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Adipose-derived stem cells apoptosis
rejuvenate radiation-impaired skin in mice via
remodeling and rearranging dermal collagens
matrix

Yufan Zhu', Xu Liu', Xihang Chen'" and Yunjun Liao""

Abstract

Background Chronic radiation dermatitis (CRD) is a late consequence of radiation with high incidence in patients
receiving radiotherapy. Conventional therapies often yield unsatisfactory results. Therefore, this study aimed to
explore the therapeutic potential and mechanism of adipose-derived stem cells (ADSCs) for CRD, paving the way for
novel regenerative therapies in clinical practice.

Methods Clinical CRD skin biopsies were analyzed to character the pathological changes of CRD skin and guided the
animal modeling scheme. Subsequently, an in vivo analysisusing mouse CRD models was conducted to explore their
effects of ADSCs on CRD, monitoring therapeutic impact for up to 8 weeks. Transcriptome sequencing and histologic
sections analysis were performed to explore the potential therapeutic mechanism of ADSCs. Following observing
extensive apoptosis of transplanted ADSCs, the therapeutic effect of ADSCs were compared with those of apoptosis-
inhibited ADSCs. Multiphoton imaging and analysis of collagen morphologic features were employed to explain how
translated ADSCs promote collagen remodeling at the microscopic level based on the contrast of morphology of
collagen fibers.

Results Following injection into CRD-afflicted skin, ADSCs therapy effectively mitigated symptoms of CRD, including
acanthosis of the epidermis, fibrosis, and irregular collagen deposition, consistent with the possible therapeutic
mechanism suggested by transcriptome sequencing. Notably, in vivo tracking revealed a significant reduction in
ADSCs number due to extensive apoptosis. Inhibiting apoptosis in ADSCs partially tempered their therapeutic effects.
Mechanically, analysis of collagen morphologic features indicated that translated ADSCs might promote dermal
extracellular matrix remodeling through enlarging, lengthening, crimping, and evening collagen, counteracting the
atrophy and rupture caused by irradiation.

Conclusions This study demonstrated that ADSCs underwent substantial apoptosis upon local skin transplantation,
and paradoxically, this apoptosis is essential for their efficacy in promoting the regeneration of late radiation-impaired
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skin. Mechanically, transplanted ADSCs could promote the remodeling and rearrangement of radiation-damaged

dermal collagen matrix.

Keywords Adipose-derived stem cells, Apoptosis, Chronic radiation dermatitis, Collagen remodeling, Stem cell

therapy

Introduction

Radiotherapy is integral to comprehensive cancer treat-
ment, especially breast cancer, yet its common side
effect—skin toxicity—poses significant challenges [1, 2].
Nearly 95% of patients undergoing radiotherapy develop
radiation dermatitis, [3, 4] a condition encompassing
diverse symptoms and pathological changes beyond
mere skin inflammation [5]. Chronic radiation dermati-
tis (CRD), a late consequence, manifests with acanthosis,
dermal atrophy, fibrosis, dyspigmentation, telangiecta-
sias, and injury to skin appendages [6, 7]. Abnormal fibro-
blast activity and irregular collagen deposition directly
contribute to dermal atrophy and fibrosis [8, 9].

CRD is typically graded using the toxicity criteria of
the Radiation Therapy Oncology Group and the Euro-
pean Organization for Research and Treatment of Cancer
(RTOG-EORTC) [10]. Grades 2 and 3 not only impact
breast appearance but also induce itching, pain, and, sig-
nificantly, reduce skin compliance, posing challenges to
delayed or delayed-immediate breast reconstruction [11].

The challenge lies in addressing chronic radiation-
induced skin fibrosis effectively, as conventional treat-
ments are often unsatisfactory, with treatments such as
bioactive dressings, oxygen therapy, growth factors and
surgical reconstruction showing limited efficacy and
potential complications [12—14]. Recent researches have
highlighted the benefit of autologous fat grafting and
other fat-derived products in the treatment of chronic
radiation-induced skin fibrosis [15—-18]. However, the
mechanisms by which fat rejuvenate radiation-impaired
skin remains to be elucidated but is thought to be driven
by the adipose-derived stem cells (ADSCs), increasingly
recognized to exert tissue regenerative effects [19-21].

In the present study, we set out to investigate the effect
of ADSCs after transplantation on skin repair and regen-
eration of CRD and its underlying mechanism, paving the
way for novel regenerative therapies in clinical practice.

Materials and methods

Human breast skin tissue harvesting

Breast skin tissue samples were obtained respectively
from 3 patients undergoing either a lumpectomy or a
mastectomy in the Department of Breast Surgery, and
5 patients diagnosed with chronic radiation dermatitis
receiving breast reconstruction in Department of Plastic
and Cosmetic Surgery, Nanfang Hospital, Guangzhou,
China. These tissue samples were embedded into blocks

of paraffin wax and cut into thin sections for histological
staining.

