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Introduction: It is essential to acknowledge that the cardiovascular toxicity associated with anthracycline
drugs can be partially attributed to the damage inflicted on blood vessels and endothelial cells. Extra-
cellular vesicles (EVs) derived from mesenchymal stem cells (MSCs) have the potential to repair cellular
processes and promote tissue regeneration through the transfer of signaling molecules such as miRNAs.
In the present study, we investigated the effects of MSC-EVs on daunorubicin (DNR)-damaged human
cardiac microvascular endothelial cells (HCMEC) and developing blood vessels of Chicken Chorioallantoic
Membrane (CAM) in vivo.
Materials and methods: We constructed in vitro and in vivo models of DNR-damaged endothelial cells
and developing blood vessel. Scratch wound assays, EdU assays, tube formation assays, and SA-b-Gal
staining were used to evaluate the effects of MSC-EVs on cell migration, proliferation, angiogenesis ca-
pacity and cell senescence. Blood vessel area was used to assess the effects of MSC-EVs on CAM
vasculature. RT-qPCR was used to detect the mRNA expression levels of inflammatory molecules. RNA
sequencing was employed to compare differential gene expression and downstream regulatory mech-
anisms. RNA interference experiments and miRNA mimic overexpression experiments were used to
validate the regulatory effects of target genes and downstream signaling pathways.
Results: We found that MSC-EVs improved the migration, proliferation, and angiogenesis of HCMEC,
while also alleviating cellular senescence. The angiogenic effect on the developing blood vessels was
confirmed in vivo. We identified that MSC-EVs downregulated the expression of PARP9, thereby inhib-
iting the STAT1/pSTAT1 signaling pathway. This downregulation effect is likely mediated by the transfer
of miR-186-5p from MSC-EVs to HCMEC. Overexpression of miR-186-5p in DNR-damaged HCMEC also
exhibited the aforementioned downregulation effect. In vivo, the introduction of miR-186-5p mimics
enhanced angiogenesis in the CAM model.
Conclusions: To summarize, our study reveals that MSC-EVs can restore the cellular function of DNR-
damaged HCMEC and alleviate cellular senescence through the miR-185-5p-PARP9-STAT1/pSTAT1
pathway. This finding highlights the potential of MSC-EVs as a therapeutic strategy for mitigating the
detrimental effects of anthracycline-induced endothelial damage.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
acellular vesicles (EVs) derived from mesenchymal stem cells; HCMEC, human cardiac microvascular endothelial cells;
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1. Introduction

Daunorubicin (DNR), an anthracycline chemotherapy drug, is
commonly used as a primary medication in first-line treatment
for pediatric leukemia. The main mechanism of DNR is well-
established, involving the induction of DNA damage, inhibition
of cancer cell proliferation, and stimulation of cell cycle arrest
and apoptosis [1]. Although anthracyclines have played a sig-
nificant role in improving overall survival rates and are consid-
ered the most effective cytostatic drugs for treating various types
of cancer, the cardiovascular toxicity it induces should not be
overlooked.

Even with limited cumulative doses, the incidence of cardiac
toxicity in pediatric leukemia patients treated with anthracyclines
is still approximately 8.2 %e21 % according to different follow-up
times and definitions of varying levels of cardiac toxicity [2e4].
This places a tremendous disease burden on the long-term survival
of these patients, particularly in pediatric patients who experience
longer lifespans and earlier onset of cardiovascular complications.
Large retrospective cohort studies have highlighted cardiovascular
disease as the second most prominent factor threatening the long-
term survival of these individuals [5].

Besides causing damage to myocardial cells, dysfunction of
cardiovascular endothelial cells also plays a substantial role in the
development of cardiac toxicity [6,7]. Hence, the restoration of
vascular endothelial cells has become a potential target for pre-
venting and treating long-term cardiac toxicity caused by DNR.
Extracellular vesicles (EVs) derived from mesenchymal stem cells
(MSC-EVs) have demonstrated tremendous potential in tissue
regeneration and injury repair. This potential has been observed in
numerous animal disease models and clinical trials, for example,
reducing myocardial infarct size and limiting ventricular remodel
[8,9], attenuating radiation-induced lung vascular damage [10], etc.
However, there is currently a lack of clear understanding regarding
the potential therapeutic effects and mechanisms of MSC-EVs on
vascular injury resulting fromDNR. Here, we investigated the effect
of MSC-EVs on DNR-damaged human cardiac microvascular
endothelial cells (HCMEC) in vitro and developing blood vessels of
Chicken Chorioallantoic Membrane (CAM) in vivo.
2. Materials and methods

