Yang et al. Stem Cell Research & Therapy ~ (2024) 15:255 Stem Cell Research & Thera py
https://doi.org/10.1186/s13287-024-03879-x

Check for
updates

Mesenchymal stem cell-derived extracellular
vesicles mitigate neuronal damage

from intracerebral hemorrhage by modulating
ferroptosis
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Abstract

Background Hemorrhagic stroke is a devastating cerebrovascular event with a high rate of early mortality and
long-term disability. The therapeutic potential of mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) for
neurological conditions, such as intracerebral hemorrhage (ICH), has garnered considerable interest, has garnered
considerable interest, though their mechanisms of action remain poorly understood.

Methods EVs were isolated from human umbilical cord MSCs, and SPECT/CT was used to track the **™Tc-labeled
EVs in @ mouse model of ICH. A series of comprehensive evaluations, including magnetic resonance imaging (MRI),
histological study, RNA sequencing (RNA-Seq), or miRNA microarray, were performed to investigate the therapeutic
action and mechanisms of MSC-EVs in both cellular and animal models of ICH.

Results Our findings show that intravenous injection of MSC-EVs exhibits a marked affinity for the ICH-affected

brain regions and cortical neurons. EV infusion alleviates the pathological changes observed in MRI due to ICH and
reduces damage to ipsilateral cortical neurons. RNA-Seq analysis reveals that EV treatment modulates key pathways
involved in the neuronal system and metal ion transport in mice subjected to ICH. These data were supported by the
attenuation of neuronal ferroptosis in neurons treated with Hemin and in ICH mice following EV therapy. Additionally,
miRNA microarray analysis depicted the EV-miRNAs targeting genes associated with ferroptosis, and miR-214-3p was
identified as a regulator of neuronal ferroptosis in the ICH cellular model.

Conclusions MSC-EVs offer neuroprotective effects against ICH-induced neuronal damage by modulating ferroptosis
highlighting their therapeutic potential for combating neuronal ferroptosis in brain disorders.
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Introduction

Intracerebral hemorrhage (ICH) is a devastating form of
stroke characterized by bleeding within the brain paren-
chyma, accounts 10~15% of all stroke cases globally [1,
2]. Despite advancements in medical and surgical treat-
ments, mortality rates associated with ICH remain high,
with approximately 40% of patients dying within the first
month following the hemorrhagic event and only 20%
achieving functional independence within six months [1,
3]. The pathophysiology of ICH is complex and multifac-
torial, involving initial mechanical damage due to hema-
toma formation, followed by secondary injury resulting
from hematoma expansion, inflammation, oxidative
stress, and apoptosis [4]. Notably, ferroptosis has been
implicated in the progression of neuronal damage follow-
ing ICH, and therapeutic strategies targeting the modula-
tion of neuronal ferroptosis have gained attention [5-7].

Extracellular vesicles (EVs), including exosomes, are
nanosized particles that carry a multitude of bioactive
molecules, such as proteins, lipids, and nucleic acids.
These are increasingly for their potential as therapeu-
tic targets, biomarkers, innovative drug delivery agents,
and standalone treatments [8, 9]. Mesenchymal stem
cells (MSCs) and their secretory products, particularly
small EVs, have demonstrated considerable promise
in the treatment of neurological disorders due to their
neuroprotective effects, immunomodulatory capabili-
ties, and the ability to permeate the blood-brain barrier
(BBB) [10, 11]. In the realm of ICH therapy, MSCs and
their secreted EVs have attracted considerable interest in
the scientific community [12], the mechanisms underly-
ing their therapeutic potential include anti-inflammatory
effects, neuroprotection and neurogenesis, angiogenesis,
as well as the modulation of various cell signaling path-
ways [13-16]. However, there are still worthwhile areas
within this field that warrant further investigation. The
importance of EV-microRNAs (miRNAs) transfer is well
established in the context of neurodegenerative diseases
[17-19]. Notably, MSC-EVs carry various types of miR-
NAs, which are small non-coding RNAs capable of reg-
ulating gene expression [10, 20]. These miRNAs can be
transferred to recipient cells, influencing a range of phys-
iological and pathological processes in neurological dis-
orders, making them a compelling therapeutic candidate
for ICH.

Herein, we explored the use of MSC-EVs as therapeu-
tic agents for the treatment of ICH, investigating their
impact on neuronal damage and potential mechanisms
of EV therapy both in vitro and in vivo. Intriguingly,
through RNA sequencing (RNA-Seq) in a mouse model,
we demonstrated that the neuronal system and metal ion
transport were involved in the animal models treated by
MSC-EVs, and EV-therapy mitigated neuronal ferrop-
tosis induced by ICH. Furthermore, combined with the
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miRNA microarray analysis and miRNA modification,
our findings showed that the MSC-EVs containing miR-
214-3P play a significant role in alleviating neuronal fer-
roptosis in cell model. This research uncovers a novel and
effective therapeutic strategy involving MSC-EVs that
can potentially halt the progression of ICH-induced neu-
ronal damage via regulating ferroptosis.

Methods
MSC-EVs preparation
Human umbilical cord tissue was obtained from five
healthy full-term mothers after informed consent.
All procedures were approved by the Ethics Commit-
tee of Xi'an Central Hospital, Xi'an Jiaotong University
(Approved project: Extracellular Vesicle Biorepository,
Approval No. LAS-L-2022-004-01, Date of approval:
Mar 21, 2022), and complied with the standards of the
National Health Research Institute. MSCs were obtained
from Wharton’s jelly in the umbilical cord and cul-
tured with aMEM (Hyclone, USA) containing 10% fetal
bovine serum (FBS) (Gibico, USA) at 37°C in 5% CO.,.
Flow cytometry analysis was performed using rabbit
polyclonal antibodies CD105, CD90, CD45, and CD34
(diluted 1:100; BD Biosciences, USA) to detect the sur-
face antigens of MSCs. Cells from the third passage (P3)
were used, adhering to the minimum criteria established
by the Mesenchymal and Tissue Stem Cell Committee of
International Society for Cellular Therapy [21]. At least
three cell culture samples were tested on a flow cytom-
eter (Becton Dickinson, USA) and data were analyzed
using Cell Quest software (Becton Dickinson, USA). Cell
viability was assessed using the trypan blue exclusion
method and quantified with an Automated Cell Counter
(BodBoge, JSY-SC-031, China). Only cells with a viability
rate exceeding 98% were utilized in subsequent studies.
P3~5 MSCs were cultured in «MEM containing 10%
EV-free FBS, the cell supernatant was collected, and EVs
were isolated using differential centrifugation (300 x g for
10 min, 2,000 x g for 10 min, and 10,000 X g for 30 min;
ST16R, Thermo Fisher, USA). Subsequently, the super-
natant was centrifuged at 100,000 x g (XPN-100, Beck-
man Coulter, USA) for 60 min to collect the EVs pellet,
which was resuspended in sterile phosphate buffer saline
(PBS) and centrifuged at 120,000 g (XPN-100, Beckman
Coulter, USA) for 70 min to deplete free protein and
impurities. The EVs were then stored at -80 °C until use.
The protein content of the EV suspension was quanti-
fied using a bicinchoninic acid (BCA) assay (Beyotime,
P0010, Beijing, China) according to the manufacturer’s
instructions. The positive markers of EVs, CD9 (1:1000;
ab236630, Abcam, USA), TSG101 (1:1000; ab125011,
Abcam, USA), and the negative marker calnexin (1:1000;
ab22595, Abcam, USA) were determined by West-
ern blotting. The morphology and size distribution of
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EVs were detected by transmission electron micros-
copy (TEM) and nanoparticle tracking analysis (NTA),
respectively.

