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Abstract

Background: Radiation ulcers are a common and severe injury after uncontrolled exposure to

ionizing radiation. The most important feature of radiation ulcers is progressive ulceration, which

results in the expansion of radiation injury to the nonirradiated area and refractory wounds. Current

theories cannot explain the progression of radiation ulcers. Cellular senescence refers to as irre-

versible growth arrest that occurs after exposure to stress, which contributes to tissue dysfunction

by inducing paracrine senescence, stem cell dysfunction and chronic inflammation. However, it

is not yet clear how cellular senescence facilitates the continuous progression of radiation ulcers.

Here, we aim to investigate the role of cellular senescence in promoting progressive radiation ulcers

and indicate a potential therapeutic strategy for radiation ulcers.

Methods: Radiation ulcer animal models were established by local exposure to 40 Gy X-ray

radiation and continuously evaluated for >260 days. The roles of cellular senescence in the

progression of radiation ulcers were assessed using pathological analysis, molecular detection

and RNA sequencing. Then, the therapeutic effects of conditioned medium from human umbilical

cord mesenchymal stem cells (uMSC-CM) were investigated in radiation ulcer models.

Results: Radiation ulcer animal models with features of clinical patients were established to

investigate the primary mechanisms responsible for the progression of radiation ulcers. We have

characterized cellular senescence as being closely associated with the progression of radiation

ulcers and found that exogenous transplantation of senescent cells significantly aggravated

them. Mechanistic studies and RNA sequencing suggested that radiation-induced senescent cell

secretions were responsible for facilitating paracrine senescence and promoting the progression

of radiation ulcers. Finally, we found that uMSC-CM was effective in mitigating the progression of

radiation ulcers by inhibiting cellular senescence.

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/burnst/tkad001
https://orcid.org/0000-0002-8264-738X


2 Burns & Trauma, 2023, Vol. 11, tkad001

Conclusions: Our findings not only characterize the roles of cellular senescence in the progression

of radiation ulcers but also indicate the therapeutic potential of senescent cells in their treatment.
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Highlights

• Radiation ulcer animal models with features of clinical patients were established to investigate the mechanism of progressive
radiation ulcers.

• Cellular senescence is characterized by the continuous progression of radiation ulcers.
• Senescent cell secretions facilitate paracrine senescence and promote the progression of radiation ulcers.
• uMSC-CM is effective in mitigating the progression of radiation ulcers by inhibiting cellular senescence.

Background

Radiation-induced skin injury caused by uncontrolled
exposure to ionizing radiation has recently become common
because of the rapid increase in the use of radiation tech-
nology in different fields of industry and medicine. Approxi-
mately 95% of cancer patients who receive radiotherapy will
develop radiation-induced dermatitis of varying severity [1]
and fluoroscopy-guided interventional procedures have also
been recognized as an important risk for radiation-induced
skin injury [2]. Radiation-induced skin injury is typically
characterized by erythema, hyperpigmentation, edema and
dry or moist desquamation. More importantly, high-dose or
multiple irradiations can induce more severe radiation ulcers,
which are the most distressed skin injuries and seriously
impact quality of life [3]. Radiation ulcers often last for
several months to years and are accompanied by prolonged
inflammation, delayed wound healing and progressive
ulceration. Among them, the continuous progression of
ulceration can induce radiation ulcers to expand from the
irradiated skin to the nonirradiated area and even erode
vital organs or cause fatal reactions, which is considered
a critical difficulty in the treatment of radiation ulcers [4].
Although necrosis and chronic inflammation were found
to be important mechanisms involved in radiation ulcers
in previous studies, the primary pathological mechanism
responsible for the continuous progression of radiation ulcers
remains unclear. Meanwhile, current interventions, such
as corticosteroids, growth factors and engineered wound
dressing, cannot effectively mitigate the progression of
radiation ulcers [5]. Thus, further research efforts are urgently
needed to uncover the primary mechanisms responsible for
the progression of radiation ulcers and novel therapeutic
strategies are required to manage and prevent the risk of
continuous progression in radiation ulcers.

Ionizing radiation directly induces DNA damage and reac-
tive oxygen species (ROS) production has long been believed
to be the main cause of radiation-induced injury [6,7]. How-
ever, radiation-induced cell death and oxidative stress injury
cannot fully explain the pathological characteristics of radi-
ation ulcers with persistent tissue damage and continuous

progression of ulceration. In addition, it is well known that
ionizing irradiation is also an important cause of cellular
senescence [8,9]. Radiation contributes to increased ROS
production and persistent DNA damage, which activates
the p53/p21CIP1 and p16INK4a/Rb regulatory pathways and
results in cell cycle arrest inducing cellular senescence [10,11].
Many studies have indicated that senescent cells exist exten-
sively in different types of chronic wounds, which directly
or indirectly affect various processes of wound healing and
tissue regeneration through a variety of mechanisms [12].
Previous studies have reported that pharmaceutical inhibition
of cellular senescence via NRF2 and AMPK could prevent
radiation ulcers [13]. However, the characteristics of cellular
senescence in the progression of radiation ulcers and the
underlying roles of senescent cells in promoting radiation
ulcer progression remain to be further clarified. At the same
time, more convincing evidence that senescent cells can serve
as practical therapeutic targets for radiation ulcer treatment
is also needed.