2.1. Cell acquisition and culture

HuMSCs were grown in a-MEM supplemented with 10 % EVs-
free FBS and 1 % penicillin-streptomycin. Immortalized human
cardiac microvascular endothelial cell line (HCMEC) was gifted by
Dr. Wang Rong (Qilu Hospital, China) and was cultured in ECM
(ScienCell, USA). The cells were cultured at 37 �C, 5 % CO2. CD31-PE
(303106), CD34-PE (343606), CD105-PE (32320) and CD309-Alexa
Fluor 647 (359910, Biolegend, USA) were used to characterize
HCMEC by Flow cytometry (Guava easyCyte 6HT, Millipore, USA).
2.2. Collection and identification of EVs derived from HuMSCs

The conditioned medium of pre-confluent HuMSCs was pro-
cessed for isolating EVs as previously reported [11]. The identifi-
cation of isolated EVs was conducted by transmission electron
microscopy (TEM, JEM-1200EX, Japan) and Nanoparticle Tracking
Analyzer (NTA, Zetaview, Germany), and the protein concentration
was quantified using the Micro BCA protein analysis kit (Boster,
China). The expression of characteristic proteins CD9 (1:1000;
13174, CST, USA), CD81 (1:1000; 52892, CST), and Calnexin (1:1000;
2433S, CST) were detected by Western blot.
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2.3. DNR-induced HCMEC injury model

Cell Counting Kit-8 (CCK8; NCM, China) was used to determine
the intervention dosage of DNR（D122335, Aladdin, China）to
HCMEC. The IC50 was fitted by GraphPad Prism 8.0.2 (GraphPad
Software, USA). Finally, half of IC50 (150 nM) is adopted as the DNR
intervention concentration.
2.4. Senescence-associated b-galactosidase (SA-b-Gal) staining

Each group of cells was fixed with b-Gal fixative solution and
incubated with the staining working solution (G1580; Solarbio;
China). The stained cells were analyzed by Image J (NIH, USA).
2.5. EVs intervention and endocytosis

The dosage of EVs treated to HCMEC was standardized by pro-
tein concentration, and two EVs-treated concentration groups
(50 mg/mL, 100 mg/mL) were set up.

EVs were labeled with the PKH26 Red Fluorescent Cell Linker Kit
and incubated with DNR stimulated-HCMEC for 12 h and observed
by laser scanning confocal microscopy (Olympus, Japan).
2.6. Scratch Wound Assay

Cell migration was measured by Scratch Wound Assay. The
migration of the cells was quantified by measuring the scratched
area covered by the cells using Image J.
2.7. EdU proliferation assay

Cell proliferation was measured using an EdU Cell Proliferation
Kit with Alexa Fluor 488 (Epizyme Biotech, China). Cell proliferation
was photographed and analyzed by Image J.
2.8. Tube formation assay

HCMEC was seeded in 96-well plated by 50 mL of 1:1 ECM basal
medium diluted Growth Factor Reduced-Matrigel (354230, Corn-
ing, USA) at a density of 20,000 cells/well in 100 mL/well ECM with
or without EVs. Images were taken after 6 h and processed with
Image J.
2.9. Transcriptome sequencing and analysis

HCMEC from Blank, DNR, and DNRþEVs groups were collected
in duplicate for RNA extraction and sequenced. Differentially
expressed genes (DEGs) were screened using DESeq2, with fold
change �1 and adjusted P < 0.05 as criteria. All RNA sequencing
samples were commissioned and analyzed by Xiuyue Biol (China).