Cell model preparation and administration

HT22 cells (a classic neuronal cell line [22]) were pur-
chased from the Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China) and
maintained in Dulbecco’s modified Eagle medium (Invi-
trogen, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen, CA, USA) in a 5% CO, incu-
bator at 37 “C. For the ICH cell model preparation, the
neuronal cells were cultured at a density of 5x10* in a
96-well plate and treated with PBS, and Hemin (51280,
Sigma Aldrich, CA, USA) at concentrations of 10 pmol/L,
20 pmol/L, 40 pmol/L, 60 pmol/L, 80 pumol/L, and 100
umol/L for 2, 4, 6, 8, 10, 12, and 24 h respectively (n=6
samples per group). Hemin was dissolved using 0.1 M
NaOH according to the manufacturer’s instructions. The
culture medium was removed and washed three times
with PBS, then 10 pl of CCK-8 (Beyotime, Beijing, China)
solution mixed with 100 pL of DMEM was added to each
well and incubated for 2 h. The optical density (OD) of
neurons at 450 nm was measured using an enzyme-
linked immunosorbent assay (ELISA) (Bio-Rad Labora-
tories Inc., Hercules, CA, USA) to estimate cell viability.
Finally, the cell model was prepared by using 80 pumol/L
Hemin stimulation for 6 h (Figure S1A), followed by the
addition of PBS and MSC-EVs according to the dose
responses of MSC-EVs on Hemin-stimulated neurons
(Figure S1B).

ICH induction and treatments

Adult male C57BL/6 mice (8 ~10-weeks old, 25~30 g
weight) were purchased from the Experimental Animal
Center of Xi'an Jiaotong University. They were housed in
groups and were allowed a period to acclimatize to the
laboratory environment. All animal procedures were
performed in accordance with the ARRIVE guidelines
and approved by the Ethics Review Board of Xi'an Cen-
tral Hospital, Xi’an Jiaotong University (Approved proj-
ect: Ethical Approval Document for Biological Research,
Approval No. 2021-1104, Date of approval: Feb 20,
2021). Animals were housed under a controlled envi-
ronment with a 12 / 12 h light / dark cycle and provided
with food and water. To create the animal model, mice
were anesthetized by 2% isoflurane/air mixture inhala-
tion and placed on a stereotaxic instrument. Buprenor-
phine (0.05 mg/kg) was administered subcutaneously
30 min before surgery for effective analgesia. Autologous
blood (25 pl) was injected into the striatum (coordinates:
0.8 mm anterior, 3.0 mm ventral, and 2.0 mm lateral
to the bregma) at a rate of 2 uL/min using a Hamilton
syringe, according to previous reports [5, 23]. Carprofen
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(5 mg/kg) was administered immediately post-surgery
and daily for three days to manage pain and inflamma-
tion. These models were verified by the damage molec-
ular pattern high mobility group protein 1 (HMGBI)
expression (Figure S2A) and MRI alterations (Figure S3A
and B). ICH mice received 50 pg MSC-EVs (diluted with
150 pL) or same volume of saline via tail vein injection as
the ICH+EVs (n=45) or ICH+ Veh (n=40) group, sham-
operated mice received the same procedures (e.g., isoflu-
rane anesthesia and needle insertion) or addition of 50 pg
MSC-EVs infusion (via tail vein) as the Sham (#=20) or
Sham+EVs (n=5) group. Normal mice were assigned to
the Naive (n=5) group. The dose of MSC-EVs adminis-
tration was determined based on variations in HMGB1
levels (Figure S2B). Additionally, 20 mice were employed
to verify the ICH model and test the EVs dose responses.
Mice appeared healthy and exhibited normal activity lev-
els prior to the start of the study. Mice exhibiting signs
of illness or abnormal behavior were excluded from the
study initially. Animals were excluded from analysis only
if they experienced complications unrelated to the ICH
model or experimental procedures, such as infections or
physical abnormalities unrelated to the induced ICH. All
the animal experiments mentioned above utilized block
randomization to allocate mice to the control and treat-
ment groups.

MSC-EVs tracking in the ICH mice

For tracking the MSC-EVs in vivo, the vesicles were
labeled by first shaking them with 0.01% Tin (II) chlo-
ride dihydrate for 5 min, then adding **™Tc (Guangdong
CI Medicine Co. Ltd., China) (148MBq **™Tc / 100 ug
MSC-EVs), and shaking for another 30 min as previously
described [24]. Labeling efficiency was assessed using
instant thin-layer chromatography (TLC), and radio-
activity was measured with a Scan-RAM MCA scanner
(Lablogic Systems, USA). Stability of the labeled MSC-
EVs was tested in PBS with 20% FBS at 37 °C, checking
purity at 0- and 3-hours post-incubation. The ICH and
Sham mice (n=3, per group) were administered with 74
MBq of 99mTc-MSC-EVs via tail vein injection. During
the imaging process, the mice were anesthetized with 2%
isoflurane/air mixture inhalation and kept warm. Gamma
camera (Mediso nanoScan SPECT/CT scanner, Hungary)
imaging was performed at 3, 6, and 24 h after administra-
tion. For tracking the MSC-EVs in vitro, the vesicles were
labeled with the C5 Maleimide-Alexa 594 (A954; Invit-
rogen, A10256, California, USA) as our previous report
[25]. The ICH mice were received 50 pg A954-labelled
MSC-EVs (n=3) or MSC-EVs (n=3) infusion via tail vein.
Brain tissues were collected from the ICH model at 24 h
post-injection and processed for immunostaining.
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MRI scanning

T1-weighted imaging (T1WI), T2-weighted imag-
ing (T2WI), and Diffusion-Weighted Imaging (DWI)
sequences were performed to detect the Sham,
ICH+Veh, and ICH+EVs (n=3, per group) with a 3.0-
Tesla MR scanner (Philips Ingenia, Netherlands) at 24 h,
3 days, 15 days, and 30 days after MSC-EVs treatment,
respectively. Prior to the MRI scan, each mouse in the
experimental groups was anesthetized using a 2% isoflu-
rane/air mixture throughout the examination, ensuring
they remained still for accurate imaging and reducing
stress. A detuned 12-mm surface coil was placed over the
skull and centered over the midline of the brain, and the
imaging sequences were conducted with the parameters
(field of view: 1.8 1.8 cm, spatial resolution: 256x128,
reconstruction matrix: 320x320, repetition time:
3000ms, effective echo time: 75ms). The images were
preserved as 288x288-pixel pictures for brain swelling
analysis, and the alterations were objectively evaluated by
at least 3 senior radiologists from Xi’an Central Hospital,
Xi'an Jiaotong University. After the MRI scan, the mice
were removed from the coil and allowed to recover from
anesthesia under close monitoring.