In this study, radiation ulcer animal models were estab-
lished by exposing the local skin of rats to X-ray irradia-
tion, and the characteristics of cellular senescence and the
functions of senescent cells in the continuous progression
of radiation ulcers were studied. Our results indicated that
senescent cells increased as radiation ulcers progressed, and
different senescent cell types appeared in different propor-
tions during the continuous progression of radiation ulcers. In
particular, exogenous injection of senescent cells was proven
to significantly promote radiation ulcer progression in rat
models, indicating the pivotal role of senescent cells in the
progression of radiation ulcers. A mechanistic study indicated
that specific senescent cell secretions might play important
roles in contributing to cellular senescence in radiation ulcers
and promoting chronic radiation ulcer progression. More-
over, conditioned medium from human umbilical cord mes-
enchymal stem cells (uMSC-CM) was used to treat radia-
tion ulcers in animal models, and our results indicated that
uMSC-CM significantly mitigated the progression of radia-
tion ulcers by inhibiting cellular senescence. The results have
further demonstrated the critical roles of senescent cells in the
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progression of radiation ulcers and suggest that senescent
cells could serve as a practically effective target for radiation
ulcer therapy. Thus, our studies have provided new insights
into the pivotal roles of cellular senescence in the patho-
logical mechanisms and progression of radiation ulcers and
suggested a potential strategy for the treatment of radiation
ulcers targeting cellular senescence.

Methods

Establishment of radiation ulcer animal models

The animal studies were in accordance with the Animal Care
and Use Committee of the Army Medical University. Male
Sprague–Dawley (SD) rats (6–8 weeks) purchased from the
Laboratory Animal Center of the Army Medical Univer-
sity were used to establish radiation ulcer models. Rat limb
skin radiation ulcer models were established as previously
described [14]. In brief, 10% chloral hydrate sodium was used
for rat anesthesia, and rats’ left posterior limbs were exposed
to radiation for 45 min with a total dose of 40 Gy (Precision
X-ray; filter: 2 mm AI; 0.9 Gy/min) and other body parts
were shielded with lead plates. Then, irradiated rats were
randomly divided into eight groups (n = 5) and examined at
different times (0, 8, 16, 20, 30, 60, 120 and 260 days) after
irradiation.

For the radiation ulcer models of back skin, rats were
anesthetized and a 2.2×1.8 cm full-thickness skin U-shaped
incision was made in the middle of the rat back. Then, the skin
was turned up and attached to the lead plate, other parts of
the rat body were blocked with a lead plate and the U-shaped
skin was given a single dose of 40 Gy irradiation as previously
described. The skin was then sutured back to its original site
after irradiation.

Score evaluation

Radiation-induced skin injury was examined by two blinded
observers after irradiation of the local skin of rats. The degree
of skin damage was scored as shown in Table S1 (see online
supplementary material) according to previous skin score
criteria for an animal model [15]. Skin damage was measured
every 2 days, once a week after 60 days, and continuously for
38 weeks.

Tissue staining and pathological examination

Rat skins were taken at each time point and fixed in 4%
paraformaldehyde for >24 h, paraffin-embedded and sliced
into sections of 3 μm, and the sections were stained with
hematoxylin and eosin (H&E) to examine histopathologi-
cal changes. Masson trichrome staining (Nanjing Jiancheng,
D026–1-2) was used to detect skin fibrosis according to
the manufacturer’s protocols. An In Situ Cell Death Detec-
tion Kit (Roche, 11 684 817 910) was used for the termi-
nal deoxynucleotidyl transferase-mediated fluorescein-dUTP
nick-end labeling

(TUNEL) staining assay to analyze cell apoptosis after
irradiation. The experiment was repeated on three different
specimens for each group.

Immunofluorescence

The paraffin-embedded skin sections were deparaffinized
and rehydrated. After antigen retrieval with citrate buffer
the slides were incubated with goat serum blocking solution
for 40 min at room temperature and then with primary
antibodies against p16 (Abcam, ab54210), p21 (Santa Cruz,
sc817), Ki67 (Abcam, ab15580), phosphorylated histone
H2AX (γ -H2AX; Abcam, ab81299), platelet endothelial cell
adhesion molecule-1 (CD31; Abcam, ab182981), α-smooth
muscle actin (α-SMA; Abcam, ab32575) and mouse EGF-
like module-containing mucin-like hormone receptor-like 1
(F4/80; Proteintech, 28 463–1-AP). For cultured cell staining,
cells were fixed in 4% paraformaldehyde and blocked with
goat serum for 1 h. Then, the cells were permeabilized with
0.25% Triton X-100 for 10 min and incubated with the
primary antibody at 4◦C overnight, nuclei were stained with
4′,6-diamidino-2-phenylindole and cells were observed using
a fluorescence microscope (Thermo, ES500).

