip. After washing
each well twice with PBS, basal DMEM containing BMSCs-Exos at a final
concentration 100 pg/mL was added to each well. Wound closure progression was
observed and photographed at 0 h, 12 h, and 24 h using an inverted microscope
at predefined positions.

Establishment ¢f RISI Model

Following weighing, the rats underwent anesthesia induction through
intraperitoneal administration of 1% pentobarbital sodium (30 mg/kg) and were
randomly assigned to three groups (n = 10 per group): the Control group (CON),
Irradiation group (IR), and BMSCs-Exos treatment group (EXO). Prior to the
irradiation, the right thigh of each rat was shaved using an electric hair clipper
and treated with a depilatory agent to ensure uniform exposure. The rats were
then positioned prone and secured on a custom-built radiation platform. For the
IR and EXO groups, a one-time exposure of 60 Gy of radiation was administered to
the skin of the right thigh using a linear accelerator under the following
parameters: a radiation field size of 3.5 cm X 3.5 cm, source-to-skin distance (SSD)
of 100 cm, and dose rate of 999 cGy/min. To ensure dose uniformity, the irradiated
area was covered with a 1 cm-thick tissue-equivalent compensating membrane,
while adjacent non-irradiated areas were shielded with lead blocks. The CON
group underwent identical anesthesia and positioning procedures but received no



radiation exposure. At the end of the experiment, SD rats were euthanized by
intraperitoneal injection of 1% pentobarbital sodium at a dose of 200 mg/kg.

Treatment Protocol and Skin Injury Evaluation

After radiation exposure, all rats were subjected to continuous monitoring. The
onset of pronounced erythema at the irradiated site was designated as Day 0 (DO)
of treatment, marking the initiation of therapeutic interventions. Rats in the EXO
group received a subcutaneous injection of 200 pL. BMSCs-Exos (100 pg/mL)
directly at the radiation-exposed area. The IR group was administered an equal
volume of saline through subcutaneous injection, while the CON group remained
untreated. The regimen involved 3 injections, each spaced 7 days apart. Wound
progression was documented photographically on DO, D7, D14, and D21, with
wound areas measured using Image] software. RISI was evaluated using the
scoring system developed by Douglas and Fowler [46]. The percent of wound area
was calculated by employing the given formula:
Wound area

Percent of Wound Area = - x 100%
Irradiated area

Histopathological Evaluation

Wound tissue samples were harvested from each wound, fixed in 4%
paraformaldehyde, and embedded in paraffin wax foliowing standard histological
protocols. H&E staining and Masson’s trichrome staining were performed to
evaluate histopathological alterations. Tissue sections were subjected to light-
microscopic observation. Collagen deposition was assessed by calculating the
collagen volume fraction (CVF), defined as the ratio of collagen-stained area to
total tissue area, with data expressed as percentage values. This systematic
quantitative analysis enabled objective comparison of tissue repair dynamics
across experimental groups.

Immunohistochemistry

Immunohistochemical staining was conducted to evaluate the expression of CD31,
«-SMA, TNF-q, IL-1B, and IL-10, thereby assessing the effects of BMSCs-Exos on
angiogenesis and inflammation in RISI. Formalin-fixed, paraffin-embedded skin
sections were deparaffinized, rehydrated through a graded ethanol series, and
subjected to antigen retrieval in 10 mM sodium citrate buffer (pH = 6.0) at 95 °C
for 20 min. Subsequently, skin tissue slides were placed in antibody solution
(primary antibodies, 4 °C, 16 h) for immunohistochemical staining: CD31 (1:4000,
Proteintech, 28083-1-AP, Wuhan, China), a=SMA (1:3000, Proteintech, 14395-1-AP,
Wuhan, China), TNF-a (1:400, Proteintech, 60291-1-1g, Wuhan, China), IL-10
(1:200, Proteintech, 60269-1-1g, Wuhan, China), IL-1p (1:300, bioss, bs-0812R,
Beijing, China), following PBS washes, sections were incubated with an
horseradish peroxidase (HRP)-conjugated secondary antibody. Visualization was
achieved using 3,3-diaminobenzidine (DAB) substrate, and nuclei were



counterstained with hematoxylin. Stained tissue sections were subjected to
microscopic examination utilizing a light microscope, with representative images
captured at 200x magnification.