RNA sequencing

To assess the variations in gene expression among the
Sham (n=4), ICH+Veh (n=5), and ICH+EVs (n=5)
groups after 4 days of EV therapy, total RNA was
extracted from the right cortical tissue of each mouse
using RNAiso Plus Total RNA extraction reagent (9109,
Takara, Japan). RNA integrity was assessed using the
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA). Briefly, mRNA
was purified from total RNA (1 pg) using poly-T oligo-
attached magnetic beads. First-strand cDNA was syn-
thesized using random hexamer primer and M-MuLV
Reverse Transcriptase. Second-strand ¢cDNA synthesis
was subsequently performed using DNA Polymerase I
and RNase H. The remaining overhangs were converted
into blunt ends by exonuclease/polymerase activities. To
select cDNA fragments of preferentially 370 ~420 bp in
length, the library fragments were purified using AMPure
XP system (Beckman Coulter, Beverly, USA). Then, PCR
was performed with Phusion High-Fidelity DNA poly-
merase, Universal PCR primers and Index (X) Primer.
Finally, PCR products were purified using AMPure XP
system and library quality was assessed using Agilent
Bioanalyzer 2100 system. The clustering of the index-
coded samples was performed on a cBot Cluster Genera-
tion System using the TruSeq PE Cluster Kit v3-cBot-HS
(Ilumina, CA, USA) according to the manufacturer’s
instructions. After cluster generation, the library prepa-
rations were sequenced on an Illumina Novaseq plat-
form and 150 bp paired-end reads were generated
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(H101SC21010217, Novogene, China). All downstream
analyses were based on the clean data with high quality.
The index of the reference genome was built and paired-
end clean reads were aligned to the reference genome
using Hisat2 v2.0.5. Differential expression analysis was
performed using the edgeR package (3.22.5). The P-values
were adjusted using the Benjamini & 2 Hochberg method
and a corrected P-value of 0.05 and absolute fold change
of 2 were set as the threshold for significantly differen-
tial expression. Gene Ontology (GO), Reactome, and
Gene Set Enrichment Analysis (GSEA) of differentially
expressed genes were implemented by the clusterProfiler
R package, in which gene length bias was corrected.

Transmission electron microscopy

The ipsilateral cortical tissue of ICH mice (n=4, day 4)
was fixed in a solution of 2.5% glutaraldehyde and 2%
paraformaldehyde (PFA) in 0.1 M cacodylate buffer to
preserve ultrastructural details. After fixation, the sam-
ples were washed in cacodylate buffer and then post-
fixed in 1% osmium tetroxide to enhance contrast. The
samples were then dehydrated through a graded series
of ethanol solutions, followed by infiltration with a pro-
pylene oxide-resin mixture and embedding in pure resin.
The resin was polymerized at 60 °C for 48 h to harden.
Ultra-thin Sects. (60-90 nm) were cut using an ultra-
microtome, mounted on copper grids, and stained with
uranyl acetate and lead citrate to enhance contrast. The
prepared samples were then examined under a transmis-
sion electron microscope (Hitachi TEM system, Japan).

MiRNA microarray for the EVs contained miRNAs

Total RNA from MSC-EVs (n=3) was extracted and puri-
fied using the mirVana™ miRNA Isolation Kit without
phenol (AM1561, Ambion, TX, USA). Human miRNA
microarrays from Agilent Technologies (8 x60 K), con-
taining probes for 2549 human miRNAs from the miR-
base V21.0 database, were adopted. Total RNA (100 ng)
extracted from each EV sample was used as inputs for
sample labeling and hybridization preparation in accor-
dance with the manufacturer’s protocol (Agilent Technol-
ogies, Santa Clara, CA). The miRNA microarray image
information was converted into spot intensity values
using Scanner Control Software Rev. 7.0 (Agilent Tech-
nologies, Santa Clara, CA). Raw data were normalized by
a Quantile algorithm, included in the R package AgiMi-
croRna [26]. Target gene prediction was performed using
Target Scan Human 7.2. The miRNA microarray experi-
ments were performed following the protocol of Agilent
Technologies Inc at Shanghai Biotechnology Corporation
(BC200088, SHBIO, China).
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MiRNA transfection and treatment

Modifications to miRNA were carried out using the miR-
214-3p inhibitor, mimic, and negative control (NC); the
miR-760 inhibitor, mimic, and NC; and U6 as the refer-
ence gene, all of which were designed and synthesized by
GenePharma (Shanghai, China). The specific sequences
for these modifications are provided in Table S8. HT22
cells were pre-treated with 10 pg of MSC-EVs, follow-
ing the protocol described previously [17]. Subsequently,
the neurons underwent miRNA interference (Figure S4)
using the Lipofectamine 3000 kit (L3000001, Thermo
Fisher Scientific, USA), as per the manufacturer’s guide-
lines, coupled with Hemin stimulation. The cellular
experimental cohorts were then categorized as follows:
the HT22-only group (HT22), the ICH cell model inter-
fered with NC group (HT22-Hemin+NC), the ICH
cell model group treated with miRNA mimics (HT22-
Hemin+miR-214-3p/miR-760 mimics), and the ICH
cell model group treated with miRNA inhibitors along-
side MSC-EVs (HT22-Hemin+EVs+miR-214-3p/miR-
760 inhibitor). Additionally, quantitative Real-time PCR
was employed to measure the mean expression levels
(2-AACt) of the miRNAs in the cell models, with three
replicates per group.

Immunofluorescence staining

The animals (n=5, per group) were sacrificed with iso-
flurane and perfused intracardially with cold 4% PFA
solution on day 4. After that, the brain sections were
selected and processed for histological study as pre-
viously described [17, 27]. The neuronal cell samples
(n=6, per group) were fixed with 4% PFA and stored in
a -20 °C freezer. Before staining, the cell or tissue sam-
ples were washed three times with PBS, then treated with
PBS solution containing 0.1% Triton-X 100 and 10% goat
serum for 30 min. They were then incubated overnight
at 4 °C with the NeuN (1:1000; ABN78, Millipore, USA),
GPX4 (1:500; ab125066, Abcam, USA), HMGB1 (1:250;
ab228624, Abcam, USA), HSP70 (1:400; ab181606,
Abcam, USA), or 8-OHDG (1:200; AB5830, Millipore,
USA) primary antibodies. The next day, after washing
with PBS, the samples were incubated with the corre-
sponding secondary antibodies for 2 h and the cell nuclei
were detected with 4,6-diamidino-2-phenylindole (DAPI;
D9542, Sigma-Aldrich, CA, USA). The Mito-FerroGreen
kit (M489, Dojindo, Japan) was also used to detect the
cell samples according to the manufacturer’s instructions.
Images were taken using a FV3000 confocal microscope
(Olympus, Japan) and analyzed using Image] Pro Plus V
6.0 (Bethesda, Maryland, USA).