Senescence-associated β-galactosidase staining

For cell staining, the cultured cells were seeded into 6-well
plates and fixed in 2 ml of 4% paraformaldehyde. Then,
the cells were stained with the staining solution (Beyotime,
C0602, pH = 6.0, China) at 37◦C for 24 h. For skin tissue
staining, 6 μm frozen sections of tissues were fixed with
4% paraformaldehyde and washed with PBS, then incubated
in senescence-associated β-galactosidase (SA-β-Gal) staining
solution as described above. The senescent cells were identi-
fied as blue-stained cells under light microscopy.

Primary cell isolation and senescent fibroblast

establishment

Primary dermal fibroblasts were isolated from dermal tissues
in neonatal SD rats as previously reported [13]. In brief, skin
tissues were cut into 1–2 mm pieces and digested for 1 h at
37◦C in digestion medium containing 8 mg/ml collagenase III
(Diamond, A004180–0100) and then digested with trypsin
at 37◦C for 30 min. Then, the cells were filtered through
a 75 μm cell strainer and cultured in DMEM medium sup-
plemented with 10% fetal bovine serum and 1% strepto-
mycin/penicillin.

To induce senescent fibroblasts, primary dermal fibrob-
lasts were isolated from dermal tissues in neonatal SD rats
as previously described. After fibroblasts were isolated and
attached to the wall, the cells were exposed to radiation for
9 min with a total dose of 8 Gy (Precision X-ray; filter:
2 mm AI; 0.9 Gy/min). Then, the irradiated fibroblasts were
cultured normally for 7 days and the senescent phenotypes
of the fibroblasts were identified by SA-β-gal staining and
immunofluorescence staining.

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad001#supplementary-data
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Conditioned medium

The conditioned medium (CM) from senescent cells was
collected from radiation-induced senescent cells after culture
in fresh medium for 24 h. uMSC-CM was prepared as previ-
ously reported [16]. Fourth passage uMSCs were incubated
in serum-free α-MEM culture medium for 12 h and the
conditioned medium was collected and concentrated in the
chromatography cabinet using an ultrafiltration membrane
with a molecular weight of 5000 daltons at 4◦C and then
filtered with a 0.22 μm membrane to remove bacteria. Then,
uMSC-CM lyophilized powder was obtained by freezing at
−90◦C for 4 h.

RNA-sequencing analysis

The irradiation-induced primary senescent cells and the CM-
induced secondary senescent cells were identified by SA- β-
gal staining and immunofluorescence staining, and then cells
were collected for RNA sequencing. Total RNA from each
sample was extracted by TRIzol (Invitrogen, Carlsbad, CA,
USA) reagent. Then, the RNA was qualified and quantified
using a NanoDrop and Agilent 2100 bioanalyzer, respec-
tively (Thermo Fisher Scientific, MA, USA). RNA libraries
were created using the NEBNext® Ultra™ Directional RNA
Library Preparation Kit from Illumina® (Illumina, San Diego,
CA). The libraries were then sequenced by a commercial
sequencing company using the Illumina NovaSeq™ 6000
platform.

The sequencing data ware filtered using SOAPnuke
(v1.5.2). The clean reads were mapped to the reference
genome using HISAT2 (v2.0.4). Bowtie2 (v2.2.5) was applied
to align the clean reads to the reference coding gene set
and then the expression level of the gene was calculated by
StringTie (v2.1.2) [17]. The heatmap was drawn by pheatmap
(v1.0.8). In addition, differential expression analysis was
performed using DESeq2 (v1.4.5) with a Q value ≤0.05. The
GO (http://www.geneontology.org/) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) (https://www.kegg.jp/)
enrichment analyses of annotated differentially expressed
genes (DEGs) were performed by Phyper (https://en.wi
kipedia.org/wiki/) hypergeometric distribution using the
hypergeometric test. The significance levels of terms and
pathways were corrected by the Q value with a rigorous
threshold (Q value ≤0.05) by the Bonferroni correction
method.

Western blotting

Total proteins from samples were extracted using RIPA
buffer containing a protease inhibitor cocktail (Roche,
5 892 791 001). The protein concentrations were determined
using a BCA kit (Beyotime, P0010s). After electrophoresis,
proteins were transferred to PVDF membranes (Millipore,
E1078). PVDF membranes were blocked and incubated
with corresponding primary antibodies, including p16 (Santa
Cruz, sc1161), p21 (Santa Cruz, sc817), p53 (Santa Cruz,
sc126), nuclear lamina protein LMNB1 (lamin B1; Beyotime,

AF-1408) and β-actin (Zen Bio, 700 068), at 4◦C overnight,
followed by incubation with secondary antibodies for 1 h at
room temperature. Enhanced chemiluminescence detection
was performed after the membrane was washed.

Enzyme-linked immunosorbent assay

According to the manufacturer’s protocol, the concentrations
of the rat inflammatory cytokines interleukin-1α (IL-1α) and
angiopoietin-1 (ANG-1) in plasma samples were measured
with IL-1α (CUSABIO, CSB-E04622r) and ANG-1 (CUS-
ABIO, CSB-E07303r) enzyme-linked immunosorbent assay
(ELISA) kits, respectively.

