www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Mesenchymal stem cell
implantation mitigates ionizing
radiation-induced vascular damage
in the murine aorta
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For preparedness for some scenarios such as unintentional accidents or intentional malicious events,
it is of critical importance to develop effective medical countermeasures against normal tissue injury
from exposure to ionizing radiation. To this end, agents that are effective when administered after
radiation exposure need to be developed. Considering that vascular injury is among the upstream
events of radiation toxicity in various tissues, the present study was undertaken to investigate
whether post-irradiation implantation of human mesenchymal stem/stromal cells (MSCs) restore
vascular injury induced by acute irradiation. MSCs were obtained from human adipose tissue. For in
vivo experiments, young adult male C57BL/6J mice (n=8/group) were received intravenous injection
of 5x10* MSCs or vehicle at 6 h after irradiation with 5 Gy (sublethal dose) of 137Cs y-rays. Control mice
were sham-irradiated and received vehicle injection. At four weeks after irradiation, the aorta was
collected, and subjected to scanning electron microscopy, immunofluorescence and histochemistry
staining. Irradiation led to various changes in the aorta of mice, such as detachment and partial loss
of the endothelium, decreases in vascular endothelial cadherin and endothelial nitric oxide synthase,
vascular endothelial and smooth muscle cell death, inflammation (evidenced by increases in CD68,
F4/80 and CD3) and fibrosis (evidenced by increases in transforming growth factor B1 and collagen).
Post-irradiation MSC implantation restored such radiation-induced vascular damage.
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Abbreviations

DAPI 46-diamidino-2-phenylindole

eNOS Endothelial nitric oxide synthase

FE-SEM Field-emission scanning electron microscopy

IMT Intima-media thickness

IMT-HC Intima-media thickness measured from histochemistry images
IMT-IF Intima-media thickness measured from immunofluorescence images
MSC Mesenchymal stem/stromal cell

MSC-CM Mesenchymal stem/stromal cell-conditioned medium

PBS Phosphate-buffered saline

TGEF-B1 Transforming growth factor p1

VEC Vascular endothelial cell
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VE-cadherin ~ Vascular endothelial cadherin
VSMC Vascular smooth muscle cell

Exposure of humans to ionizing radiation affects the circulatory system depending on the level of dose!.
Radiation-induced increases in vascular permeability underlie various early effects that occur in a few days
after exposure, such as skin erythema (e.g., >3 Gy), salivary grand swelling (e.g., >8 Gy), and lethality from
cardiovascular/central nervous system syndrome (e.g., >50 Gy)?. Subsequently, radiation-induced vascular
stenosis leads to ulcers and necrosis in various tissues. Late effects that occur in years to decades after exposure
include ischemic heart disease and stroke (e.g., >0.5 Gy)*. For these radiation effects on the circulatory system,
the large blood vessels (e.g., the aorta) have been among the proposed critical target tissues®*. For radiation
protection of the circulatory system, justification and optimization of radiation exposure would be indispensable
in planned exposure scenarios from controlled radiation sources (e.g., for medical or occupational exposure).
However, unplanned exposure scenarios from uncontrollable radiation sources exist (e.g., unintentional
accidents or intentional malicious events leading to nuclear and radiological incidents)®. Because radiation
exposure cannot be known in advance of the incidents, medical countermeasures against radiation effects
of unplanned exposure (i.e., agents that are effective when administered after radiation exposure) need to be
developed as part of public health preparedness. Such agents remain unavailable, in contrast to significant efforts
made to develop radioprotective agents that are effective when administered prior to radiation exposure (e.g.,
free-radical scavengers and anti-oxidants)”.