Western blotting
Proteins were extracted from the cell and animal mod-
els (ipsilateral cortical samples) in each group (n=5 per

Page 5 of 18

group) using Radio-Immunoprecipitation Assay (RIPA)
lysis buffer (P0013B, Beyotime, Beijing, China) and quan-
tified using a BCA kit. The protein samples were all nor-
malized to the same concentration, and the normalized
protein samples were subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), and
then transferred to a polyvinylidene fluoride membrane
(Millipore, MA, USA). The membranes were blocked at
room temperature for 1 h with a BSA (Solarbio, Beijing,
China) blocking solution, and then incubated overnight
at 4 °C with primary antibodies against Nrf2 (1:1000;
16396-1-AP, Proteintech, USA), HO-1(1:1000; 10701-1-
AP, Proteintech, USA), HMGBI1 (1:1000), NOX2 (1:1000;
MAS5-18051, Thermo Fisher, USA), ACSL4 (1:1000; 9189,
CST, USA), GPX4 (1:2000), HSP70 (1:1000), and B-actin
(1:20,000; 81115-1-RR, Proteintech, USA), followed
by three washes with TBST. The membranes were then
incubated at room temperature for 2 h with horserad-
ish peroxidase-conjugated secondary antibodies (1:5000;
Proteintech, USA). The labeled proteins were detected
using a Bio-Rad imaging system (Bio-Rad, Hercules, CA,
USA), and quantification was based on the expression of
B-actin protein using Image Lab software (Bio-Rad, Her-
cules, CA, USA).

Real time quantitative PCR (qPCR)

qPCR was performed to assess the miRNAs and gene
expression in the experimental groups. Total RNA was
extracted from the cell samples (#=4-5 per group) using
the TRIzol reagent (15596026, Life Technologies, USA)
according to the manufacturer’s protocol. All primer
sequences (Table S8) were designed and optimized
by TaKaRa (TaKaRa, Dalian, China) including GPX4,
ACSL4, GAPDH, mmu-miR-214-3p, mmu-miR-760,
common-R, and Mus-U6. The concentration and purity
of RNA were assessed using a NanoDrop ND-1000
spectrophotometer (ThermoFisher Scientific, Waltham,
USA). Complementary DNA (cDNA) was synthesized
from 1 ug of total RNA using the High-Capacity cDNA
Reverse Transcription Kit (4368813, ThermoFisher Sci-
entific, USA). qPCR was performed using the TB Green
Premix Ex Taq II (RR820A, Takara, Japan) on a CFX
Connect real-time PCR detection system (Bio-Rad, CA,
USA). Relative gene expression levels were calculated
using the 2*-AACT method, with GAPDH or Mus-U6
serving as the internal control. All reactions were per-
formed in triplicate and the data were analyzed using
Bio-Rad CFX Manager 2.1.

Statistical analysis

All observers were blinded to the experimental group
assignment and data were examined by the Kolmogorov-
Smirnov (K-S) test to determine distribution (P>0.05 was
employed in the following analysis). Data are presented
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(See figure on previous page.)

Fig. 1 MSCs/EVs characterization and EVs tracking.Flow cytometry analysis confirms the presence of mesenchymal (A-C) and hematopoietic (D) markers,
including CD105 (A), CD90 (B), CD45 (C), and CD34 (D) in mesenchymal stem cells (MSCs), respectively. (E) Western blots show the vesicular markers CD9,
TSG101, and the absence of the endoplasmic reticulum marker calnexin in MSCs-derived extracellular vesicles (MSC-EVs) compared to the control (MSCs).
(F) The ultrastructure of MSC-EVs is depicted by transmission electron microscopy (TEM), showcasing the characteristic “‘cup-shaped” morphology. (G)
Nanoparticle tracking analysis (NTA) illustrates the size distribution of the MSC-EVs. (H) Gamma camera imaging shows the localization and concentration
of 99mTc -labelled MSC-EVs within both the sham-operated mice (left panel) and the intracerebral hemorrhage (ICH) mice (right panel), with the animals
positioned supine (Anterior (ANT) views display the dorsal side, while posterior (POST) views show the ventral side), captured at various time intervals. (I
and J) Data analysis shows the percentage of EVs uptaken by brain, liver, bladder and others in sham (1) and ICH (J) mice. (K) Representative fluorescence
microscopy images demonstrate the uptake of Alexa 594-labeled vesicles (red) by cortical neurons (green) in the ICH model, white arrows show the loca-

tion of the infused MSC-EVs (red). Scale bar =10 um

as meanztstandard error of the mean (SEM). One-way
analysis of variance (ANOVA) and least significant dif-
ference (LSD) tests were used for multiple comparisons
with Bonferroni post hoc test conducted using SPSS
26.0.0 and GraphPad Prism 9 software (Graphpad Prism,
USA). A P value of less than 0.05 was considered statisti-
cally significant.

Above work has been reported in line with the
ARRIVE guidelines 2.0.

Results

MSCs-EVs characterization and tracking

Flow cytometry was used to examine the surface anti-
gens of MSCs as previous reports [17, 21]. The analysis
revealed a high expression of stromal markers CD105
(99.5%) and CD90 (99.4%), and a low expression of hema-
topoietic markers CD45 (1.9%) and CD34 (2.0%) in these
cells (Fig. 1A-D). Further validation of the multipotency
of MSCs demonstrated their ability to differentiate into
osteoblasts, chondroblasts, and adipocytes. Character-
ization of EVs derived from MSCs showed that the ves-
icles exhibited a strong expression of membrane protein
CD 9 and TSG101, while calnexin was expressed at lower
levels compared to their parent cells (Fig. 1E). Trans-
mission electron microscopy (TEM) and Nanoparticle
Tracking Analysis (NTA) revealed that the MSC-EVs dis-
play a typical cup-shaped morphology (Fig. 1F) and have
an average diameter of 129.4+50.6 nm (Fig. 1G). These
characteristics align with the established criteria for EVs
as per the guidelines of the International Society for
Extracellular Vesicles [28].