Statistical analysis

All data in the study are presented as the means ± standard
deviations. Statistical analyses were applied using one-
way and two-way analyses of variance (ANOVA) with
Bonferroni’s post hoc comparison. Statistical significance
is denoted by an asterisk (∗p < 0.05; ∗∗p < 0.01). Statistical
analyses were carried out using GraphPad Prism 9.0
(GraphPad Software Inc., San Diego, CA, USA).

Results

Establishment and characterization of radiation ulcers

in rat models

To further characterize the pathologic mechanism and pro-
gression of radiation ulcers, radiation ulcer animal models
were established by exposure of rat posterior limbs to X-
ray radiation at a single dose of 40 Gy (Precision X-ray;
filter: 2 mm AI; 0.9 Gy/min) and skin injury was evalu-
ated continuously for >260 days. As shown in Figure 1a,
visible skin damage was detected at 8 days after irradiation
with superficial skin tissue edema. At day 16, the skins
of irradiated rats showed a typical ulcer phenotype with
erythema, large areas of hair loss and the adhesion of toes.
However, the erythema of the injured skin was decreased
with relief of ulceration phenotypes at day 20. At day 30,
all of the radiation-induced injured skin was replaced by
scar tissue, showing signs of remission with a dry and clean
appearance in the irradiated limbs. However, we found that
the irradiated skins again showed an aggravated phenotype
with repeated ulceration and scabbing beginning on day 45.
Then, the skin ulcers continued to progress, and the irradiated
limbs showed hardening, desquamation and contracture to
the proximal end. In the late stage of radiation injury (120–
260 days), the skin ulcers were enlarged from the irradi-
ated area to the nonirradiated area. Skin injury was scored
according to the previous skin damage scoring standard [15]
(Table S1) to further analyze the progressive characteristics
of ulcer radiation. We found that the skin damage score
gradually increased with the progression of radiation ulcers
but was accompanied by a slight decrease 20–30 days after
irradiation (Figure 1b). This result was consistent with the
gross observation of radiation ulcer models and suggested

http://www.geneontology.org/
https://www.kegg.jp/
https://en.wikipedia.org/wiki/
https://en.wikipedia.org/wiki/
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad001#supplementary-data


Burns & Trauma, 2023, Vol. 11, tkad001 5

Figure 1. Characterization and histopathological analysis of radiation ulcer models. (a) Representative images of limbs from irradiated rats at different times

(40 Gy of irradiation). (b) Skin injury was scored according to skin damage scoring standards. (c) Histological analysis of rat skin tissues in radiation ulcer

models. (d) Masson staining analysis of rat skin tissues in radiation ulcer models. Data are presented as mean ± standard deviation, n = 3, one-way analysis of

variance with Bonferroni’s post hoc comparison, compared with day 0; ∗∗p < 0.01. H&E hematoxylin and eosin staining

transient symptomatic relief during the progression of radi-
ation ulcers. Furthermore, H&E staining of skin tissue was
performed to detect histopathological changes in irradiated
skin and showed that the thickness of the epidermis was
increased after radiation, infilling with a large number of
inflammatory cells in the epidermis and dermis. Similarly,
epidermal thickening and inflammatory cell infiltration were
decreased at day 30 after irradiation, indicating symptomatic
alleviation. Then, the radiation ulcer continued to progress,
and the thickness of the epidermis increased again with a
significant decrease in skin appendages, such as hair follicles,
on day 60. On the 120th day, the necrosis and contraction
of irradiated skin was obvious, resulting in a thin skin layer
(Figure 1c). Masson’s trichrome staining showed that the

degree of skin fibrosis gradually increased after irradiation
(Figure 1d). Thus, these results indicated that the established
radiation ulcer animal models mimicked the progression of
radiation ulcers in patients and could be extrapolated to
investigate the pathological mechanisms of radiation ulcers.
Radiation-induced DNA damage and oxidative stress are
the main causes of radiation injury. Immunofluorescence
detection of γ -H2AX, a marker of the DNA damage response,
indicated the persistence of DNA damage in skin after irradi-
ation (Figure 2a, b). The TUNEL assay showed an increased
number of apoptotic cells in irradiated skin tissues (Figure 2c,
d). Immunofluorescence showed a significant decrease in
cell proliferation in irradiated skin tissues with a reduction
in Ki67 cells (Figure 2e, f). In conclusion, all these results
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Figure 2. Continuous analysis of DNA damage and cell functional changes in radiation ulcer models. (a, b) Representative immunofluorescence pictures of γ -H2AX

in rat skin sections post radiation and quantitative analysis of γ -H2AX-positive cells at different time points. (c, d) Representative immunofluorescence staining

of TUNEL in rat skin sections post radiation and quantitative analysis of TUNEL-positive cells at different time points. (e, f) Representative immunofluorescence

pictures of Ki67 in rat skin sections post radiation and quantitative analysis of Ki67-positive cells at different time points. The immunofluorescence staining

positive cells were calculated using Image J software. Data are presented as mean ± standard deviation, n = 3, one-way analysis of variance with Bonferroni’s

post hoc comparison, compared with day 0; ∗p < 0.05, ∗∗p < 0.01. γ -H2AX Phosphorylated histone H2AX, DAPI 4′,6-diamidino-2-phenylindole, TUNEL terminal

deoxynucleotidyl transferase-mediated fluorescein-dUTP nick-end labeling

have characterized the pathological course and progression of
radiation ulcers and indicated that the established radiation
ulcer animal models can mimic the progression of radiation
ulcers in patients, which will help with further investigation
of the pathological mechanisms and therapeutic strategies for
radiation ulcers.