Human adipose tissue harvesting

Human adipose tissue samples were harvested as dis-
carded tissue from healthy female patients undergoing
liposuction in Department of Plastic and Cosmetic Sur-
gery of Nanfang Hospital.

Animals

Seven-week-old male Balb/C mice were purchased
from Casgene Biotech company (Guangzhou, China).
The mice were cage-housed under specific-pathogen-
free conditions (24 °C, 12 h light/dark cycle, and 50%
humidity) with free access to food and water. The animal
experiments were conducted according to the protocol
approved by the Institutional Animal Care and Use Com-
mittee of Nanfang Hospital, Southern Medical University
(Guangzhou, China). The work has been reported in line
with the ARRIVE guidelines 2.0, with additional support-
ing documents provided in the supplementary materials.
At the end of the experiments, euthanasia was performed
using sodium pentobarbital, following the American Vet-
erinary Medical Association Guidelines for the Euthana-
sia of Animals (2020 Edition).

Isolation, culture, and characterization of ADSCs

The harvested human adipose tissue was excised, finely
minced, then digested with equal volume of 0.1% colla-
genase type I (Solarbio, China) on a shaker at a low set-
ting for 50 min at 37°C in a 50 cm® centrifuge tube. After
complete dissociation, the tissue sample was added with
an equal volume of Dulbecco’s modified Eagle medium
and Kaighn’s modification of Ham’s F12 (DMEM-F12
media, Gibco, USA) with 10% fetal bovine serum (FBS,
Gibco, USA) to neutralize the collagenase. The cell sus-
pension was centrifuged at 1200 rpm for 3—-5 min. The
infranatant and resultant pellet were resuspended and
passed through a 100-um mesh filter (Coring Falcon,
USA), after which the filtered cell suspension was cen-
trifuged at 800 rpm for 3min. The supernatant was dis-
carded and the pellet was plated in ADSCs culture
medium containing DMEM-F12 supplemented with 10%
FBS and 1%penicillin—streptomycin (NCM, China) at a
density of 1.0x106 nucleated cells per 100mm? dish for
culture (37°C, 5% CO?). The medium was replaced every
day for the first 3 days the non-adherent cells were dis-
carded. The cells were then passaged every week at a ratio
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of 1:3. Further cell experiments were undertaken with
ADSC:s in the third to fifth passage.

Characterization of ADSCs was described in previous
study [22]. Briefly, ADSCs were identified as mesenchy-
mal stem cells (MSCs) by their morphology and adher-
ence on tissue culture flask. Cultured. Cultured ADSCs
in differentiation-inducing medium until adipocytes,
osteocytes and chondrocytes, and then added oil red O
dye, alizarin red dye and Alcian blue dye (Sigma—Aldrich,
USA) to stain the fixed differentiated cells. Cell surface
marker antigens were detected with FACS Calibur fluo-
rescence activated cell sorter (Becton Dickinson, USA),
using anti-human CD3land CD105PE-conjugated anti-
bodies (Becton Dickinson, USA) and anti-human CD90
PC5-conjugated antibodies (Becton Dickinson, USA).

Labeling of ADSCs

Carbocyanine lipophilic NIR fluorescent membrane dye,
1,1’-Dioctadecyl-3,3,3,3’-tetramethylindotricarbocya-
nine iodide (DiR, Aladdin, China) was used for labeling
the cells. This fluorophore is excited at 748 nm and has
an emission peak at 780 nm. A 5 uM final concentra-
tion of DiR was co-incubated with ADSCs (1x10° cells/
ml Serum-free medium) at 37°C for 30 min in the dark.
Then, cells were centrifuged at 1000 rpm for 3 min at 4
C and washed twice with PBS, resulting in a blue pellet.
Labeled ADSCs were resuspended with hyaluronic acid
(HA, Bloomage Biotech, China) at a density of 5x10°
cell/ml for further experiment.

Apoptosis model in vitro and apoptosis inhibition

When the cells proliferated to 80—90% confluence, apop-
tosis was induced through treating ADSCs with 0.5 uM
staurosporine (STS) (Beyotime, China) for 12 h. 50uM
Z-VAD(OH)-FMK (MedChemExpress, USA), as inhibi-
tor for caspase-3, was used to treat the cells at 1 h before
they were treated with STS or used for in vivo experi-
ments. Then the apoptosis ratio of STS-induced and
apoptosis-inhibited ADSCs was detected by staining with
TUNEL assay kit (Beyotime, China) and flow cytometry
using PE Annexin V Apoptosis Detection Kit I (YEASEN,
China) according to the manufacturer’s manual. The
inhibitory efficiency was analyzed by Eclipse Ti2-E fluo-
rescent inverted microscope (Nikon, Japan), LSRfortessa
flow cytometer (Becton Dickinson, USA) and FlowJo 10.0
software (Flow Jo LLC, USA).