After the MSC-EVs were efficiently labeled with *™Tc
(labeling efficiency: 98+0.2%; Figure S5), both the ICH
model and Sham mice received 50 pg 99mTc-labeled
MSC-EVs (Figure S2B) injection via tail vein, followed by
imaging with a nanoScan SPECT/CT (Mediso, Hungary).
At 3- and 6-hours post-injection, we noted a pronounced
accumulation of ®™Tc-MSC-EVs in the liver and bladder
of both the ICH and Sham mice (Fig. 1H). Even though
a substantial proportion of the 99mTc-MSC-EVs still
distributed in the liver and bladder of the experimental
groups (ICH and Sham) at 24 h after treatment, a dis-
tinct uptake of ™Tc-MSC-EVs in the brain was evident
in the ICH model (14.3910.64%, Fig. 1i) compared to the

Sham group (3.67+0.47%, Fig. 1j), indicating the tropism
of infused MSC-EVs towards damaged brain in the ICH
mice. Moreover, subsequent to 24 h post-injection with
A594-labeled MSC-EVs (red), immunostaining revealed
that the NeuN-positive nuclei (green) are closely associ-
ated with numerous red vesicles in the ipsilateral cortex
of the ICH model (Fig. 1k), suggesting that the adminis-
tered MSC-EVs can target ICH-insulted cortical neurons.

EVs administration ameliorates magnetic resonance
imaging (MRI) alterations in ICH mice

After creation of the ICH models, the Sham, ICH+ Veh,
and ICH+EVs mice were conducted with MRI scan-
ning (Figure S3A), the T2-weighted imaging (T2WI) was
finally used to scan the ICH models because the sequence
is highly sensitive to deoxyhemoglobin [29]. As it’s shown
in Figure S3B, T2WI provided the better distinct imag-
ing of the brain parenchyma in sham mice. After EVs
treatment for 24 h, the axial segmentation-based T2W1I
images did not show apparent differences between the
ICH+Veh and ICH+EVs group in the hemorrhagic
lesion (hypointense) and perihemorrhagic region (Fig-
ure S3C). MRI scans conducted on the recipient mice
after 3 days showed that the lesions in the vehicle control
contained regions with mixed hypointense and hyper-
intense, while the EVs treated mice primarily displayed
hyperintense (Figure S3D). Moreover, the ICH+Veh
group exhibited more pronounced signs of vasogenic
edema than the ICH+EVs group in the ipsilateral cere-
bral cortex (Figure S3D). Following the administration
of MSC-EVs for 15 days, the images showed that most of
the hemorrhagic foci were absorbed in both the vehicle
and experimental group (Figure S3E). However, com-
pared to the ICH+Veh group, the ICH+EVs group pre-
sented a clearer and more uniform image (Figure S3E). At
30 days post-treatment, T2W1I screening of the recipient
mice showed substantial absorption of the hemorrhagic
foci, and the ipsilateral cerebral cortex displayed normal
signals in both the vehicle control and EV-treated group
(Figure S3F). Totally, the MRI assessments implied that
injection of MSC-EVs improves the ipsilateral imaging
resulted by ICH during the subacute stage.
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Fig. 2 RNA-Seqanalysis of the ICH model following EV treatment.(A) The histogram displays the count of differentially regulated genes when comparing
the vehicle control group (ICH-Veh) to the Sham group, as well as the comparison between ICH-EVs and ICH-Veh group. (B) Gene Ontology (GO) enrich-
ment analysis for the differentially expressed genes, categorized into biological processes (BP), cellular components (CC), and molecular functions (MF),
highlights the distinct biological themes modulated by EV therapy in the ICH+EVs group compared to the vehicle control. (C) The Reactome pathway
enrichment bubble chart highlights the top 20 signaling pathways of the ICH + EVs group compared to the vehicle control, with pathways relevant to the
neuronal system emphasized with a blue dashed box. (D) Gene Set Enrichment Analysis (GSEA) reveals the significant association of the metal ion solute
carriers (SLC) transporters pathway (R-MMU-425410) in the ICH+EVs group relative to the vehicle control, indicating a potential mechanistic pathway
influenced by EV therapy. (E) The core enrichment of specific SLC transporter genes, including Slc41a2, Ceruloplasmin (Cp), Slc39a14, Slc41at, Slc39at,

Slc39a4, Slc31at, and Slc39a6, underscores the targeted impact of EV therapy on metal ion homeostasis post-ICH

RNA-Seq indicates the involvement of neuronal system

and metal ion transport in ICH mice following EVs injection
To explore the therapeutic mechanism of MSC-EVs on
ICH-resulted ipsilateral cortical injury, transcriptional
group sequencing was performed to evaluate variations
in gene expression among the sham, ICH+Veh, and
ICH+EVs groups on day 4. Differential gene expression
was analyzed by edgeR according to the fragments per
kilobase of exon model per million mapped reads (FPKM)
(Figure S6A), which were selected for detailed functional
genomics based on Log?2 fold change (FC)>2 or <-2, and
P value<0.05 (Fig. 2A; Figure S6B). Compared with the
sham group, mice in the ICH+Veh group presented 1764
upregulated mRNAs and 166 downregulated mRNAs
(Figure S6B, Table S1). A total of 146 upregulated mRNAs
and 130 downregulated mRNAs (Table S2) were selected
between the ICH+EVs and ICH + Veh groups. Notably, a
series of genes associated with neuronal restoration were
typified by the upregulated neurotrophic tyrosine kinase
receptor type 1 (Ntrkl) [30], thyrotropin-releasing hor-
mone (Trh) [31], and downregulated NADPH oxidase 1
(Nox1) [32], Interleukin 25 (IL-25), etc. (Table S2). Gene
Ontology (GO)-based functional enrichment analysis of
differentially expressed genes related to biological pro-
cesses (BP), cellular components (CC), and molecular
functions (MF), compared with the sham group (Figure
S6C), BP terms showed many immune responses, such as
positive regulation of immune response (GO:0050778),
adaptive immune response (G0:0002250), T cell acti-
vation (G0:0042110), were enriched in the ICH+Veh
group (Figure S6C) as previous report [33]. After EVs
administration (ICH+EVs), divalent metal ion trans-
port (GO:0070838) and divalent inorganic cation trans-
port (GO:0072511) were markedly enriched in the BP
terms in comparison to ICH+ Veh group (Fig. 2B; Table
S3). Reactome pathway enrichment analysis revealed
that, compared with the sham group, immunomodu-
latory pathways including Toll-Like Receptors Cas-
cades (R-MMU-168898), Signaling by Rho GTPases
(R-MMU-194315), Cytokine Signaling in Immune sys-
tem (R-MMU-1280215) were enriched in the ICH+Veh
group (Figure S6D) as previously studied [33]. Remark-
ably, Neuronal System (R-MMU-112316) pathway was
significantly enriched in ICH+EVs group in comparison
to the ICH+ Veh group (Fig. 2C; Table S4). GSEA showed

that, compared to the ICH+Veh group, metal ion sol-
ute carriers (SLC) transporters (R-MMU-425410) path-
way was enriched after MSC-EVs treatment (ICH+EVs)
(Fig. 2D), as well as typified by the core enrichment of
Slc41a2, Ceruloplasmin (Cp), Slc39al4, Slc41al, Slc39al,
Slc39a4, Slc31al, and Slc39a6 genes (Fig. 2E). Consider-
ing the significance of metal ion transport in the ferrop-
tosis initiation and progression [34], these data suggest
that the neuronal ferroptosis are markedly involved in
the animal models followed by EVs injection.