Association of cellular senescence with the

progression of radiation ulcers

To further explore the mechanism of radiation ulcer progres-
sion and the irreversible injury of skin from irradiated skin to

normal tissue, cellular senescence in irradiated skin samples
was evaluated at different time points. We found an increase
in SA-β-gal activity in skin samples after irradiation, which is
an accepted biomarker of cellular senescence. The number of
senescent cells continuously increased as the radiation ulcer
progressed and was maintained at a high level of senescence
in the later stage of the radiation ulcer at day 60 (Figure 3a).
We also detected cellular senescence in irradiated skin tissue
by immunofluorescence staining of p16 and p21. The results
showed accumulation of senescent cells in the irradiated
tissue as the ulcer progressed, mainly distributed in the basal
layer of the epidermis and dermis of the skin (Figure 3b, c
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Figure 3. Characterization of cellular senescence in the progression of radiation ulcer rat models. (a) Representative SA-β-gal staining pictures in irradiated rat

skins. (b) Representative immunofluorescence pictures of p16 in skins after radiation. (c) Representative immunofluorescence pictures of p21 in irradiated skins.

(d, e) Western blot analysis and quantification of p16, p21 and p53 in skin tissues after radiation. (f–h) Representative immunofluorescence pictures of p16 in

irradiated skin sections; α-SMA, CD31 and F4/80 were used to label the fibroblasts, endothelial cells and macrophages in skins, respectively. (i) Quantitative

analysis of p16 positive cells in fibroblasts, endothelial cells and macrophages, respectively. (j) Schematic representation of back skin radiation ulcer models.

(k) Representative images of back skins in different group rats. (l) Representative immunofluorescence pictures of p16 in skin sections at 30 or 60 days after

40 Gy radiation. (m) Western blot analysis of the expression levels of p16, p21 and lamin B1 in skin tissues at 30 days after irradiation. Data are presented as

mean ± standard deviation, n = 3, one-way analysis of variance with Bonferroni’s post hoc comparison, compared with day 0; ∗p < 0.05, ∗∗p < 0.01. Ctrl control,

IR ionizing radiation, α-SMA alpha-smooth muscle actin, SCs senescent cells, Lamin B1 nuclear lamina protein lamin B1, DAPI 4′,6-diamidino-2-phenylindole,

F4/80 mouse EGF-like module-containing mucin-like hormone receptor-like 1, α-SMA α-smooth muscle actin, CD31 platelet endothelial cell adhesion molecule-1,

SA-β-gal senescence-associated β-galactosidase, s.c. subcutaneous injection
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and Figure S1, see online supplementary material). Cellular
senescence continued to increase even at 160 days post-
irradiation (Figure S2, see online supplementary material).
Similarly, western blotting detection also indicated increased
expression of the senescence-related proteins p16, p21 and
p53 in skin after irradiation (Figure 3d, e). To further study
the cell type of senescence in radiation ulcers, we tested senes-
cence in different cell types by staining with α-SMA, CD31
and F4/80 to identify fibroblasts, vascular endothelial cells
and macrophages, respectively, which are the most important
cells for tissue repair in skin injury [18]. All of these cell
type makers co-stained with p16, indicating that senescence
occurred in all three cell types after radiation (Figure 3f,
g, h). The co-stained cell statistical analysis indicated that
senescent macrophages mainly appeared in the early stage
of radiation injury, while senescent dermal fibroblasts and
endothelial cells were persistently increased after irradiation
(Figure 3i). Therefore, these results indicated that the accu-
mulation of senescent cells is an important mechanism for
the progression of radiation ulcers. To explore the specific
function of senescent cells in the progression of radiation
ulcers, we established senescent dermal fibroblasts by 8 Gy
irradiation in vitro and then subcutaneously injected them
into the irradiated back skin of rats (Figure 3j). We found
that exogenous transplantation of senescent cells aggravated
radiation ulcer progression and promoted radiation ulcer
severity when compared with radiated ulcer models. Normal
dermal fibroblasts were able to effectively delay the formation
of radiation ulcers (Figure 3k). Immunofluorescence staining
indicated that injection of senescent cells promoted radiation
ulcers, with more p16-positive senescent cell accumulation in
the irradiated skins when compared with irradiation alone
(Figure 3l). Similarly, western blot also showed an increased
level of cellular senescence in skin after the rats were injected
with senescent cells (Figure 3m and Figure S3, see online
supplementary material). Thus, these results indicate that
cellular senescence is closely associated with the progression
of radiation ulcers and that exogenous transplantation of
senescent cells aggravates radiation ulcers.