Murine model of chronic radiation dermatitis and
treatment with ADSCs

A preliminary experiment was conducted prior to the
formal experiments to choose the proper radiation dos-
age for constructing CRD animal model. The mice
(radiation group) were anaesthetized by inhalation of iso-
flurane. Then, with whole-body protection (lead plate),
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only full-thickness dorsal skin was exposed to radiation
using an MBR-1505R2 irradiator (Hitachi Medical Cor-
poration, Tokyo, Japan) through a single electron beam
delivered by a Clinac iX linear accelerator (Varian Tril-
ogy, USA). The total irradiation dose was 20 Gy p ray
(dose rate of 2.86 Gy/min for 7 min) for one time. Five
mice (control group) did not receive radiation. Dorsal
areas were photographed at Weeks 1-9, to record cuta-
neous changes. The mice were sacrificed 9 weeks after
radiation and the dorsal skin tissues were harvested.

In the formal experiment, to establish CRD model,
mice were irradiated as described above. Fifty mice
were randomly divided into irradiation plus HA (hyal-
uronic acid, Bloomade Biotech, China) (control group),
and irradiation plus ADSCs (ADSCs group) (n=25 per
group). At week 9 after receiving 20 Gy of irradiation,
mice of ADSCs group received a multi-point intrader-
mal injection within a 1.5 1.5cm? area delineated on the
obviously injured dorsal skin using 1x10° DIR-labeled
ADSCs (suspended in 0.2 ml HA). And the mice in con-
trol group were injected with equal dose of HA. The
mice were sacrificed 0 day, 2 days, 5days, 4weeks and 8
weeks after the treatment and the dorsal skin tissues were
harvested.

Thirty mice were randomly divided into irradiation
plus ADSCs (ADSCs group) and irradiation plus 50uM
ZVAD-pretreated ADSCs group (Z-VAD group) (n=15
per group). At week 9 after receiving 20 Gy of irradia-
tion, mice of ADSCs group received a multi-point intra-
dermal injection of 1x10° ADSCs (suspended in 0.2 ml
HA). ADSCs used for mice in the ZVAD group were pre-
treated with 50uM Z-VAD 1 h before use. The mice were
sacrificed 0 day, 4weeks and 8 weeks after the treatment
and the dorsal skin tissues were harvested.

Assessment of CRD symptom severity

To evaluate the development of radiation-induced skin
injury, the degree of skin tissue toxicity after irradiation
was scored independently by two individuals who were
blinded to the groups according to RTOG-EORTC and
CTCAE criteria [12]. CRD symptom severity scores and
pictures were recorded every two weeks until 8 weeks
after the operation. Briefly, eight symptoms were evalu-
ated: skin atrophy, erythema, exfoliation, oozing, crust,
pigmentation change, skin induration, and telangiectasia,
with a rating ranged from 0 (none) to 3 (severe) for each.
The severity of CRD symptoms was determined as the
sum scores.

Histologic analysis of skin sections

Skin samples were fixed with 4% paraformaldehyde for
24 h before they were embedded in paraffin. Paraffin
sections (5 um) were stained with hematoxylin-eosin
(HE), Masson’s Trichrome, and picrosirius red (Solarbio,
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China) for morphology, fibrosis, and collagen typing
assessment. The images of HE and Masson staining were
scanned by SQSI120P slide scanning imaging system
(Shenggiang Technology, China). The images of picro-
sirius red staining were scanned by Eclipse microscope
(Nikon, Japan) equipped with a polarizing filter.

TUNEL staining

TUNEL staining (Beyotime, China) was performed on
24-well culture plates (for cultured cells) or frozen sec-
tions (for tissues got at 2days and 5days after treatment)
according to the manufacture’s instruction. DAPI (Beyo-
time, China) was used for nuclear staining. The image
collection was processed by Eclipse Ti2-E fluorescent
inverted microscope (Nikon, Japan).

In vivo imaging

The animals were anaesthetized by inhalation of iso-
flurane and maintained in a prone position before the
acquisition was started. In vivo fluorescence imaging was
performed with Ami HTX small animal imaging system
(Spectral instruments imaging, USA)O,1, 2, and 3 days
after treatment. The fluorescence signals in the skin were
quantified using Auro software (Spectral instruments
imaging, USA).