Mesenchymal stem/stromal cells (MSCs) are multipotent adult tissue stem cells with low immunogenicity and
high potential for self-renewal and multidirectional differentiation, e.g., into vascular endothelial cells (VECs)
and vascular smooth muscle cells (VSMCs)°. The therapeutic potential of MSCs in the context of radiation
injury was first demonstrated in preclinical models, wherein systemically administered MSCs contributed to
tissue regeneration, the attenuation of inflammation, and improvement in survival outcomes following total
body irradiation!®!!. The study by Francois et al. provided compelling evidence suggesting that intravenous MSC
infusion could restore hematopoietic function and improve survival after lethal irradiation in mice. Similarly,
Chapel et al. reported that gene-modified MSCs expressing anti-apoptotic factors provided radioprotection to
multiple organ systems, reinforcing the multifaceted therapeutic usefulness of MSCs in radiation syndromes!'2.
Preclinical studies have recently shown promise for MSC-based cell therapy or to treat radiation injury in various
tissues (e.g., in the brain, oral mucosa, lung, heart, intestine and liver)'?, but such therapeutic potential has not
been tested in the large blood vessels. Using our recently developed model to induce vascular damage in the
aorta of mice with sublethal dose of radiation', we set out to investigate whether post-irradiation implantation
of human MSCs restore radiation-induced vascular damage.

Results

Irradiation causes vascular damage in the aorta

The aorta collected at four weeks after acute irradiation underwent the FE-SEM analysis (Fig. 1) to evaluate
morphological changes to immunofluorescence and histochemistry staining to assess cellular and molecular
changes (Figs. 2, 3 and 4). In the tunica intima, irradiation induced detachment of the endothelium (Fig. 1Ad),
decreases in endothelial waviness (Fig. 1Ac and 1B), e-NOS (Figs. 2A and 3C) and VE-cadherin (adherence
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Fig. 1. Mesenchymal stem cell (MSC) implantation reduces radiation-induced morphological changes in the
aorta.A, Representative images of field-emission scanning electron microscopy (FE-SEM) for morphology of
aortic endothelium. Mice were irradiated with 0 Gy (a) or 5 Gy (b, ¢), and injected with MSCs (c) or vehicle (a,
b) at 6 h after irradiation. All images were taken at 4 weeks after irradiation. Boxed areas in the upper panels
are shown at higher magnification in the lower panels. Scale bars are as indicated. B, Quantitative analysis for
the number of crests/field at 4 weeks after irradiation. All data are presented as means + SE (n=_8/group). p by
Wilcoxon rank sum test (**, p<0.01; *, 0.01 <p <0.05, after Bonferroni corrections).
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Fig. 2. Representative immunofluorescence images for molecular changes in the aorta.A through F,
Representative images for CD31 (green) with (A) eNOS, (B) VE-cadherin, (C) CD68, (D) F4/80, (E) CD3 or
(F) TGF-P1 (red), with cell nuclei counterstained with DAPI (blue). Mice were irradiated with 0 Gy (upper
panels) or 5 Gy (middle and lower panels), and injected with MSCs (lower panels) or vehicle (upper and
middle panels) at 6 h after irradiation. All images were taken at 4 weeks after irradiation. Boxed areas in the
left panels (tiled images) are shown at higher magnification in the right panels. Scale bars are as indicated. G,
Representative images for aortic cells with subcellular fragments. Mice were injected with MSCs (b) or vehicle
(a) at 6 h after irradiation with 5 Gy. All images were taken at 4 weeks after irradiation. Boxed areas in the
upper left panels (tiled images) are shown at higher magnification in other two panels, with the upper right
panels further enlarged in the lower panels: the upper left panels are for VE-cadherin, CD31 and DAPI, the
upper right panels for CD31 and DAPI, and the lower panels for DAPI. Closed and open arrowheads in the

lower panels point to vascular endothelial cells with subcellular fragments in the tunica intima and vascular
smooth muscle cells with subcellular fragments in the tunica media, respectively. Scale bars are as indicated.
For quantitative data, see Fig. 4.
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Fig. 3. Mesenchymal stem cell (MSC) implantation reduces radiation-induced vascular damage and
inflammation in the aorta.A through K, Quantitative analysis of immunofluorescence images for (A) CD31
negativity, (B) DAPI negativity, (C) eNOS, (D) VE-cadherin, (E) CD68, (F) F4/80, (G) CD3, (H) TGF-f1, (I)
IMT-IE (J) vascular endothelial cells (VECs) with subcellular fragments, and (K) vascular smooth muscle cells
(VSMCs) with subcellular fragments. Mice were injected with MSCs or vehicle at 6 h after irradiation with

0-5 Gy, and the aorta was obtained for immunofluorescence staining at 4 weeks after irradiation. All data are
presented as means + SE (n=8/group). p by Wilcoxon rank sum test (**, p<0.01; *, 0.01 <p <0.05; ns, p=0.05,
after Bonferroni corrections). AU, arbitrary unit. For representative immunofluorescence images, see this
figure.