Immunofluorescence

Paraffin-embedded skin sections for immunofluorescence staining were subjected
to antigen retrieval using EDTA buffer (pH = 9.0) at 95 °C for 20 min to expose
antigenic sites. Following retrieval, sections underwent fluorescence quenching
with 0.1% sodium borohydride and membrane permeabilization with 0.3% Triton
X-100 in PBS for 15 minutes each, with thorough washing between steps. To
reduce background staining, tissue sections were incubated in 5% BSA/PBS for 1
hour at room temperature, followed by overnight primary antibody incubation at
4 ° C: CD86 (1:200, Bioss, bs-1035R, Beijing, China) as a marker for pro-
inflammatory M1 macrophages, and CD206 (1:800, CST, 24595, USA) as a marker
for anti-inflammatory M2 macrophages. Subsequent to a series of washes with
PBS, sections were treated with an HRP-conjugated secondary antibody. Nuclear
staining was achieved with DAPI for 10 min, after which samples were mounted in
ProLong Gold antifade and imaged using a fluorescence microscope with suitable
filter sets.

TUNEL Staining

Tissue samples were immersed in 4% paraformaldehyde (PFA) at 4 °C for 24 h to
preserve cellular structures, followed by paraffin embedding and sectioning into
5-pm-thick slices. Deparaffinization with xylene and rehydration through graded
ethanol was followed by thorough PBS washing. To block endogenous peroxidase
activity, tissue sections were incubated in 3% hydrogen peroxide (H,O,) for 10
min at room temperature (RT), followed by three 5-min PBS washes to remove
residual H,0,. Tissues were then treated with 100 pL of proteinase K working
solution (20 pg/mL in 10 mM Tris-HCl, pH = 7.4) for 20 minutes at 37 °C to
permeabilize cell membranes and expose DNA fragments. After additional PBS
washing, sections were equilibrated with 100 pL. TdT equilibrium buffer for 20
minutes at 37 °C. Following the removal of the equilibrium buffer, sections were
incubated with 50 pL of TUNEL labeling solution at 37 °C for 60 min in the dark
within a humidified chamber. After PBS rinsing, nuclear counterstaining was
performed with DAPI for 5 min at room temperature, and slides were mounted for
fluorescence microscopy.

Western Blotting

Skin tissue samples (100 mg) were homogenized in 1 mL RIPA lysis buffer to
extract total protein. The protein concentration was determined using the BCA
method, and 10% SDS-PAGE was performed to separate proteins, which were then
transferred to a PVDF membrane. The membrane was blocked with 5% skim milk
for 1 hour, followed by overnight incubation at 4 °C with the following primary



antibodies: S-actin (1:6000, Bioss, bs-0061R, Beijing, China), Arg-1 (1:1000,
Wanlei, WL02825, Shenyang, China), iNOS (1:1000, Wanlei, WL0992a, Shenyang,
China), Bax (1:2000, Proteintech, 50599-2-Ig, Wuhan, China), Bcl-2 (1:2000,
Proteintech, 26593-1-AP, Wuhan, China), p-Akt (1:2000, Proteintech, 28731-1-AP,
Wuhan, China), Akt (1:2000, Proteintech, 10176-2-AP, Wuhan, China). Following
PBS washes, membranes were incubated with HRP-conjugated secondary
antibodies at room temperature for 1 h. Signals visualized through a reaction with
an optimized enhanced chemiluminescence (ECL) substrate, captured using a gel
imaging system, and quantified with Image] software.

Statistical Analysis

Statistical analyses were performed using SPSS software (version 23.0) and
GraphPad Prism (version 10.0). Quantitative data are presented as mean =*
standard deviation (x * s) unless otherwise specified. One-way ANOVA was
employed to assess whether there were significant differences among the means
of multiple groups, followed by an LSD-t post hoc test for pairwise comparisons.
For non-parametric data, the Kruskal-Wallis H test was employed for overall
comparisons, followed by the Mann-Whitney U test for pairwise analyses.
Statistical significance was set at 2 < 0.05.

Conclusions

In summary, this study demonstrates the therapeutic potential of BMSCs-Exos in
treating radiation-induced skin injury (RISI}. BMSCs-Exos effectively reduced the
injury area and severity, while promoting tissue repair and accelerating wound
healing. The therapeutic effects of BMSCs-Exos are primarily mediated through
the modulation of inflammation and the inhibition of apoptosis in irradiated tissues.
These findings suggest that BMSCs-Exos could be a promising novel approach for
RISI treatment.
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