Data processing of RNA-Seq

To reveal the molecular identities of CRD skin with
transplanted ADSCs, we performed RNA sequencing
on the CRD skin 8 weeks post HA treatment and CRD
skin 8 weeks post ADSCs treatment. Total RNA was iso-
lated using the Trizol Reagent (Invitrogen Life Technolo-
gies), after which the concentration, quality and integrity
were determined using a NanoDrop spectrophotom-
eter (Thermo Scientific). Sequencing was performed on
NovaSeq 6000 platform (Illumina) Shanghai Personal
Biotechnology Cp. Ltd. Each group contains three repli-
cate samples.

Differentially expressed gene (DEG) analysis was per-
formed by DESeq (v1.38.3) with screened conditions as
follows: expression difference multiple |log2FoldChange|
> 1, significant P-value<0.05. At the same time, R lan-
guage Pheatmap (v1.0.12) software package was used to
perform bi-directional clustering analysis of all different
genes of samples. Using topGO (v2.50.0) to perform gene
ontology (GO) enrichment analysis on the differential
genes (all DEGs / up DEGs / down DEGs), and find the
GO term with significantly enriched differential genes to
determine the main biological functions performed by
differential genes.
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Multiphoton image acquisition, and collagen morphologic
feature extraction
Image acquisition for multiphoton imaging was per-
formed with a 20x magnification on unstained serial
section using FV1200MPE multiphoton imaging system
(Olympus, Japan). We achieve second harmonic gen-
eration (SHG), which was separated by the dichroic mir-
ror in the detection path. The channel corresponds to a
wavelength range from 387 to 409 nm to present the
microstructures of collagen fibers from the SHG signals.
Dermal collagen features were extracted drawing on
the procedure of Chen et al. (2021) [23], which develop
a collagen morphologic features extraction method of
gastric cancer SHG image. Briefly, the extraction of col-
lagen features was performed using MATLAB 2021a
(MathWorks, USA). A total of 8 morphologic features,
including mean and variance of collagen area, mean and
variance of collagen length, mean and variance of colla-
gen width, and mean and variance of collagen straight-
ness, were extracted.

Statistical analysis

Data analysis was performed using OriginPro2021
(OriginLab, USA). Data are presented as mean=Stan-
dard Error of Mean (SEM). Independent-sample t test,
one-way ANOVA with Bonferroni’s post hoc analysis,
or two-way ANOVA with Bonferroni’s post hoc analysis
was used where appropriate. P-values less than 0.05 were
considered statistically significant.

Results

Skin injury after radiation exposures in mice model: gross
and microscopic assessments compared with CRD patients
To determine the appropriate irradiation dose for the
CRD animal model and assess the similarity of cutane-
ous lesions in mice models with those in CRD clinical
patients, we conducted gross inspections of exposed
basal skin in mice for 9 weeks post-20 Gy irradiation. We
then compared histologic sections (H&E, Masson stains,
and Picrosirius red stains) between CRD patient skin
(n=5) and mouse model skin samples (n=5).

At 9 weeks post-irradiation, CRD symptoms (skin atro-
phy, erythema, exfoliation, crust, pigmentation change,
skin induration, and telangiectasia) were observed on
irradiated areas of mice (Fig. 1A). H&E stains of skin
samples at week 9 (Fig. 1B, below left) revealed epider-
mis hyperplasia, sebaceous gland hyperplasia, some
areas of degeneration of collagen fibers, fibroblast prolif-
eration and inflammatory cell infiltration in the dermis.
Statistical analysis (Fig. 1D) showed that epidermal thick-
ness of CRD group (80.42+£12.66 pm) was remarkably
higher than that of the control group (31.69+11.74 um)
(p<0.001). Masson stains at week 9 (Fig. 1B, below right)
displayed subcutaneous lipoatrophy, altered collagen
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Fig. 1 Skin injury after radiation exposures in mice model: gross and microscopic assessments compared with CRD patients. (A) Representative pho-
tographs of mice dorsal skins, Tweek, 3weeks, 6weeks, and 9weeks after receiving 20 Gy irradiation. (B) (Left) Photomicrographs of H&E-stained human
and mice skin sections. Scale bar =300 um and 100 pm respectively. (Right) Photomicrographs of Masson-stained human and mice skin sections. Scale
bar =1 mm. (C) Photomicrographs of Picrosirius red-stained human and mice skin sections. Scare bar =300 um and 100 um respectively. The green color
indicates collagen Ill, while the yellow color indicates collagen I. (D) The analysis of epidermis thickness based on H&E staining. *** p<0.001. (E) The
analysis of relative collagen density based on Masson staining. *P < 0.05. (F) The analysis of ratio of Collagen Ill/Collagen | in dermis based on Picrosirius

red-staining. **p <0.01; *** p<0.001

fiber structure with homogenization characteristic and
increased relative collagen density of dermis (collagen
density of dermis=collagen abundance/dermis thick-
ness) (2.07£0.50 vs. 5.30+0.51, p<0.001) (Fig. 1E). Addi-
tionally, Picrosirius red stains at week 9 (Fig. 1C, below)
indicated collagen I and III accumulation. The irradia-
tion group exhibited more green color, indicating higher
intensity of Collagen III. (0.21£0.02 vs. 0.73+0.03,
p<0.01) (Fig. 1F).