junction protein, Figs. 2B and 3D), increases in VEC death (Figs. 2G and 3], and partial loss of the endothelium
manifested as loss of signals of CD31 (Fig. 3A) and DAPI (Fig. 3B). These results indicate that irradiation causes
partial loss of the aortic endothelium, which is mediated by VEC death. In the tunica media, irradiation resulted
in increases in macrophage markers (CD68 and F4/80, Figs. 2C and D and 3E and F), a T-cell marker (CD3,
Figs. 2E and 3G), a pro-fibrosis marker (TGF-B1, Figs. 2F and 3H), a fibrosis maker (collagen, Fig. 4A and B),
IMT (Figs. 31 and 4C), and VSMC death (Figs. 2G and 3K). These results indicate that irradiation leads to VSMC
death, inflammation, macrophage recruitment, fibrosis and intima-media thickening.

MSC implantation mitigates radiation-induced vascular damage in the aorta

To examine whether MSC implantation mitigates radiation-induced vascular damage, MSCs obtained from
Human adipose tissue were intravenously injected at 6 h after irradiation, and The aorta collected at four weeks
after irradiation was subjected to the FE-SEM analysis, immunofluorescence and histochemistry staining. MSC
implantation fully prevented radiation-induced changes in eNOS, VE-cadherin, F4/80, TGF-B1, fibrosis and
IMT (Figs. 3C, D and H and 4B and C), where the level of damage in the 5 Gy + MSC group was lower than the
5 Gy group, and not different from the 0 Gy group. MSC implantation alleviated radiation-induced changes in
endothelial waviness, endothelial loss, VEC death and VSMC death (Figs. 1B and 3A, B, ] and K), where the level
of damage in the 5 Gy + MSC group was lower than the 5 Gy group, but higher than the 0 Gy group. These results
indicate that MSC implantation mitigate radiation-induced vascular damage.
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Fig. 4. Mesenchymal stem cell (MSC) implantation reduces radiation-induced fibrosis in the aorta.A,
Representative images for Masson’s trichrome staining. Scale bars are as indicated. B and C, Quantitative
analysis of fibrotic alterations for (B) intensity of alanine blue, and (C) IMT-HC. Mice were injected with MSCs
or vehicle at 6 h after irradiation with 0-5 Gy, and the aorta was obtained for Masson’s trichrome staining at

4 weeks after irradiation. All data are presented as means + SE (n=_8/group). p by Wilcoxon rank sum test (**,
p<0.01;%,0.01<p<0.05; ns, p=0.05, after Bonferroni corrections). AU, arbitrary unit.

Observation of lethality following 5 Gy irradiation
No lethality was observed in any group throughout the 30-day observation period. All animals survived until
the designated endpoint, confirming that 5 Gy was indeed a sublethal dose under our experimental conditions.

Discussion
Here, we have demonstrated that post-irradiation implantation of human adipose tissue-derived MSCs mitigate
radiation-induced vascular damage in the murine aorta.

Injected MSCs are known to sense tissue damage caused by radiation insults or other toxic threats, migrate
into the target tissue, differentiate into VECs for example, and release a regenerative secretome in an effort to
preserve tissue homeostasis'®. Our results obtained from in vivo experiments with MSCs and mice (Figs. 1,
2, 3 and 4) are in line with the observation in a rat model of radiation injury in the lung that MSCs derived
from rat subcutaneous adipose tissue exhibited anti-inflammatory, anti-fibrosis and anti-apoptotic effects when
intravenously injected at 2 h after thoracic irradiation with 15 Gy of X-rays'®.

We contextualized our findings within this established framework by emphasizing that, unlike the
aforementioned studies that primarily focused on systemic or hematopoietic recovery, our study extends the
scope of MSC-based radioprotection to the vascular system, specifically the aorta!®-'2!7. We suggested that the
observed mitigation of endothelial dysfunction, vascular remodeling, and inflammation by MSC therapy in our
model represents an important and previously underexplored dimension of the efficacy of MSCs Moreover, by
using a sublethal localized radiation dose and focusing on subacute vascular pathology, our study provides a
complementary perspective to the survival-focused paradigms of earlier investigations!?-117. We believe that
the inclusion of these landmark references not only strengthens the scientific grounding of our study but also
confirms its novelty and relevance in the continuum of MSC-based radioprotective research.