EVs infusion alleviates the neuronal damage in ipsilateral
cortical areas of ICH mice

Based on the enrichment of neuronal system in the exper-
imental groups, the neuronal restoration was assessed
by analyzing the oxidative stress and damage-associated
molecular patterns (DAMPs) in ipsilateral cortical areas
from each group at 24 h, 4 days, or 30 days using Western
blotting and immunoassay. Compared to the ICH model
(ICH+Veh), protein analysis (Fig. 3A) revealed a sig-
nificant increase in the expression of Nrf2 (Fig. 3B) and
HO-1 (Fig. 3C) in the ICH+EVs group (P<0.001, at 24 h
and 4 days). Conversely, NOX2 expression significantly
decreased (P<0.0001) following MSC-EVs treatment
at the same time points (Fig. 3D). However, no signifi-
cant differences were found between the ICH+Veh and
ICH+EVs groups on day 30 (Fig. 3B-D). Also, the ICH-
induced upregulation of DAMPs (HMGB1 and HSP70) in
the ICH+ Veh group (Fig. 3E and F) was notably reduced
(P<0.01) by EVs administration (ICH+EVs) on day 4
(Fig. 3E and F). Interestingly, compared to the Sham
group, the HMGB1 expression significantly increased
(P<0.001) at 24 h in the ICH+ Veh group (Fig. 3E), but
was reduced (P<0.05, vs. ICH+ Veh) following MSC-EVs
treatment (Fig. 3E). To determine whether these changes
occurred in the neuronal system of the recipient mice,
double immunostaining of NeuN (neuronal marker) with
DAMPs (HMGB1/HSP70) and 8-OHdG (oxidative dam-
age marker) was performed on day 4 in the experimen-
tal groups (Fig. 3G). Mean Fluorescence Intensity (MFI)
analysis showed that HMGB1 (Fig. 3H), HSP70 (Fig. 3I)
and 8-OHdG (Fig. 3]) expression significantly increased
(P<0.01) in the ICH model (ICH+Veh) compared to
the sham group, while a significant decrease (P<0.05,
vs. ICH+Veh) in these damage markers (Fig. 3H-J) was
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Fig. 3 Therapeutic effects of MSC-EVs on ICH-induced neuronal damage.(A) Western blot analysis illustrates the temporal expression patterns of oxida-
tive stress markers and damage-associated molecular patterns (DAMPs) across different groups: Sham, Sham +EVs, ICH+Veh, and ICH +EVs. Full-length
blots are presented in Figure S7. (B-F) Quantitative histograms depict the differential expression levels of neuroprotective and oxidative stress-related
proteins including Nrf2 (B), HO-1 (C), NOX2 (D), HMGB1 (E), and HSP70 (F) following treatment with EVs, compared to the control groups. (G) Immunos-
taining demonstrates the localization of neuronal damage markers HMGB1, HSP70, and the oxidative DNA damage marker 8-OHdG (co-stained with the
neuronal marker NeuN) in the Sham, ICH+Veh, and ICH+EVs groups at day 4 post-injury. Scale bars: left images, 20 um; right images, 5 um. (H-J) The
mean fluorescence intensity (MFI) for HMGB1 (H), HSP70 (1), and 8-OHdG (J) is quantified and presented in corresponding histograms for each experi-
mental group. Data are expressed as mean + SEM. The normality of distribution was verified using the Kolmogorov-Smirnov (K-S) test. Statistical differ-
ences between groups were assessed using one-way ANOVA followed by the least significant difference (LSD) test for multiple comparisons. Significance
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Fig. 4 EVtherapy alleviates neuronal ferroptosis in cell and animal models of ICH.(A and C€) Immunostaining highlights the mitochondrial iron accumula-
tion (Mito-Ferro, green, A) and the ferroptosis marker GPX4 (green, €) co-localized with the neuronal marker NeuN (red) in hemin-stimulated neuronal cell
cultures. Scale bars=20 um. (B and D) The mean fluorescence intensity (MFI) of Mito-Ferro (B) and GPX4 (D) is quantitatively analyzed and depicted in the
corresponding histograms for each experimental group. (E) Western blot analysis reveals the expression levels of ACSL4 (a lipid metabolism-regulating
enzyme indicative of ferroptosis) and GPX4 in the experimental groups: Sham, Sham+EVs, ICH+Veh, and ICH+EVs. Full-length blots are presented in
Figure S8. (F-G) Histograms provide a quantitative comparison of the expression levels of ferroptosis-related proteins ACSL4 (F) and GPX4 (G) after EV
treatment compared to controls. (H and 1) Double immunostaining for GPX4 (green) and NeuN (red) in tissue sections (ipsilateral cortical areas) from
the experimental groups on day 4 post-ICH, with quantification of GPX4 MFI presented in histograms (1). Scale bars for left images, 20 um; right images,
5 um. (J) Transmission electron microscopy (TEM) images display mitochondrial morphology after EV treatment at day 4 in the experimental groups. The
magnified images show mitochondrial swelling, membrane integrity, and cristae structure in the ipsilateral cortical neurons of the Sham (white arrow),
ICH+Veh (red arrow), and ICH+EVs (blue arrow) groups. Scale bars for upper images, 5 um; lower images, 1 pm. Statistical analyses were performed
after confirming the normality of data distribution using the Kolmogorov-Smirnov (K-S) test. Group differences were evaluated using one-way ANOVA
with the least significant difference (LSD) test for multiple comparisons. Significance is denoted as "*P>0.05, P <0.05, “P<0.01,""P<0.001, P < 0.0001

observed following EV therapy (ICH+EVs). Additionally,
we did not find any influence of EVs infusion on Sham
mice (P>0.05, Fig. 3B-F). Collectively, these results sug-
gest that MSC-EVs administration alleviates the neuronal
damage in ipsilateral cortical areas caused by ICH.