Investigation of the underlying mechanisms associated

with progression of radiation ulcers

To investigate the underlying mechanisms of senescent cells
in promoting radiation ulcer progression, CM from senescent
cells was collected to examine how senescent cells function in
aggravating the progression of radiation ulcers. In this study,
the CM from radiation-induced senescent cells (primary) was
collected and cultured with normal fibroblasts for 10 days,
and CM from secondary senescent cells was also collected
and cultured with normal fibroblasts (tertiary), then all the
CM-cultured cells phenotypes were detected (Figure 4a). Our
results indicated that CM from primary and secondary cells
could induce normal fibroblast senescence with the expres-
sion of SA-β-gal and p16 (Figure 4b, c). qRT-PCR analysis
showed that CM from primary senescent cells induced higher
levels of senescent genes and the proinflammatory genes

IL-1α, IL-1β, IL-6 and IL-10 than CM from secondary cells
(Figure S4, primers are shown in Table S2, see online supple-
mentary material). Therefore, the accumulation of senescent
cells may induce paracrine senescence though complex secre-
tions in radiation ulcers. To further investigate how senescent
cells promote the progression of radiation ulcers, radiation-
induced senescent cells (primary) and CM-induced senes-
cent cells (secondary) were collected and subjected to RNA
sequencing. We observed that 999 genes had significant differ-
ential expression levels with at least a 2-fold change (p < 0.05)
in primary senescent cells compared to normal cells, with 506
genes being upregulated and 493 genes being downregulated
(Figure 4d, e). KEGG pathway enrichment analysis of the
DEGs in primary senescent cells revealed that the upregulated
genes were mainly enriched in PI3K-Akt signaling, path-
ways in cancer and cytokine–cytokine receptor interactions
(Figure 4f). The main genes involved in the enriched pathways
were Ccnd2, Cdkn1a, Cdkn1b, Cxcl2, Lamb3, Ccl11, Il33,
Il34, Csf2, Csf2rb, Csf3, Cx3cl1, Cxcl13, Cxcl14 and Ano3,
which are all active in senescent cells. For the secondary senes-
cent cells, we observed that 1252 genes had significant differ-
ential expression when compared to normal cells, with 718
genes being upregulated and 534 genes being downregulated
(Figure 4g, h). KEGG pathway enrichment analysis showed
that the DEGs in the secondary senescent cells were enriched
in the cell cycle, cytokine–cytokine receptor interactions and
cellular senescence (Figure 4i). The main genes involved in
the enriched pathways were Ccna2, Ccnb1, Cdk1, Cdkn2c,
Ccl12, Cxcl14, Cxcl2, Gdf15, Il11, Il15, Il1a, Il1b, E2f1,
E2f2 and Foxm1, which are all active in senescent cells and
inflammatory cells. In addition, we performed enrichment
analysis of the filtered upregulated genes between primary
senescent cells and secondary senescent cells and found that
71 DEGs were upregulated in both groups of cells, as shown
in the Venn diagram (Figure 4j). KEGG pathway analysis
showed that these 71 DEGs were significantly enriched in
cellular senescence, pathways in cancer and p53 signaling
(Figure 4k), indicating that both cell lines have a senescent
cell phenotype. Collectively, these findings suggested that CM
from senescent cells could induce cellular senescence, but
the DEGs and pathways associated with senescence were
different from those in primary senescent cells.

uMSC-CM mitigates radiation ulcers by inhibiting

cellular senescence

MSCs and their secretions (CM, extracellular vesicles
and exosomes) have been regarded as promising options
for difficult-to-treat wounds [19,20]. Here, uMSC-CM
was used to determine whether MSC-CM could mitigate
radiation ulcers. After eight intraperitoneal injections of
2 mg/kg uMSC-CM every other day in radiation ulcer rat
models, our results indicated that uMSC-CM significantly
alleviated radiation ulcer progression by reducing the
pathological changes of exudation, crusting and ulceration
after irradiation (Figure 5a). In addition, ELISA detection
showed that the level of IL-1α in the serum of rats treated with

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad001#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad001#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad001#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad001#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad001#supplementary-data
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Figure 4. Analysis of the roles of senescent cells in the progression of radiation ulcers in vitro. (a) Schematic representing the serial transfer of senescence with

CM. (b) SA-β-gal staining of cells cultured with different CM. (c) Representative immunofluorescence images of p16 in cells. (d) Heatmap plot of dysregulated

mRNAs between normal cells and primary senescent cells. (e) Volcano plot of the differentially expressed mRNAs between normal cells and primary senescent

cells. (f) KEGG pathway analysis of upregulated genes between normal cells and primary senescent cells. (g) Heatmap plot of dysregulated mRNAs between

normal cells and secondary senescent cells. (h) Volcano plot of the differentially expressed mRNAs between normal cells and secondary senescent cells. (i)