These findings were consistent with histologic sections
in CRD patients (Fig. 1B, upper; Fig. 1C, upper), in which
the common pathological feathers, including acanthosis,
fibrosis and irregular collagen deposition, could be sum-
marized and representative. As reported by Malekzadeh
[24] recently, they also found late radiation-induced skin
fibrosis and irregular collagen deposition.
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Transplanted ADSCs promote CRD skin regeneration

Aimed to explore whether ADSCs have a revitalizing
effect in CRD, we compared the effect of HA (control
group) and ADSCs (ADSCs group) (Fig. 2A). ADSCs
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were isolated from discarded fat of patients undergoing
liposuction. Cultured ADSCs displayed a typical spindle
shape (Fig. 2B), and their characterization was described
in a previous study [22].
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Fig. 2 Therapeutic effects of ADSCs on CRD skin regeneration. (A) Schematic of application of ADSCs. (B) Representative image of ADSCs. Scale bar
=50 pum. (C) Representative photographs of mice dorsal skins 0-8 weeks post HA and ADSCs treatment. (D) Statistical comparison of CRD symptom
severity scores. **p < 0.01; *** p<0.001. (E) Volcano plots showing the gene expression profiles between the control group and the ADSCs group. (F) GO
enrichment analysis plot showing significant regulated GO biological processes and cellular component items
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In comparison with the control group, fewer chronic
irradiation-induced skin injury symptoms were observed
on the dorsal skin of ADSCs-treated mice during the 8
weeks post-treatment (Fig. 2C). In the control group,
CRD symptom severity scores developed over time,
whereas in the ADSCs group, symptom severity scores
decreased over time (Fig. 2D).

To reveal the molecular identities of CRD skin with
transplanted ADSCs, we performed RNA sequencing
on the CRD skin 8 weeks post HA treatment (control
group) and CRD skin 8 weeks post ADSCs treatment
(ADSCs group). DGE analysis showed that 617 genes
were highly expressed in the ADSC group, and 635 genes
were highly expressed in the control group, which shows
significant DEGs between control group and ADSCs
group (|log2FoldChange| > 1; adjusted P<0.05) (Fig. 2E).

A

Page 7 of 15

GO enrichment results showed regulation of biological
processes and cellular components important for skin
regeneration such as extracellular matrix (ECM) remod-
eling, skin barrier establishment and immune regulation
(Fig. 2F).

Further, to validate the therapeutic functions of
ADSCs, histologic sections of skin tissues (harvested
0 day, 4 weeks and 8 weeks post-treatment) were evalu-
ated. H&E-stained sections (Fig. 3A, left) showed that,
ADSCs treatment attenuated epidermal thickening,
irregular fibroblast proliferation, and inflammatory cell
infiltration over time compared with the control group.
Statistical analysis revealed a significant decrease in
epidermal thickness in the ADSC group(57.18+2.78)
vs. the control group (221.44+6.49) 8 weeks after treat-
ment (p<0.001) (Fig. 3C). Additionally, the regenerated
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Fig. 3 Histologic sections analysis of effects of ADSCs on CRD skin regeneration. (A) (Left) photomicrographs of H&E-stained sections, Oweek, 4 weeks
and 8 weeks post treatment. Scare bar =100 um. (Right) photomicrographs of Masson-stained sections, Oweek, 4 weeks and 8 weeks post treatment.
Scare bar =250 um. (B) photomicrographs of Picrosirius red-stained sections, Oweek, 4 weeks and 8 weeks post treatment. The green color indicates col-
lagen Ill, while the yellow color indicates collagen I. Scare bar =200 um. (C-E) Statistical comparison of epidermis thickness (C), relative collagen density
(D) and the ratio of Collagen lll/Collagen | (E) between HA treatment and ADSCs treatment at different time points post injection. *p <0.05; **p <0.01;

0,001
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subcutaneous fat appeared more substantial in the
ADSCs group. In Masson-stained sections of tissues in
the ADSCs group (Fig. 3A, right), remodeling of colla-
gen fibers was observed, and fibroblasts proliferation and
fiber production were suppressed over time. Statistical
analysis showed that there was a significant decrease of
relative collagen density (collagen density of dermis=col-
lagen abundance/dermis thickness) in the ADSCs
group(1.73+0.05)vs. control group (5.38£0.90) 8 weeks
after treatment (p<0.001) (Fig. 3D). Picrosirius red stains
(Fig. 3B) revealed a decreased ratio of Collagen III / Col-
lagen I in the dermis of the ADSCs group (0.40+0.17)
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compared to the control group (0.9910.02) 8 weeks after
treatment (p<0.01) (Fig. 3E). In summary, histologic sec-
tions analysis showed the matched changes with the GO
items suggested by RNA sequencing above.