Some possible mechanisms by which MSC implantation mitigated radiation-induced vascular damage in the
murine aorta are hypothesized. MSCs exhibit potent anti-apoptotic effects across a variety of injury and disease
models. These effects are largely attributed to paracrine signaling, including the release of trophic factors that
inhibit apoptosis in damaged or stressed cells such as endothelial cells, cardiomyocytes, neurons, or epithelial
cells'®1?. MSCs also secrete cytokines and growth factors such as vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), insulin-like growth factor-1 (IGF-1), and stromal cell-derived factor-1 (SDF-
1)18-20_ These factors then activate the survival pathways such as PI3K/Akt, ERK1/2, and STAT3, which in
turn suppress the apoptotic signaling cascades!®?!. MSC-derived factors are known to reduce the expression
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or activation of caspase-3, caspase-8, and caspase-9, which are considered key executioners of apoptosis'*’.

Moreover, MSCs tend to increase the expression of Bcl-2, Bcl-xL, and other anti-apoptotic proteins in recipient
cells**-21, MSCs help preserve mitochondrial membrane potential and prevent cytochrome c release, which is
a critical step in the intrinsic apoptotic pathway!®?2. The anti-apoptotic pathway provides only a partial view of
the complex mechanisms through which MSCs exhibit their protective effects. However, it was suggested that
paracrine mediators, such as exosomes and microRNAs (miRNAs), represent important complementary and
potentially upstream regulators of cellular apoptosis and tissue repair?>. MSCs may function predominantly
via paracrine signaling, particularly through the secretion of exosomes and extracellular vesicles enriched in
regulatory miRNAs, proteins, lipids, and other bioactive factors?. Helissey et al. reported that MSC-derived
exosomes can carry miRNAs such as miR-21, miR-126, and miR-146a, which have been implicated in suppressing
apoptosis, modulating inflammatory responses, and promoting endothelial survival after radiation or oxidative
stress?4. These miRNAs are also known to target key pro-apoptotic mediators, including PTEN, Bim, and p53,
and may thus provide a molecular link between MSC paracrine activities and anti-apoptotic outcomes?*25.
Future research should analyse the roles of the MSC anti-apoptotic pathway in the improvement of radiation-
induced vascular injuries; conduct quantitative and qualitative analyses of the MSC secretome, including
exosome isolation and characterization; and perform miRNA profiling of both secreted exosomes and target
endothelial tissues and the functional validation of exosome-mediated anti-apoptotic effects using gain- and
loss-of-function strategies (e.g., miRNA mimics/inhibitors or exosome-depletion protocols). By incorporating
this broader mechanistic context, we aim to more accurately reflect the multifaceted nature of MSC therapy and
to identify concrete directions for future research aimed at elucidating the paracrine regulatory networks that
underlie MSC-mediated radioprotection.

Unmodified MSCs, while promising, may exhibit limited efficacy under certain pathological conditions,
and several strategies have been established to improve their reparative and immunomodulatory properties?®?’.
These approaches involve exposing MSCs to specific stimuli, such as hypoxia, inflammatory cytokines
(e.g., interferon-y, tumor necrosis factor-a), toll-like receptor agonists, or pharmacological agents, prior
to administration to improve their survival, homing efficiency, and secretion of regenerative factors?”?.
Several studies have shown that preactivated MSCs exhibit superior therapeutic efficacy compared with naive
MSCs in the models of tissue injury, including radiation-induced damage?®?. For instance, preconditioning
with inflammatory cytokines has been shown to upregulate the expression of anti-inflammatory molecules
(e.g., indoleamine 2,3-dioxygenase, prostaglandin E2) and adhesion molecules (e.g., intercellular adhesion
molecule 1, vascular cell adhesion molecule 1, C-X-C motif chemokine receptor 4), thereby improving the
immunosuppressive potency and tissue-targeting capacity of MSC?**. Hypoxic preconditioning has also been
shown to increase MSC resistance to oxidative stress and augment the release of angiogenic and cytoprotective
factors?®. We referenced relevant studies demonstrating these approaches and noted that while our study used
naive, unmodified MSCs, future studies should investigate whether preactivation or gene modification strategies
may further improve the outcomes in radiation-induced vascular injury. This is particularly relevant in settings
wherein systemic inflammation or oxidative stress might impair MSC viability and therapeutic action?®?°.