TargetScan (http://www.targetscan.org/), miRDB (https://
mirdb.org/), starbase (https://starbase.sysu.edu.cn/) and RNAinter
(https://ngdc.cncb.ac.cn/databasecommons/database/id/7218)
were applied to predict the target genes of miRNAs.
2.10. RNA interference

HCMEC were transfected with siRNA targeting PARP9 or miR-
186-5p mimics (GenePharma, China) using Lipofectamine® 2000
(Invitrogen, USA) according to the manufacturer's instructions. The
sequences of the siRNAs and mimics were as Supplementary
Material.

http://www.targetscan.org/
https://mirdb.org/
https://mirdb.org/
https://starbase.sysu.edu.cn/
https://ngdc.cncb.ac.cn/databasecommons/database/id/7218
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2.11. RNA extraction and RT-PCR

Total RNA was extracted using the RNAfast200 RNA Extraction
Kit (Fastagen, China), and cDNA was synthesized employing Sure-
ScriptTM First-Strand cDNA Synthesis Kit (GeneCopoeia, USA). RT-
PCR was performed using BlazeTaq™ SYBR® Green qPCR Kit
(GeneCopoeia) on the Real-Time Thermocycler (Analytik Jena AG,
qTOWER3G, Germany), and gene expressionwas normalized to the
GAPDH. The primer sequences used in this study are listed in
Supplementary Material.
2.12. miRNA extraction and RT-PCR

Total miRNA was extracted using the miRcute miRNA Isolation
Kit (TIANGEN, China), and cDNA was synthesized employing
miRcute Plus miRNA First-Strand cDNA Kit (TIANGEN). RT-PCR
was performed using miRcute Plus miRNA SYBR Green qPCR Kit
with specific forward primer (CD201-0080, TIANGEN) and the
universal reverse primer. Gene expression was normalized to the
U6 gene.
2.13. Western blot (WB)

The following antibodies were used: GAPDH (1:5000;
5174S, CST, USA), PARP9 (1:250; ab53796 Abcam, USA), total
STAT1 (1:1000, A19563, Abclonal, China), Phospho-STAT1-Y701
(1:1000, AP0054, Abclonal) and horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (1:5000,
AB0101, Abways). The relative densitometric analysis was con-
ducted using the Image J.
2.14. CAM assay

The in vivo evaluation of MSC-EVs and miR-186-5p mimics' ef-
fect was conducted through the CAM assay. Fertilized eggs were
obtained from Shandong Experimental Breeder Farm of No Specific
Pathogenic Chicken (Jinan, China) and acclimatized for 9 days in a
standard egg incubator at 37 �C and 60 %e70 % relative humidity.
Prior to the experiment, DNR (3 nmol/egg), EVs (150 mg/egg), and
miR-186-5p mimics (30 pmol/egg) were pre-embedded in 2.5 %
agar (Biowest, Spain). On the sixth day of incubation, a circular
window with a 1 cm diameter was opened on the eggshell asep-
tically. The window was then treated with DNR for 24 h, followed
by treatment with EVs or miR-186-5pmimics for 48 h. On the ninth
day, the CAM was fully exposed and photographed. Each test
sample was performed using three eggs. The area of blood vessels
was measured using the Image J.
2.15. Statistical analysis

GraphPad Prism 8.0.2 was used for statistical analysis. The
quantitative data were examined by normal distribution test and
expressed as the mean ± standard error, followed by variance ho-
mogeneity test. Two groups of independent samples were
compared using unpaired t-test. One-way ANOVA and Two-way
ANOVA were conducted to determine statistically significant dif-
ferences among multiple homogeneous groups. For significant
ANOVA results, Turkey's multiple comparison test and Dunnett's
multiple comparison tests were performed to analyze the differ-
ences between controlled groups and multiple homogeneous
groups. Results with P values less than 0.05 were considered
significant.
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3. Results

3.1. Identification of MSC-EVs

MSC-EVs were extracted and identified by TEM (Fig. 1A), WB
(Fig. 1B) and NTA (Fig. 1C). These findings confirm the successful
isolation of MSC-EVs.

3.2. Establishment of DNR-damaged HCMEC models

Typical markers of HCMEC were identified by flow cytometry
(Fig. 1D). CCK-8 assay was used to explore the appropriate inter-
vention dosage of DNR to HCMEC (Fig. 1E). DNR-damaged HCMEC
showed high activity of SA-b-Gal, which indicated cellular senes-
cence (Fig. 1F). The experimental design flowchart can be seen in
Fig. 1G. PKH-26-labeled MSC-EVs were incubated with DNR-
damaged HCMEC, and the data showed MSC-EVs were efficiently
internalized (Fig. 1H).