MSC-EVs alleviate neuronal ferroptosis in Hemin-
stimulated neuronal cells and ICH mice

After Hemin stimulation of neuronal cells (Neu-
rons+Hemin), ferroptosis was characterized by the
increased Mito-FerroGreen (iron ion fluorescence probe)
(Fig. 4A and B) and decreased GPX4 (ferroptosis marker)
(Fig. 4C and D) staining in comparison to the control
group. Remarkably, MSC-EVs administration (Neu-
rons+Hemin+EVs) significantly reversed the neuronal
changes induced by Hemin. Also, the representive mark-
ers (ACSL4 and GPX) of ferroptosis were examined by
Western blotting at 24 h, 4 days and 30 days in the ipsi-
lateral cortical tissues of recipient mice (Fig. 4E). Com-
pared to the sham group, ICH (ICH+ Veh) resulted in an
upregulation (P<0.01) of ACSL4 expression on day 4 and
day 30 (Fig. 4F), as well as a downregulation (P<0.01) of
GPX4 expression at 24 h and 4 days (Fig. 4G) in the corti-
cal samples. Notably, the significant differences (2<0.05)
between ICH+EVs and ICH+Veh for the ACSL4 and
GPX4 expression were only shown on day 4 (Fig. 4F and
Q). We did not find the influence (P>0.05) of MSC-EVs
on the Sham group (Sham+EVs vs. Sham). Meanwhile,
double immunostaining with GPX and NeuN was further
used to illustrate neuronal ferroptosis in the experimen-
tal groups (ipsilateral cortical tissues) on day 4 (Fig. 4H).
Mean fluorescence intensity (MFI) analysis showed that
MSC-EVs therapy (ICH+EVs) significantly increased
(P<0.01) the GPX expression induced by ICH (Fig. 41).
Moreover, given that the mitochondrial alterations are a
typical change in ferroptosis [35], a transmission electron
microscope (TEM) was employed to detect the neuronal
alterations in each group (ipsilateral cortical tissues) on
day 4. Compared to the sham group, ICH (ICH+ Veh)
resulted in mitochondrial membrane swelling, outer
membrane rupture, and decreased or disappeared mito-
chondrial ridges, while the administration of MSC-EVs

(ICH4+EVs) obviously restored the mitochondrial
changes induced by ICH (Fig. 4J). Taken together, these
results indicate the alleviation of neuronal ferroptosis by
MSC-EV treatment in vitro and in vivo.

EV-miR-214-3p inhibits the hemin-induced neuronal
ferroptosis

Given the significance of miRNAs in EV-based therapy
[36, 37], we utilized miRNA microarray analysis to detect
the miRNAs that were enriched in MSC-EVs and investi-
gated the candidates that were involved in the neuronal
ferroptosis modulation. After quality control, we showed
that 289 miRNAs were expressed in all three MSC-EVs
samples (Table S5), and 96.19% of these EV-miRNAs were
matched with the Vesiclepedia database (Fig. 5A). Based
on the miRNA target (e.g., GPX4, ACSL4) predictions,
we selected miR-615-3p, miR-4488, miR-214-3p, miR-
199a-3p, miR-199b-3p, miR-34c-5p, miR-34a-5p, and
miR-760 as potential regulators of ferroptosis from the
top 20 EV-miRNAs (Fig. 5B, Table S6). Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis showed that
the target genes of these EV-miRNAs (above 8 selected
miRNAs) were enriched in the ferroptosis-associated
pathways such as the HIF-1 signaling pathway (hsa04066)
[38], Neurotrophin signaling pathway (hsa04722) [22],
and AMPK signaling pathway (hsa04152) [39] (Fig. 5C,
Table S7). Furthermore, based on their high total scores
and low total energy as indicated in EV-miRNAs (Table
S6), miR-760 and miR-214-3p mimics / inhibitors were
employed to emulate the EV-miRNA modifications
for treating Hemin-induced HT22 cells. Quantitative
Real-time PCR (qPCR) analysis revealed that miR-760
interference (HT22-Hemin+miR-760 mimics / HT22-
Hemin+EVs+miR-760 inhibitor) positively impacted
the expression of GPX4, a ferroptosis marker, compared
to both the negative control (HT22-Hemin+miR-760
mimics vs. HT22-Hemin+NC; P<0.001) and the EV-
treated group (HT22-Hemin+EVs+miR-760 inhibitor
vs. HT22-Hemin+EVs; P<0.0001) (Fig. 5D). However,
the modification of miRNA in MSC-EVs did not dem-
onstrate a regulatory effect on HMGB1 expression, a
marker of neuronal damage, in the ICH cell model (both
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Fig. 5 EV-miRNAs target ferroptosis marker genes and mitigate the ferroptosis-mediated neuronal damage.(A) Following miRNA microarray analysis of
MSC-EVs, 96.19% of EV-miRNAs (289 in total) were found to correspond with entries in the Vesiclepedia database. (B) A heatmap reveals the 8 EV-miRNAs
that target the ferroptosis marker genes GPX4 or ACSL4. (C) Analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) identified the top 20
pathways enriched among the target genes of the selected miRNAs, highlighting ferroptosis-related pathways with red lines. Based on overall scores and
energy parameters, miR-760 and miR-214-3p were chosen for further investigation to ascertain the regulatory impact of EV-miRNAs on the ICH cell model.
(D-G) Subsequent to miRNA interference, gPCR results demonstrated the relative RNA expression levels of GPX4 (a ferroptosis marker) and HMGB1 (a
marker of neuronal damage) across the study groups. Group differences were evaluated using one-way ANOVA with the least significant difference (LSD)
test for multiple comparisons. Significance is denoted as "P>0.05, "P<0.05, "P<0.01, “"P<0.001, ""P<0.0001

HT22-Hemin+miR-760 mimics vs. HT22-Hemin+NC inhibitor interference (HT22-Hemin+EVs+miR-

and HT22-Hemin+EVs+miR-760 inhibitor vs. HT22-
Hemin+EVs; P>0.05) (Fig. 5E). This suggests that while
EV-miR-760 may play a role in the regulation of ferrop-
tosis signaling, it does not influence neuronal damage in
Hemin-stimulated HT22 cells. Remarkably, treatment
with miR-214-3p mimics (HT22-Hemin+miR-214-3p
inhibitor) effectively reversed the Hemin-induced down-
regulation of GPX4 (P<0.01, Fig. 5F) and upregulation
of HMGBI1 (P<0.01, Fig. 5G) compared to the negative
control (HT22-Hemin+NC). Additionally, miR-214-3p

214-3p inhibitor) diminished the therapeutic effects of
MSC-EVs, as evidenced by decreased GPX4 expression
(P<0.0001, Fig. 5F) and increased HMGB1 expression
(P<0.001, Fig. 5G) relative to the HT22-Hemin+EVs
group. These findings collectively indicate that miR-
214-3P, contained within MSC-EVs, plays a pivotal regu-
latory role in addressing ferroptosis-mediated neuronal
damage in the ICH cell model.
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Discussion

To our knowledge, this is a novel study that elucidates
the ability of MSC-EVs to prevent cortical neurons from
damage via regulating ferroptosis in a mouse model of
ICH. Ferroptosis is implicated in the initiation and pro-
gression of neuronal damage following ICH [6] and con-
sidering the neuroprotective and reparative capabilities
of MSC-EVs in neurological disorders [10]. Accordingly,
we demonstrated that tail-vein injection of MSC-EVs
alleviates the ICH-induced imaging alterations and neu-
ronal damage. Moreover, RNA-Seq revealed that neuro-
nal systems and metal ion transport are enriched in the
ICH model following MSC-EVs infusion. Notably, we
demonstrate that MSC-EVs protect neurons from ferrop-
tosis both in vitro and in vivo, as well as highlight the role
of EV-miRNA-214-3p in the regulation of neuronal fer-
roptosis. Using EVs in our study offers a safer alternative
to MSC delivery [40] by mitigating the risk of capillary
embolism due to their significantly smaller size, which
enhances delivery efficiency and focuses on the cellu-
lar and molecular therapeutic effects post-ICH. These
results represent a significant advancement and thera-
peutic mechanism using MSC-EVs in ICH models.