Immune profiling is essential when evaluating the safety and efficacy of xenogeneic cell therapies in
immunocompetent hosts. Although we did not perform comprehensive immunophenotyping analyses, such
as the quantifying T cell subsets, determining macrophage polarization status, or profiling cytokine/chemokine
expression, no histological evidence suggestive of acute immune rejection (e.g., perivascular or parenchymal
inflammatory cell infiltration, tissue necrosis, or fibrosis) was observed in the MSC-treated aortae. This
suggests that, at least within the 30-day observation period, the xenogeneic human MSCs did not elicit overt
immunological rejection in immunocompetent murine recipients. This finding is consistent with the well-
documented immunomodulatory properties and low immunogenicity of human MSCs, which have been shown
to suppress host immune responses through several mechanisms, such as the inhibition of T cell proliferation,
modulation of dendritic cell maturation, and secretion of anti-inflammatory cytokines (e.g., transforming growth
factor-p, interleukin-10)3!. Notably, several previous studies have reported the feasibility of using human MSCs
in xenogeneic murine models without the need for immunosuppression®>*3. Nevertheless, we acknowledge that
the absence of the histological signs of rejection does not preclude more subtle or delayed immune responses.
The use of xenogeneic MSCs remains a potential confounding factor, particularly regarding the interpretation
of long-term vascular remodeling and immune-endothelial interactions. Moreover, further research is needed
to investigate the use of syngeneic or allogeneic murine MSCs to eliminate xenogeneic immune confounders
and detailed immune profiling (e.g., flow cytometry, single-cell RNA-seq), and time-course analyses to delineate
the early versus delayed immune effects. These efforts will help establish the immunological dynamics of MSC
therapy and validate the translational relevance of our findings.

Limitations

There are a number of study limitations. First, in this study, we injected MSCs cultured in serum-free medium:
this was because these they were found to possess higher therapeutic potential than MSCs cultured in serum-
containing medium?*. Combination with other proposed approaches such as pre-treatment of MSCs with
melatonin®®, photobiomodulation®, or lipopolysaccharides®” may further increase MSCs’ therapeutic potential
to mitigate radiation-induced vascular damage. Instead of MSCs in itself, cell-free approaches through
administration of MSC-CM 3%, extracellular vesicles or exosomes from MSC-CM37-2 have also been shown to
exhibit therapeutic effects for radiation injury in various tissues. These encourage further studies.

Second, assessing the in vivo fate of the transplanted MSCs would provide important insights into their
mechanism of action. However, the primary aim of the present study was to assess the early histopathological
response of the irradiated aorta following MSC administration rather than to map systemic cell trafficking.
While previous studies have shown that intravenously administered MSCs tend to accumulate transiently in the
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lungs and other filtering organs*»*, increasing evidence has suggested hat their therapeutic effects are largely

mediated through paracrine signaling rather than persistent engraftment at target sites*>. This paradigm has
been supported by studies reporting comparable outcomes between MSC transplantation and the administration
of MSC-derived exosomes®®. Future research using labeling strategies (e.g., fluorescent, bioluminescent, or
radioactive tracers) to track MSC localization, persistence, and interaction with vascular tissues following
radiation exposure is needed*>*’.

Third, an evaluation of syngeneic murine MSCs would draw a more specific conclusion concerning the roles
of MSCs in the protective effects on radiation-induced vascular injure. Unfortunately, the culture of murine
MSCs has been proven to be extremely challenging, and we were unable to obtain a sufficient number of cells
for experimental use.