3.3. MSC-EVs rehabilitated cellular function and alleviated
senescence of DNR-damaged HCMEC

Scratch wound assays, EdU assays, tube formation assays, and
SA-b-Gal staining indicated that MSC-EVs significantly improved
the migration (Fig. 2A and B), proliferation (Fig. 2C and D), and
angiogenesis capacity (Fig. 2E and F), meanwhile alleviating cell
senescence (Fig. 2G and H) of DNR-damaged HCMEC.

3.4. MSC-EVs reduced expression of inflammatory adhesion
molecule ICAM-1 and growth inhibition molecule VE-cadherin of
DNR-damaged HCMEC

ICAM-1 is a cell surface glycoprotein expressed at a low basal
level in endothelial cells, but is up-regulated in response to in-
flammatory stimulation and other injury [12]. RT-PCR results
indicated that MSC-EVs downregulated the mRNA expression of
ICAM-1 (Fig. 2I). VE-cadherin is an adhesion molecule of endo-
thelial cells, which can interact and co-cluster with growth factor
receptors and limit their intracellular signals, thus inhibiting the
growth and motility of endothelial cells [13]. Our result showed
MSC-EVs might relieve the growth inhibition of DNR-damaged
HCMEC by downregulating VE-cadherin mRNA expression (Fig. 2J).

3.5. MSC-EVs improved angiogenesis in the DNR-damaged CAM
model

To validate the reparative effect of MSC-EVs on DNR-damaged
blood vessels in vivo, we conducted a CAM assay. Based on the
results of the concentration titration of MSC-EVs, we have selected
150 mg/egg as the final intervention concentration (Sup Fig. 1A and
B). The results demonstrated that MSC-EVs significantly promoted
the angiogenesis in the CAM damaged by DNR (Fig. 2K and L).

3.6. MSC-EVs inhibited the activation of the type I interferon (IFN-I)
signal pathway in DNR-damaged HCMEC

We conducted transcriptomic sequencing on HCMEC samples
from the control group, DNR group, and DNRþMSC-EVs group
(Fig. 3A), and specifically screened for genes that were upregulated
in the DNR group compared to the Blank group, meanwhile were
downregulated in the DNRþMSC-EVs group compared to the DNR
group and vice versa (Fig. 3B). The heatmap displayed the differ-
entially expressed genes (Fig. 3C). GO and GSEA enrichment anal-
ysis indicated that the IFN-I and STAT pathways were particularly
notable (Fig. 3D and E). Heatmap showed that MSC-EVs inhibited



Fig. 1. MSC-EVs could be internalized by daunorubicin (DNR)-damaged HCMEC A. Ultrastructure of EVs observed by transmission electron microscopy B. Western blotting of the
EVs markers CD9, CD81 and calnexin in lysates fromMSC and MSC-EVs C. The average particle size distribution of MSC-EVs D. Immunophenotypes of HCMEC as determined by flow
cytometry E. The effects of different doses of DNR for the cell viability of HCMEC, and half of IC50 was used for further experiments F. Morphological changes and SA-b-Gal positive
ratio of HCMEC under DNR intervention. Data are presented as the mean ± SD of three replicates. ****P＜0.0001 G. The flow chart of the experimental design. HCMEC were
subjected to DNR for 24 h when confluency reached 80 %. Afterward, the culture medium was replaced with or without MSC-EVs for the corresponding time H. PKH 26-labeled
MSC-EVs (red) were internalized by DNR-damaged HCMEC.
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the expression of IFN-I signaling pathway-related molecules in
DNR-damaged HCMEC (Fig. 3F).

3.7. miR-186-5p enriched in MSC-EVs downregulated the
expression of PARP9

As STAT1 acts as the canonical signal molecule in the IFN-I
pathway and could inhibit cell growth, and induce cell cycle
323
arrest and cellular senescence [14e16], we screened potential
target genes that may interact with STAT1, and poly (ADP-ribose)
polymerase family member 9 (PARP9) has garnered our attention.
PARP9 and the family to which it belongs participate in various
cellular processes such as DNA repair, genomic stability, and pro-
grammed cell death [17]. It has been proved that PARP9 promotes
phosphorylation of STAT1 in macrophages. The network-based
analysis indicates that PARP9 has a potential impact on the