KEGG pathway analysis of upregulated genes between normal cells and secondary senescent cells. (j) Venn diagram of upregulated genes between primary

senescent cells and secondary senescent cells. (k) KEGG pathway analysis of upregulated genes between primary senescent cells and secondary senescent

cells. Ctrl control, IR ionizing radiation, CM conditioned medium, Pri primary, Sec secondary, KEGG Kyoto Encyclopedia of Genes and Genomes, DAPI 4′,6-

diamidino-2-phenylindole
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Figure 5. uMSC-CM inhibits the progression of radiation ulcer in rat models. (a) Representative images of hind limbs from irradiated rats and uMSC-CM treatment

rats. (b) ELISA analysis the serum level of IL-1α in different group rats. (c) ELISA analysis the serum level of ANG-1 in different group rats. (d) Histological analysis

of skin tissues from irradiated rats and uMSC-CM treatment rats. (e) Representative immunofluorescence pictures of p16 in skin sections from irradiated rats

and uMSC-CM treatment rats. (f) Western blot analysis of p16, p21 and p53 expression in different group rats. Data are presented as mean ± SD, n = 3, two-way

analysis of variance with Bonferroni’s post hoc comparison; ∗p < 0.05, ∗∗p < 0.01. Ctrl control, IR ionizing radiation, ns no significance, uMSC-CM conditioned

medium derived from human umbilical cord mesenchymal stem cells, IL-1α interleukin-1α, ANG-1 angiopoeitin-1

uMSC-CM was significantly decreased compared with that in
the control group (Figure 5b). Additionally, the level of ANG-
1 was rescued by treatment with uMSC-CM (Figure 5c).
Histopathological analysis showed that uMSC-CM treatment
significantly reduced inflammation after irradiation and
protected against radiation-induced hair follicle, gland and
capillary damage in the late stage (Figure 5d). Meanwhile,
immunofluorescence staining and western blotting showed
that uMSC-CM treatment significantly decreased the
expression of the senescence-related genes p16, p21 and
p53 compared with irradiated skins (Figure 5e, f). Thus,
the uMSC-CM obviously mitigated the progression of
radiation ulcers by reducing cellular senescence and senescent

secretions in vivo. For the in vitro assay, 500 ng/ml uMSC-
CM was used and significantly alleviated radiation-induced
DNA damage by reducing γ -H2AX expression in irradiated
dermal fibroblasts (Figure 6a, b). In addition, uMSC-CM
treatment was also shown to inhibit senescence by decreasing
SA-β-gal activity in irradiated dermal fibroblasts (Figure 6c,
d). We found that the expression of senescence genes and
proinflammatory genes was decreased after irradiated dermal
fibroblasts were treated with uMSC-CM in vitro by qRT-PCR
(Figure 6e, f). Western-blot analysis indicated that uMSC-
CM treatment decreased the expression levels of senescence
markers in irradiated dermal fibroblasts (Figure 6g). Taken
together, these results indicated that uMSC-CM effectively
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Figure 6. uMSC-CM treatment decreases radiation-induced cellular senescence in vitro. (a, b) Representative immunofluorescence pictures of γ -H2AX in different

treated fibroblasts and quantitative analysis of γ -H2AX-positive cells. (c, d) Representative images of SA-β-gal staining in different treated fibroblasts and

quantitative analysis of SA-β-gal-positive cells. (e) Real-time qPCR detection of senescence-related genes p16, p21 and p53 expression in normal, irradiated and

uMSC-CM (500 ng/ml)-treated fibroblasts. (f) Real-time qPCR detection of proinflammatory genes IL-1α, IL-1β, IL-6 and TNF-α expression in normal, irradiated

and uMSC-CM treated fibroblasts. (g) Western blot analysis of p16, p21, p53 and lamin B1 expression in normal, irradiated and uMSC-CM-treated fibroblasts.

Data are presented as mean ± SD, n = 3, one-way analysis of variance with Bonferroni’s post hoc comparison; ∗p < 0.05, ∗∗p < 0.01. Ctrl control, IR ionizing

radiation, uMSC-CM conditioned medium derived from human umbilical cord mesenchymal stem cells, IL-1β interleukin-1β, TNF-α tumor necrosis factor α,

γ -H2AX phosphorylated histone H2AX, SAβ-gal senescence-associated β-galactosidase

mitigated the progression of radiation ulcers by inhibiting
cellular senescence, suggesting that the use of uMSC-CM is
a potential effective strategy for the treatment of radiation
ulcers.

Discussion

As radioactive materials and technology have been widely
used in different fields, including industry and medicine, they
have significantly increased the probability of uncontrolled

radiation exposure to human beings [21].
Radiation-induced skin injury is the most common accidental
exposure to radiation since the skin is the largest organ of the
body and is a radiosensitive organ system [22,23]. It has
been reported that >95% of cancer patients who receive
radiotherapy develop some form of radiation dermatitis [24].
Radiation-induced skin injury not only limits radiotherapy in
clinical practice but also severely hampers the quality of life
and survival of patients [25]. Moreover, high-dose or multiple
irradiations can induce radiation ulcers, which are the most
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distressed and difficult-to-heal skin injuries, accompanied
by progressive ulceration, delayed healing and irreversible
functional loss of skin [26]. Previous studies have suggested
that ionizing radiation-induced DNA damage and ROS
production are the main causes of radiation-induced injury
[6,7]. Radiation-induced cell death and oxidative stress injury
do not fully characterize the pathological mechanism and pro-
gression of radiation ulcers. Therefore, more research efforts
are needed to uncover the underlying mechanisms responsible
for the progression of radiation ulcers, and novel therapeutic
strategies are required to manage the risk of radiation
ulcers.