Forth, both statistical power and biological generalizability are critical for the robustness and translational
value of the preclinical findings*®. With regard to the sample size, we acknowledge that a group size of n=8
per condition may compromise the ability to detect subtle but biologically relevant differences, particularly
for endpoints characterized by inter-individual variability. Our sample size was determined based on previous
studies on radiation-induced vascular injuries using similar histological and molecular endpoints, wherein a
sample size of n=6-10 per group yielded statistically significant findings*>*°. Nonetheless, increasing the sample
size to n=10-15 would enhance statistical power and reduce the risk of type II error*®. In particular, those
involving functional readouts or survival analyses, should incorporate larger cohorts. With regard to sex bias,
we recognize the importance of including both male and female animals in accordance with the current NIH
and ARRIVE guidelines for sex as a biological variable?®>!. In the present study, only male mice were used to
reduce the variability in vascular responses that can arise from hormonal cycling in females®2. However, we fully
acknowledge that this design limits the generalizability of our findings. Future studies should include both sexes
to investigate potential sex-specific effects of radiation injury and MSC therapy*®>!.

Fifth, in the present study, we selected a single sublethal dose of 5 Gy based on previously published murine
models demonstrating that this dose reliably induces sustained but non-lethal vascular injury, including
endothelial dysfunction, intima-media thickening, and low-grade inflammation, without confounding systemic
toxicity or lethality®®. The use of a higher radiation dose of over 8 Gy would more closely mimic the severity of
tissue injury observed in therapeutic or accidental radiation exposure scenarios and would allow the assessment
of MSC efficacy under conditions of more extensive endothelial damage and fibrosis. However, in murine
models, whole-body exposure to ionizing radiation at doses exceeding 8 Gy is uniformly lethal, with all animals
succumbing within 28 days post-irradiation®*. The 4-week (30-day) endpoint was chosen to capture subacute
pathophysiological changes, such as vascular remodeling and apoptosis, which are known to emerge within
this time frame following irradiation®*. Furthermore, longer-term observations (e.g., 8-12 weeks or beyond)
are necessary to assess the durability of the MSC-mediated effects, evolution of chronic vascular lesions, and
potential late-onset toxicities.

Sixth, the present study focused primarily on the histological markers of vascular damage but did not
assess the physiological outcomes such as hemodynamic parameters, vascular compliance, or endothelial-
dependent vasodilation®>*®. Future functional studies are needed employing pressure-volume loop analysis,
echocardiography, and isolated vessel assays®>°. Furthermore, we acknowledge the need for unbiased molecular
profiling (e.g., RNA-seq, mass spectrometry-based proteomics) to reveal upstream regulators and broader
biological pathways involved in MSC-mediated vascular protection®”.

Finally, survival efficacy represents a pivotal outcome measure, particularly when assessing the translational
potential of therapeutic strategies aimed at mitigating radiation-induced damage in the context of public
health emergencies or radiological/nuclear incidents®. Indeed, long-term survival and functional recovery are
ultimately the most clinically relevant endpoints when assessing the effectiveness of any countermeasure in
radiation injury models®’. However, the primary objective of the present study was to characterize the subclinical
and subacute vascular alterations induced by ionizing radiation and to assess the capacity of MSCs to improve
these early pathophysiological changes. We intentionally selected a sublethal radiation dose (5 Gy) and a 30-day
endpoint to focus on endothelial dysfunction, intima-media remodeling, and inflammatory/fibrotic changes in
the absence of overt lethality®!. This design allowed us to capture the therapeutic window during which early
intervention might prevent the progression to irreversible vascular damage and downstream cardiovascular
complications. However, we acknowledge that the absence of survival data and long-term follow-up represents
an important limitation in the present study. Although our results provide histological and molecular evidence
of MSC-mediated vascular protection in the subacute phase post-irradiation, these observations do not confirm
a definitive therapeutic benefit without accompanying data on survival and functional outcomes!®. Future
studies are needed to confirm the longitudinal survival analysis following higher or fractionated radiation doses
that more closely mimic real-world radiation exposure scenarios®, comprehensive functional assessments (such
as vascular compliance, blood pressure measurements, and echocardiographic parameters)>¢, and evaluation of
multi-organ outcomes and systemic toxicity profiles to establish safety and efficacy over extended timeframes®2.