Fig. 2. MSC-EVs restore the cellular function and alleviate senescence of DNR-damaged HCMEC A, B. Scratch wound Assay indicates the effects of MSC-EVs on cell migration of
DNR-damaged HCMEC. Scale bar represents 100 mm C, D. Edu Proliferation Assay shows that MSC-EVs improve cell proliferation of DNR-damaged HCMEC. Scale bar represents
50 mm E, F. Tube formation assay demonstrates the effects of MSC-EVs on angiogenesis of DNR-damaged HCMEC. Scale bar represents 200 mm G, H. SA-b-Gal staining suggests that
MSC-EVs alleviate cellular senescence of DNR-damaged HCMEC. Scale bar represents 50 mm I, J. The mRNA level of ICAM-1 and VE-cadherin in DNR-damaged HCMEC. K, L. Chicken
Chorioallantoic Membrane (CAM) assay demonstrates the effects of MSC-EVs on angiogenesis of DNR-damaged CAM. Data are presented as the mean ± SD of three replicates. *P＜
0.05, **P＜0.01, ***P＜0.001, ****P＜0.0001.
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Fig. 3. Transcriptome sequencing and bioinformatics tools screen out the miR-186-5p-PARP9 axis A, B. Transcriptome samples and screening rules C, D. Heat map and GO
enrichment analysis bubble map of differential genes E. GSEA enrichment analysis suggests that MSC-EVs down-regulate the type 1 interferon (IFN-I) signaling pathway in DNR-
damaged HCMEC F. Heatmap of the representative genes in IFN-I pathway G, H. Effects of MSC-EVs on PARP9 expression were determined by RT-PCR and WB I. Venn diagram of 9
miRNAs targeting PARP9 by prediction tools J. The GSE211008 dataset suggests that miR-186-5p has the highest expression level among 9 predicted miRNAs in MSC-EVs K. Effects of
MSC-EVs on miR-186-5p expression were determined by RT-PCR. Data are presented as the mean ± SD of three replicates. *P＜0.05, **P＜0.01, ***P＜0.001.
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pathogenesis of arterial disease [18]. We validated the results of
transcriptome sequencing with RT-PCR (Fig. 3G) and WB (Fig. 3H),
and confirmed that PARP9 was upregulated in DNR-damaged
HCMEC while MSC-EVs partly suppressed this upregulation effect.

We employed bioinformatics tools to predict the upstream
regulatory molecules of PARP9. We performed an intersection
analysis between the highly expressed miRNAs in MSC-EVs from
publicly available datasets (GSE211008) and the results obtained
from predictive software (Fig. 3I and J). Among the predicted
miRNAs, miR-186-5p exhibited the highest abundance in MSC-EVs.
Taking into account both the algorithmic predictions and the
empirical results, we ultimately identified miR-186-5p as a poten-
tial target of PARP9, which had been validated through dual-
luciferase reporter assay [19]. RT-PCR demonstrated that MSC-EVs
intervention upregulated miR-186-5p expression compared to the
Fig. 4. MSC-EVs downregulated PARP9 to restore the cellular function and alleviate senesc
eration (C, D) and attenuated cellular senescence (E, F) of DNR-damaged HCMEC G-J. The rel
or without MSC-EVs. Data are presented as the mean ± SD of three replicates. *P＜0.05, **
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DNR-damaged group (Fig. 3K). These combined results provide
compelling evidence supporting the involvement of miR-186-5p as
a key player in the regulatory network associated with PARP9.
3.8. PARP9 silencing improved the migration, proliferation and
attenuated cellular senescence of DNR-damaged HCMEC by
inhibiting the STAT1/pSTAT1 pathway

To elucidate the role of PARP9 in the functional restoration of
DNR-damaged HCMEC, we conducted RNA interference targeting
PARP9 (Sup Fig. 1CeF). The cell functional assays indicated that
knocking down PARP9 significantly improved the migration
(Fig. 4A and B) and proliferation (Fig. 4C and D), meanwhile alle-
viating cell senescence (Fig. 4E and F) of DNR-damagedHCMEC. The
ence of DNR-damaged HCMEC PARP9 silencing improved the migration (A, B), prolif-
ative protein level of PARP9, STAT1 and pSTAT1 in si-PARP9 DNR-damaged HCMEC with
P＜0.01, ***P＜0.001.