Transplanted ADSCs underwent extensive apoptosis
within few days

To explored the fate of ADSCs after transplantation, the
In Vivo Imaging System was utilized to track DiR-labeled
ADSC:s post-injection (Fig. 4A), and In vivo images were
quantified to determine the mean fluorescence radi-
ant efficiency. Surprisingly, the fluorescence radiant
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Fig. 4 Quantitative evaluation of ADSCs apoptosis rate after transplantation. (A) Representative time-dependent fluorescence images on postoperative
day1, day2 and days3 for in vivo tracking of transplanted Dir-labeled ADSCs. (B) The quantitative analysis of fluorescence radiant efficiency at different
time points post injection of ADSCs. **p <0.01; *** p<0.001. (C) Dir-labeled ADSCs (red), and TUNEL-positive cells (green) at different time points post
injection. Scare bar =100 um. (D) The analysis of the percentage of apoptotic ADSCs at different time points post injection, in TUNEL staining. *** p <0.001
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efficiency of DIR-labeled ADSCs significantly decreased
over time (p<0.001) (Fig. 4B). Given the large decrease
of ADSCs, we evaluated whether they were undergo-
ing apoptosis. TUNEL staining (Fig. 4C) revealed that
ADSCs became apoptotic after injection, with TUNEL-
positive ADSCs reaching 71.16%+1.27% at 2 days post-
injection and 98.94%10.82% at 5 days post-injection
(Fig. 4D). These results indicate that transplanted ADSCs
undergo extensive apoptosis within a few days and are
swiftly cleared from the injured site.

Apoptotic ADSCs are indispensable for CRD skin
regeneration

Exploring the role of apoptosis in the therapeutic effect
of ADSCs, we compared the effect of ADSCs (ADSCs
group) and apoptosis-inhibited ADSCs (Z-VAD group)
(Fig. 5A).

Initially, ADSCs in the Z-VAD group were pretreated
with Z-VAD, an apoptosis inhibitor, and the inhibition
efficiency was verified by comparing cell morphology
under a light microscope (Fig. 5B) and flow cytometry
(Fig. 5C). Furthermore, ADSCs and ADSCs pretreated
with Z-VAD were injected in the dorsal skin of CRD
mice.

Page 9 of 15

Next, treatment effects of ADSCs and Z-VAD pre-
treated ADSCs were compared. In comparison with the
Z-VAD group, fewer chronic irradiation-induced skin
injury symptoms were observed on the dorsal skin of
ADSCs-treated mice during the 8 weeks post- treatment
(Fig. 6A). In the Z-VAD group, CRD symptom severity
scores remained stable over time, whereas in the ADSCs-
treated group, symptom severity scores decreased over
time (Fig. 6D).

Histologic sections of skin tissues (harvested 0 week,
4 weeks and 8 weeks post-treatment) were evaluated.
H&E-stained sections (Fig. 6B, left) showed that, ADSCs
treatment attenuated epidermal thickening, irregular
fibroblast proliferation, and inflammatory cell infiltra-
tion over time compared with the Z-VAD group. Statisti-
cal analysis revealed a significant decrease in epidermal
thickness in the ADSCs group(58.23+2.33)vs. the Z-VAD
group (146.82+17.74) 8 weeks after treatment (p<0.01)
(Fig. 6E). In Masson-stained sections of tissues in the
ADSC group (Fig. 6B, right), statistical analysis showed
that there was a significant decrease of relative collagen
density in the ADSCs group(1.67+0.17)vs. the Z-VAD
group (2.32£0.27) 8 weeks after treatment (p<0.01)
(Fig. 6F). Picrosirius red stains (Fig. 6C) revealed a
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Fig. 5 Quantitative evaluation of the anti-apoptosis efficiency of Z-VAD in vitro. (A) Schematic of application of ADSCs and Z-VAD pretreated ADSCs. (B,
C) the STS treatment induced the apoptosis of ADSCs, which was attenuated by pretreatment of Z-VAD, an inhibitor of caspase-3. The anti-apoptosis ef-
ficiency of Z-VAD in vitro was analyzed by morphological changes (B, Above), TUNEL staining (B, Below) and flow cytometry (C)
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(See figure on previous page.)