Conclusions

In conclusion, our present data showed that post-irradiation implantation of human adipose tissue-derived
MSCs can mitigate radiation-induced vascular damage in the murine aorta. Further studies are warranted to
enhance therapeutic potential of MSCs for public health preparedness and medical countermeasures against
unplanned radiation exposure.
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Methods

Animals

Male C57BL/6] mice were purchased at 7 weeks of age from Jackson Laboratory Japan (Shiga, Japan), and
acclimated for a week prior to irradiation experiments. Mice were maintained under a 12-h light/dark cycle
(light onset at 8 am) with ad libitum access to food (a normal-fat diet, ~ 3.5 kcal/g, ~13% of the calorie from
crude fat, MF obtained from Oriental Yeast, Japan) and water. All animal experiments were approved by the
Animal Experimentation Committee of Hiroshima University (Approval No.: A22-21) and were conducted in
accordance with the institutional and national guidelines for the care and use of laboratory animals in Japan.
In addition, all animal procedures are reported in compliance with the ARRIVE guidelines. At the end of the
experiments, mice were euthanized by cervical dislocation following an overdose of isoflurane. This procedure
was performed in accordance with a pre-approved protocol.

MSC preparation

In all experiments, MSCs cultured in serum-free STK2 medium (Kanto Reagents, Tokyo, Japan) up to passage
4 were used, based on our finding that MSCs cultured in serum-free medium possessed higher anti-apoptotic
potential than those in serum-containing medium?*. All methods involving human tissue were carried out in
accordance with relevant guidelines and regulations, including the Declaration of Helsinki. MSCs were isolated
from adipose tissue obtained from patients undergoing elective breast reconstruction surgery. Regarding
MSC characterization, it was confirmed that the human adipose-derived MSCs used in the present study were
obtained from a certified clinical-grade cell processing facility and conformed to the minimal criteria defined by
the International Society for Cellular Therapy, including plastic adherence under standard culture conditions,
the expression of characteristic surface markers (positive for CD73, CD90, and CD105 and negative for
CD14, CD34, CD45, and HLA-DR), and capacity for trilineage differentiation into adipogenic, chondrogenic,
and osteogenic lineages in vitro. The study protocol was reviewed and approved by the Ethics Committee of
Hiroshima University (Approval No: E-1516). Written informed consent was obtained from all participants
prior to tissue collection. All samples were anonymized before analysis to ensure the confidentiality of donor
information.

Animal irradiation, MSC treatment and tissue sampling

Just prior to irradiation, unanesthetized mice (n=8/group) at age 8 weeks were placed in a 12-compartment pie
cage (Natsume Seisakusho, Japan), and total body irradiated with a single acute dose of 5 Gy (sublethal dose) of
137Cs y-rays (662 keV) at a dose rate of 0.5 Gy/min from Gammacell 40 Exactor, as described®®. Control mice (the
0 Gy group, n = 8) were sham-irradiated in parallel with the test mice. Dosimetry was conducted using a Dose Ace
system with radiophotoluminescent glass rods of GD-302 M and an FDG-1000 reader, all from Asahi Techno
Glass Co. Ltd. (Shizuoka, Japan). At 6 h after irradiation, 200 uL phosphate-buffered saline (PBS) with 5x 10*
MSC:s (the 5 Gy + MSC group, n=38) or without MSCs (the 5 Gy group, n=_8) were injected through the tail vein.
At 4 weeks after irradiation (viz., at age 12 weeks), mice were anesthetized with 1.5% isoflurane by inhalation at a
flow rate of 2 L/min and perfused transcardially with PBS. Of the collected descending thoracic aorta, the cranial
half was evaluated for morphological changes with field-emission scanning electron microscopy (FE-SEM), the
caudal half being assessed for cellular and molecular changes with immunofluorescence and histochemistry
staining. No mice died or appeared moribund throughout the observation period.

FE-SEM

The cranial half of the descending thoracic aorta was opened longitudinally, washed with PBS, fixed in 1%
glutaraldehyde, washed with PBS, and dehydrated in an ethanol series (30%, 50%, 70%, 90%, 99.5% and 100%).
The FE-SEM (Hitachi High-Technologies S-5200) was operated at 3 kV, and the entire area of the carbon-coated
tissue was observed. The surface of the normal aortic endothelium exhibited less frequent horizontal waves and
more frequent vertical waves (Fig. 1Aa), and the number of crests in such vertical waves was counted in each
of the seven fields/mouse (each field corresponds to the entire area of the image taken at 300x magnification, 1
crest/field corresponding to ~ 7.5 crests/mm?).