Fig. 5. MSC-EVs disrupted the PARP9-STAT1/pSTAT1 signaling pathway by delivering miR-186-5p A. The binding site of miR-186-5p with 30 UTR region of PARP9 B. The transfection
efficiency of miR-186-5p mimics examined by RT-PCR in DNR-damaged HCMEC C. The mRNA expression level of the target gene PARP9 was downregulated by miR-186-5p mimics.
miR-186-5p mimics improved the migration (D, E), proliferation (F, G) and attenuated cellular senescence (H, I) of DNR-damaged HCMEC. J-M. miR-186-5p mimics downregulated
the protein expression level of PARP9, STAT1 and pSTAT1 in DNR-damaged HCMEC with or without MSC-EVs. N, O.miR-186-5p mimics improved the angiogenesis of DNR-damaged
CAM. Data are presented as the mean ± SD of three replicates. *P＜0.05, **P＜0.01, ***P＜0.001.
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downregulation of PARP9 expression also inhibited the expression
of total STAT1 and phosphorylated STAT1 (Fig. 4GeJ).

3.9. miR-186-5p improved the migration, proliferation and
attenuated cellular senescence of DNR-damaged HCMEC by PARP9-
STAT1/pSTAT1 axis

To investigate the upstream mechanism of how miRNA derived
from MSC-EVs regulates the expression of PARP9, we transfected
DNR-damaged HCMEC cells with miR-186-5p mimics. The binding
site of miR-186-5p with 3’ UTR region of PARP9 was illustrated in
Fig. 5A. RT-PCR verified that the expression of miR-186-5p was
increased in the transfected cells, and at the same time, the
expression of the target gene PARP9 was downregulated (Fig. 5B
and C). Cell function assays demonstrated that miR-186-5p mimics
significantly ameliorated the migration (Fig. 5D and E) and prolif-
eration (Fig. 5F and G) and also mitigated cell senescence (Fig. 5H
and I) of DNR-damaged HCMEC. Consistently, the downregulation
of PARP9 expression mediated by miR-186-5p mimics inhibits the
expression of STAT1/pSTAT1 at protein levels (Fig. 5J-M). In vivo
experiments also confirmed that miR-186-5p mimics significantly
improved angiogenesis in the DNR-damaged CAM (Fig. 5N and O).

In summary, our results indicate that the miR-186-5p-PARP9-
STAT1/pSTAT1 axis plays a crucial role in mediating the functional
reconstruction and attenuation of cellular senescence in DNR-
damaged HCMEC cells by MSC-EVs (Graphical abstract, by
Figdraw).

4. Discussion

Cardiovascular disease has emerged as a significant cause of
premature morbidity and mortality among childhood cancer sur-
vivors. Previous research has focused on understanding the
mechanisms of cardiac toxicity induced by anthracyclines initiated
with the direct damage to myocytes [20]. However, vascular dam-
age also plays a critical role in the pathophysiology. Huang C. et al.
indicate that vascular dysfunction may be the primary factor
contributing to cardiac toxicity, particularly in terms of long-term
effects [7]. Besides, a recent study suggested that perivascular
fibrosis occurs even earlier than damage to myocytes [6,21]. Here,
we successfully simulated the detrimental effects of DNR on
HCMEC and developing vessels of CAM, which included inhibiting
cell function, inducing cellular senescence, and hindering the
development of blood vessels in vivo.