Recently, increasing evidence has indicated that cellular
senescence plays an important role in chronic wounds, includ-
ing radiation ulcers, pressure ulcers and diabetic foot ulcers
[12]. Previous studies have reported that the accumulation of
senescent cells is involved in radiation ulcers, and preventing
cellular senescence or removing senescent cells holds promise
in mitigating radiation ulcers [13]. However, the characteris-
tics of senescence in the progression of radiation ulcers and
the underlying roles of senescent cells in their promotion
remains to be further clarified. In this study, radiation ulcer
rat models were established and skin injury was continuously
evaluated for >260 days. Our results indicated that a single
high dose of irradiation induced sustained progressive ulcers,
but with remission of the ulceration phenotype ∼20–30 days
after radiation (Figure 1). Considering the continuous accu-
mulation of senescent cells in radiated skin tissue (Figure 2),
we believe that senescent cells may play a crucial role in
promoting the secondary progression of radiation ulcers after
temporary relief and may even cause damage to nonirradiated
skin. In addition, we observed that the expression of p16
was stably upregulated over time, but the expression of p21
was only significantly upregulated after 30 days. p16 and
p21 are both considered biomarkers of cellular senescence.
p16 is a negative cell cycle regulator that inhibits the cyclin-
dependent kinases CDK4 and CDK6 and remains highly
expressed during cellular senescence progression [27], while
p21 is downstream of phosphorylated p53, which inhibits
the cyclin–CDK complex by binding to CDK2 [28]. The
latest research has reported that in addition to the classi-
cal role of cell cycle arrest, p21 may act as a monitoring
mechanism for maintaining homeostasis after stress or injury
[29], which may be the reason why the level of p16 was
increased earlier than that of p21. At the same time, we found
that different cell types exhibiting senescence appeared in
different proportions in the progression of radiation ulcers.
Senescent macrophages mainly appeared in the first stage
of ulcers, while senescent fibroblasts and endothelial cells
played important roles in the secondary progression of radi-
ation ulcers (Figure 3i). Moreover, both primary senescent
cells and secondary senescent cells were demonstrated to
promote normal cell senescence through cell secretions in
radiation ulcers. This may be an important mechanism in
the progression of radiation ulcers, but the genes and path-
ways associated with senescence in these senescent cells were

different, as detected by RNA sequencing (Figure 4). Further
research efforts are needed to identify the key secretions and
specific cytokines responsible for promoting radiation ulcer
progression and severity. Thus, our results have revealed the
pivotal roles of senescent cells in the progression of radia-
tion ulcers and that senescence secretions might play impor-
tant roles in inducing cellular senescence and radiation ulcer
progression.

MSCs, identified as multipotent stromal cells with self-
renewal potential and multilineage differentiation capacity,
have been regarded as a promising therapeutic option for
many injured tissues or chronic wounds that lack effective
treatments [30–32]. MSCs can usually be derived from several
sources, including the umbilical cord, bone marrow, skin
dermis and fat tissue, making them an ideal candidate cell type
for tissue repair and regeneration [33,34]. Many previous
studies have reported that the transplantation of MSCs could
effectively facilitate the healing of chronic wounds and radia-
tion wounds [35–37]. Meanwhile, subcutaneous injection of
dermal fibroblasts was also found to mitigate the progression
of radiation ulcers in rat models in this study (Figure 3k).
Generally, the mechanisms of MSC-based wound therapy
are postulated to be direct differentiation of MSCs into skin
cells and the secretion of cytokines, growth factors, extracel-
lular vesicles and exosomes by MSCs [38,39]. Considering
the inefficient engraftment of MSCs at the site of wound
injury and the risk of malignant transformation [40,41],
recent studies have widely explored the therapeutic poten-
tial of MSC secretions in treating difficult-to-treat wounds
[42,43]. In this study, standardized prepared uMSC-CM was
intraperitoneally injected into radiation ulcer rat models at
a dose of 2 mg/kg. Our results indicated that uMSC-CM
significantly mitigated the progression of radiation ulcers by
reducing the pathological changes of exudation, crusting and
ulceration in irradiated skin. Moreover, uMSC-CM treatment
alleviated radiation ulcers by inhibiting cellular senescence in
vivo and in vitro, which further demonstrated the critical roles
of senescent cells in the progression of radiation ulcers and
suggested senescent cells as a practically effective target for
radiation ulcer therapy.

Conclusions

In this study, we characterized the vital roles of senescent
cells in the progression of radiation ulcers by successfully
establishing a series of radiation ulcer models. In addition,
our results indicated that uMSC-CM could significantly alle-
viate radiation ulcers by inhibiting cellular senescence, which
further demonstrated the critical roles of senescent cells in
the progression of radiation ulcers and suggested that MSC-
derived CM is a potential effective strategy for the treatment
of radiation ulcers. Moreover, radiation-induced senescent
cells are thought to facilitate senescence and promote the
progression of radiation ulcers through complex senescent
cell secretions, but the key regulators and specific mechanisms
remain to be further detected.
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