Fig. 6 Comparison of therapeutic effects of ADSCs and Z-VAD pretreated ADSCs on CRD skin regeneration. (A) Representative photographs of mice
dorsal skins 0-8 weeks post ADSCs and Z-VAD-pretreated ADSCs treatment. (B) (Left) photomicrographs of H&E-stained sections, Oweek, 4 weeks and
8 weeks post treatment. Scare bar =100 um. (Right) photomicrographs of Masson-stained sections, Oweek, 4 weeks and 8 weeks post treatment. Scare
bar =250 pum. (C) photomicrographs of Picrosirius red-stained sections, Oweek, 4 weeks and 8 weeks post treatment. The green color indicates collagen
Ill, while the yellow color indicates collagen I. Scare bar =200 pum. (D-G) Statistical comparison of CRD symptom severity scores (D), epidermis thickness
(E), relative collagen density (F) and the ratio of Collagen lll/Collagen | (G) between ADSCs treatment and Z-VAD pretreated ADSCs treatment at different

time points post injection. *p <0.05; **p <0.01; *** p <0.001

decreased ratio of Collagen III / Collagen I in the der-
mis of the ADSCs-treated group (0.42+0.15) compared
to the Z-VAD group (0.92+0.11) 8 weeks after treatment
(p<0.05) (Fig. 6QG).

In summary, these therapeutic effects of ADSCs were
attenuated by Z-VAD (apoptosis inhibitor). These data
demonstrated the therapeutic effects of transplanted
ADSCs on CRD, partially governed by apoptosis.

The therapeutic potential of MSCs in tissue repair was
discovered decades. And it is recognized that various
positive effects of MSCs are mainly attributed to their
paracrine factors in vivo, like growth factors, anti-inflam-
matory cytokines, pro-angiogenic factors, anti-fibrotic
factors inhibitor proteins of apoptosis, and nerve growth
factors [25]. In this study, apoptosis emerges as a possible
key method through which ADSCs release therapeu-
tic paracrine factors in vivo, which contributed to ECM
remodeling, skin barrier establishment and immune reg-
ulation in late radiation-induced skin regeneration.

Apoptotic ADSCs: remodeling and rearranging dermal
collagens matrix for late radiation-induced skin
regeneration

Collagen is one of the main components of ECM in the
dermis. Tissue remodeling and collagen degradation is
necessary for skin repair and regeneration [26]. SHG
images of histologic sections (Fig. 7A) showed that CRD
induced collagen atrophy and rupture, resulting in a dis-
ordered collagen network.

The collagen morphological features extraction frame-
work is presented in Fig. 7B. A total of eight collagen
morphological features, including mean and variance
of collagen area, mean and variance of collagen length,
mean and variance of collagen width, and mean and vari-
ance of collagen straightness, were extracted from SHG
image using MATLAB. Statistical analysis (Fig. 7C) dem-
onstrated significantly decreased mean of collagen area,
mean of collagen length, variance of collagen length, vari-
ance of collagen width, and variance of collagen straight-
ness in CRD compared to unirradiated tissue. Mean of
collagen straightness was significantly increased in CRD
compared to unirradiated tissue. These alterations sup-
port the notion that CRD induces collagen atrophy and
rupture. ADSCs treatment could enlarge, lengthen, crimp
and even collagen, while apoptosis inhibition attenu-
ated these therapeutic effects. These results indicate that
transplanted ADSCs can help remodel the dysfunctional

ECM of the skin dermis by restoring a normal collagen
network when undergoing apoptosis.

Discussion

In this study, we demonstrated the potential of ADSCs
in treating radiation-induced skin injuries. As the tran-
scriptome profiling results in our study shows, ADSCs
may contribute to extracellular matrix remodeling, skin
barrier establishment and immune regulation in late
radiation-induced skin regeneration. Histological sec-
tions analysis validated the therapeutic effects of ADSCs,
including alleviating symptoms, acanthosis of the epider-
mis, dermal fibrosis, and alterations in the Collagen III/
Collagen I ratio and modifying collagen morphological
signatures. Of particular interest, when we monitored
the fate of transplanted ADSCs after transplantation, we
made a surprising observation that these cells underwent
extensive apoptosis within a few days. Furthermore, our
study indicated that the therapeutic effects of ADSCs
were diminished by the presence of an apoptosis inhibi-
tor (Fig. 8). Our study aligns with recent findings that
MSCs will undergo extensive apoptosis within few days,
but continue to exhibit beneficial effects through para-
crine secretion a variety of substances [27-31]. Several
animal studies seem to indicate that autocrine or para-
crine effects of MSCs rather than their direct engraft-
ment and tissue differentiation may play the key role in
wound healing and tissue repair [32—34]. In summary,
our study illustrated that apoptosis maybe one of the
mainly methods for ADSCs releasing related therapeutic
paracrine factors.