Several therapeutic measures have been developed to prevent or
alleviate the cardiotoxicity of anthracycline drugs. These include
cardioprotective agents such as dexrazoxane, the only FDA-approved
drug for treating anthracycline-induced cardiotoxicity, which could
reduce ROS production [22,23]. However, there are currently no
effective long-term preventive or treatment measures for cardiovas-
cular complications. Cells and their derivatives are new promising
therapeutic options. Studies have shown thatMSCs and their derived
EVs can repair myocardial damage through multiple mechanisms,
suchasmodulating ER stress-induced apoptosis [24], and attenuating
cellular senescence [25], etc. Endothelial cells are also targets for
compounds. Himangshu Sonowal et al. demonstrated that fidarestat,
an aldose reductase inhibitor, prevented ROS accumulation and
caspase-3 activation in anthracycline-stressed HUVECs [26]. Prior
research findings also substantiated the capability of MSC-EVs to
mitigate cellular senescence, and promote cell proliferation in
HUVEC, specifically under conditions of oxidative stress-induced
senescence [27]. Our study provides new evidence of considerable
reparative effects thatMSC-EVs could act as a new therapeutic option
for DNR-damaged endothelial cells and developing blood vessels.
Regarding the clinical applications of MSC-EVs for vascular injury
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repair, there is currently no reported clinical trial that delineates the
specific administration methods and dosages. However, several arti-
cles havedocumented thedetails ofMSC-EVadministration inanimal
experiments. Forexample, Lei et al. usedadosage of 100mg/kg to treat
radiation-induced lung vascular damage in mice [10]. Xiao et al.
demonstrated that a dosage of 200 mg/mice of MSC-EVs promoted
angiogenesis in diabetic wounds [27]. In our in vitro experiments, we
used a concentration range commonly reported as therapeutically
relevant, indicating potential clinical applicability. Nonetheless,
further investigations, including in vivo studies and dose-response
assessments, are necessary to determine the optimal concentration
for clinical administration.

Our RNA sequencing analysis uncovered that MSC-EVs exert a
down regulatory effect on the IFN-I signaling pathway in DNR-
damaged HCMEC. This pathway is known to be induced by the
Cyclic GMP-AMP Synthase (cGAS) and Stimulator of Interferon
Genes (STING) pathway in response to damaged double-stranded
DNA breaks, subsequently activating the p53 pathway, and facili-
tating cellular senescence [28]. Studies demonstrated the signifi-
cant involvement of the IFN-I pathway in both aging and
degenerative diseases. IFN-I-dependent gene expression profiles
have been identified in multiple aging organs and tissues. Inter-
fering with IFN-I signaling or the key signalingmolecule within this
pathway, phosphorylated STAT1, has shown partial restoration of
cognitive function and hippocampal neurogenesis [29], alleviating
inflammation infiltration in the aged lung [30]. Based on our
findings and previous well-established research, inhibiting the IFN-
1 pathway may serve as an effective approach for preventing or
reversing vascular senescence caused by DNR.

Integrating miRNA sequencing data of MSC-EVs from public
databases with our RNA sequencing data allowed us uncovering the
miR-186-5p-PAPR9-STAT1/pSTAT1 axis. The members of PARP
family are named due to the conserved catalytic domain, which
allows them to transfer the ADP-ribose moieties from NAD to
protein acceptors and recruit DNA repair proteins to the damage
sites [31]. The specific function of PARP9 has not been fully eluci-
dated to date. Our findings elucidate that inhibition of PARP9 by
miR-186-5p downregulates the expression of STAT1/pSTAT1 at the
protein level. Consistently, silencing of PARP9 reduces the phos-
phorylation of STAT1 in human macrophages treated with IFN g,
which suggests that PARP9 may activate the IFNg-STAT1 pathway
and induce proinflammatory activation [18]. Conversely, evidence
also suggests that PARP9 enhances the phosphorylation of both
STAT1a and STAT1b, facilitating their nuclear translocation. This
promotes antagonistic effects and the nuclear accumulation of the
transcriptional repressive isoform, STAT1b. Consequently, PARP9
exerts an inhibitory role against the anti-proliferative and pro-
apoptotic IFNg-STAT1-IRF1-p53 axis, thus promotes proliferation
in diffuse large B-cell lymphoma [32]. Our study enhanced the
evidence that PARP9 exerted a positive regulatory role in the STAT1
signaling pathway. However, the specific molecular mechanisms
through which PARP9 positively regulates STAT1 phosphorylation
remain elusive. Future investigations are warranted to unravel and
comprehend these intricate mechanisms.

5. Conclusions

In short, our findings show that miR-186-5p-enriched MSC-EVs
can effectively restore the cellular function of DNR-damaged
HCMEC by downregulating PARP9 expression and subsequently
inhibiting the STAT1/pSTAT1 pathway. The pro-angiogenesis effect
was validated on the developing vessels through the in vivo CAM
assay. This suggests that MSC-EVs could serve as a potential ther-
apeutic approach for treating vascular injuries caused by
anthracyclines.
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