Immunofluorescence and histochemistry staining

The caudal half of the descending thoracic aorta was embedded in optimal cutting temperature (OCT)
compound (Sakura Finetek, Japan), snap frozen (first with the cold isopentane and then liquid nitrogen), and
stored at —80°C. The tissue was transversally cryosectioned at a 5-um thickness (Leica CM1950). The section
was mounted onto a glass slide coated with 3-aminopropyltriethoxysilane (Matsunami, Japan), air-dried, and
fixed in 4% paraformaldehyde.

For immunofluorescence staining, cryosections were washed with PBS, blocked with Block Ace (Yukijirushi,
Japan), reacted with primary antibodies (diluted 1:100 or 1:200), washed with PBS, and reacted with secondary
antibodies (diluted 1:500), with cell nuclei counterstained with 4)6-diamidino-2-phenylindole (DAPI).
Primary antibodies used were rabbit polyclonal against vascular endothelial (VE)-cadherin, CD68, CD3 and
transforming growth factor 1 (TGF-p1), rabbit monoclonal against endothelial nitric oxide synthase (eNOS,
Clone D9A5L) and F4/80 (Clone SP115), rat monoclonal against CD31 (CloneMEC 13.3). Secondary antibodies
used were anti-rabbit IgG conjugated with Alexa Fluor 594, and anti-rat IgG conjugated with Alexa Fluor 488.
The sections were simultaneously reacted with two different primary antibodies (a set of CD31 stained red and
one of the five antibodies stained green), and then with two different secondary antibodies (anti-rabbit and anti-
rat). Primary antibodies were purchased from Abcam (VE-cadherin, CD68, F4/80 and CD3), Cell Signaling
Technology (eNOS), Sigma (TGF-B1) and BD Pharmingen (CD31), and secondary antibodies were purchased
from Invitrogen. Images were captured using a Keyence BZ-9000 fluorescence microscope (Keyence, Japan),
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and processed with Keyence BZ-X Analyzer. For each mouse, staining was quantified as follows: intensity of
red signals in randomly selected five areas (150 pm x 50 pm) in the tunica intima in one image taken at 600x
magnification for eNOS, the number of dots in the tunica intima in four images taken at 600x magnification
for VE-cadherin, intensity of red signals in randomly selected five areas (50 pm X 50 pum) in the tunica media in
one image taken at 200x magnification for TGF-B1, the number of dots in the entire aortic area (including the
tunica adventitia) in four images taken at 200x magnification for CD68, F4/80 and CD3, and loss of signals in
7 tiled images for CD31 and DAPI. The maximal intima-media thickness (IMT) was measured in seven images
taken at 200x magnification, and such IMT measured from immunofluorescence images was designated IMT-IE
For cells with subcellular fragments, all aortic VECs in the tunica intima and aortic VSMCs in the tunica media
were counted at 600x magnification in two sections for each mouse (total of 172-282 VECs and 425-724 VSMCs
counted/mouse in two sections each stained for VE-cadherin/CD31 with nuclei counterstained with DAPI). A
tiled image for the cross section of the aortic wall was created from 30 to 60 images for each of three colors (red,
green, and blue) taken at 600x magnification for eNOS and VE-cadherin, and from 8 to 12 images taken at 200x
magnification for other markers.

Following the instructions from the manufacturer (Muto Pure Chemicals, Tokyo, Japan), Masson’s trichrome
staining was performed where aniline blue stains collagen fibers in the tunica media blue. For each mouse, one
image taken at 200x magnification was used to measure the maximal IMT (designated IMT-HC), and intensity
of blue signals in the tunica media and wall area (expressed as intensity of aniline blue per unit wall area).

Statistical analysis

Statistical analyses were performed using R statistical software (version 3.6.1, R Foundation, https://www.r-proje
ct.org/). Normality was assessed by the Shapilo-Wilk test. p values were determined by non-parametric tests (the
Kruskal-Wallis rank sum test, followed by Wilcoxon rank sum test with Bonferroni corrections) for in vivo data.
Each data point was obtained from 8 mice for in vivo data, and represents means and standard error (SE), unless
otherwise specified. p<0.05 was considered significant (p <0.01 presented as double asterisk **, 0.01 <p <0.05
as single asterisk *.

Data availability
All data generated or analyzed during this study are available from the corresponding author upon reasonable
request.
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