Apoptotic cells can release a variety of substances
including metabolites and apoptotic extracellular vesicles
(ApoEVs, a main subtype of extracellular vesicles). As
reported, ApoEVs could activate autophagy in recipient
cells to induce angiogenesis and dental pulp regeneration
[35]. We supposed that apoptotic ADSCs may also exert
therapeutic effects on CRD skin through ApoEVs, which
deserved further exploring. In addition, biomaterials, like
scaffold, hydrogel s might serve as a biomimetic structure
inspired by the natural environment, assisting stem cells
or their extracellular vesicles in establishing their natu-
ral relationships and playing a better regenerative effect,
which can be targeted in future therapeutic strategies
[36-39].

A significant finding in our research was the irregular
collagen deposition and increased Collagen III/Collagen
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Fig. 7 Quantitative evaluation of collagen morphological features. (A) SHG image of dermis of normal skin, CRD skin and CRD skin post 8 weeks different
treatment. (B) Framework of the collagen morphological features extraction. (Left) Acquisition of second harmonic generation (SHG) combined images.
Three representative regions of every sample, with a field of view of 1024 x 1024, were selected to obtain the corresponding multiphoton imaging. (Me-
dium) The SHG image was used for collagen feature extraction. (Right) A total of eight collagen features were selected and used for statistical comparison
(C) Statistical comparison of eight collagen features. *p < 0.05**p <0.01; *** p <0.001
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I ratio in CRD skin, which transplanted ADSCs dem-
onstrated the ability to decrease. Collagen is one of the
main components of ECM in the dermis. Reorganization
of newly synthesized collagen is the final and important
stage during skin healing and regeneration [40]. Skin
fibrotic disease is characterized by excessive and uncon-
trolled synthesis of ECM proteins, especially collagens
[41]. Among the 28 types of collagens with characteris-
tic tissue distribution and function, Collagen I and Col-
lagen III, also known as fibrillar collagens, are distributed
mainly in the ECM of the skin tissue [42]. Regenerative
medicine in the treatment of specific skin disorders has
undergone extensive research in clinical trials for treating
specific skin disorders [43]. The effect of ADSCs on irreg-
ular collagen deposition when alleviating skin fibrotic
diseases like hypertrophic scarring and keloids has been
widely reported. Wang et al [44]. showed that co-culture
of keloid tissue with ADSC-conditioned medium in vitro
could significantly reduce the expression of tissue inhibi-
tor of metalloproteinases-1 (TIMP1) and the deposition
of Collagen I in keloid tissue. Similarly, Zhang et al [45].
injected ADSCs into rabbit ear lesions resulted in reduc-
ing the formation of rabbit ear hypertrophic scars by
decreasing the a-SMA and Collagen I gene expression

and ameliorating collagen deposition. Additionally, it
has been shown that the ratio of Collagen III/ Collagen I
increases in certain skin fibrotic diseases such as keloids,
grade-3 lymphoedema, and diabetic wounds [46—48].

The often-overlooked changes in collagen fiber network
morphology and texture can influence ECM remodeling.
As researches report, modifications of collagen, like stift
and dense, mineralization, cross-linking via advanced
glycation end-products, and the removal or addition of
glycosaminoglycans, have a direct impact on its degrada-
tion [49-51]. Thus, alterations in collagen morphology
induced by radiation rays might contribute to the chal-
lenges in treating CRD. In this research, we observed that
irradiation induced collagen atrophy and rupture, while
ADSCs could enlarge, lengthen, crimp and even the dam-
aged collagen.

Normal structured collagen network may contribute
to the soft and plastic texture of normal skin through
providing appropriate rigidity, while damaged collagen
network caused the stiffness of CRD skin. Serving as
structural support, collagen’s rigidity influences various
cell behaviors, impacting pathophysiological phenom-
ena ranging from development and differentiation to
repair and regeneration of diseased and damaged tissues
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through so-called ‘mechanosensing process’ [52, 53].
As recent researches report, appropriate collagen rigid-
ity can induce adipogenesis of MSCs into adipocyte-like
cells, [54] and contributes towards an exceptional order-
ing of its hydration water [55]. Therefore, normal struc-
tured collagen network may contribute to the soft and
plastic texture of normal skin through providing appro-
priate rigidity, while damaged collagen network caused
the stiffness of CRD skin.

Conclusion

We demonstrate that ADSCs undergo extensive apop-
tosis after local skin transplantation, and apoptosis is a
requirement for ADSCs efficacy in promoting radiation-
impaired skin regeneration mainly via remodeling and
rearranging dermal collagens matrix.
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