EV therapy is increasingly recognized as a promising
approach in treating neurological disorders due to their
neuroprotection and immunomodulatory properties
[10, 41]. The ability of EVs to cross the blood-brain bar-
rier (BBB) represents a substantial advantage, positioning
them as effective nanotherapeutic agents in the central
nervous system diseases [42]. Following the infusion of
9mTe labelled MSC-EVs in the experiments, their accu-
mulation in the ICH-affected brain indicates that MSC-
EVs possess the capacity to traverse the BBB and are
inclined to home to the areas of cerebral damage. Con-
sidering the enrichment of neuronal systems followed by
EVs treatment, we also examined the biodistribution of
labeled MSC-EVs in the ICH insulted cortical area, and
showed that the cortical neurons are surrounded by the
infused vesicles, which may provide a conducive micro-
environment for the injected EVs to exert therapeutic
effects on the damaged neurons in a mouse model of
ICH. ICH results in a series of histological alterations
including hemosiderosis, hematoma formation, and
inflammation, which can be characterized by certain
features on magnetic resonance imaging (MRI) [43, 44].
We thus used MRI to evaluate the imaging alterations
between the experimental group and vehicle control.
In line with the MRI signal of ICH changes over time
[44], MSC-EVs administration apparently restored ICH-
induced signal alterations on T2-weighted images on day
3 and 14, suggesting the therapeutic action of MSC-EVs
on ICH ipsilateral imaging during the subacute stage.
Notably, the changes between ICH+EVs and ICH+Veh
groups were not found at 24 h and 30 days, which may be
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due to the lack of effect of the injected EVs in the acute
stage, and the difficulty of distinguishing between EV-
mediated repair (ICH+EVs) and self-healing (ICH + Veh)
in the chronic stage using 3.0T MRL

An in-depth analysis of the therapeutic mechanism was
performed by RNA-Seq in a mouse model of ICH follow-
ing EVs treatment. Differential gene expression insight
suggests the variations among the experimental groups,
an indicative of the neuronal repair is reflected by the
upregulated (e.g., Ntrkl [30]) or downregulated (e.g.,
Nox1 [32]) genes in ICH model after EVs infusion. The
biological implications of these differentially expressed
genes were further elucidated through functional
genomics analysis. Notably, GO and Reactome pathway
analysis revealed that many immune response-related
biological processes and immunomodulatory pathways
were enriched in the ICH mice. Upon administration of
EVs, processes related to divalent metal ion transport
and neuronal system pathway were markedly enriched.
This suggests a potential therapeutic role of MSC-EVs in
modulating the metal ion and exhibiting neuroprotective
efficacy in ICH. Moreover, GSEA further revealed enrich-
ment of the metal ion solute carriers (SLC) transport-
ers pathway in the ICH+EVs group, typified by the core
enrichment of several SLC genes (Slc41a2, Cp, Slc39a14,
et al.). Remarkably, it has been well-known that Cp and
Slc39a14 are associated with the ferroptosis in stroke and
other diseases [45, 46]. Overall, these results suggest that
the therapeutic effects of MSC-EVs in ICH may be medi-
ated through inhibition of ferroptosis and protection of
the neuronal system. These findings provide valuable
insights into the molecular mechanisms underlying the
therapeutic efficacy of MSC-EVs in ICH and may guide
the development of novel therapeutic strategies for ICH.

To clarify the neuroprotection of MSC-EVs on ICH,
the typical pathology of ICH including oxidative stress
and neuronal damage was examined in the present study
as well. Our results showed a significant increase in the
expression of Nrf2 and HO-1 proteins in the EV-treated
mice compared to the ICH model, indicating that the
administration of MSC-EVs contributes to the activa-
tion of the Nrf2/HO-1 pathway. Notably, this pathway
is known to play a crucial role in cellular defense against
oxidative stress [47]. Additionally, NOX2 is a key compo-
nent of NADPH oxidase that generates reactive oxygen
species and induces oxidative stress [48], and 8-OHdG
is a well-established marker for oxidative DNA dam-
age [49]. Our findings of reduced NOX2 and 8-OHdG
expression following EV administration further cor-
roborate the potential of MSC-EVs in mitigating oxida-
tive stress. Thus, the activation of Nrf2/HO-1 system and
reduction of oxidation in the ICH mice indicate the neu-
ronal restoration contributed by EVs injection. In view of
the significance of DAMPs in ICH [50, 51], the observed
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reduction in the expression of DAMPs, namely HMGB1
and HSP70, in the ICH+EVs group further supports the
neuroprotective potential of MSC-EVs, as well as the
downregulation of neuroinflammation and related neu-
ronal damage. Collectively, the results of this study sug-
gest that the administration of MSC-EVs can alleviate the
neuronal damage in cortical areas caused by ICH.

Since ferroptosis has been implicated the neuronal
damage [6, 7, 52], and RNA-Seq indicates the involve-
ment of metal ion transport after EV treatment in ICH
mice. We further investigated the effects of EV therapy
on Hemin-stimulated neuronal cells (a form of ICH
model in vitro). Recent reports indicate that Hemin
stimulation triggers ferroptosis, evidenced by an increase
in Mito-FerroGreen staining (an iron ion fluorescence
probe) and a decrease in GPX4 staining (a ferroptosis
marker) [53]. Notably, the administration of MSC-EVs
significantly reversed these neuronal changes induced
by Hemin, suggesting that MSC-EVs have a protective
effect against ferroptosis. This was further confirmed
by the examination of neuronal ferroptosis, exemplified
by an increase in ACSL4 expression and a decrease in
GPX4 expression in ICH mice. Significantly, the indica-
tive markers of reduced ferroptosis were reversed by the
reversed changes of these markers in animal models fol-
lowing EVs administration. Interestingly, no significant
effects of MSC-EVs were observed in the acute stage
(24 h) and chronic stage (30 days), suggesting that MSC-
EVs specifically counteract ferroptosis in ICH mice with a
time window. Additionally, the general effect of MSC-EVs
on ICH was negligible due to the lack of significant differ-
ences between Sham and Sham+EVs group. Moreover,
as the mitochondrial alterations are markedly involved
in the ferroptosis [35] we also used TEM to detect mito-
chondrial changes in the experimental groups. Notably,
ICH-induced mitochondrial membrane swelling, outer
membrane rupture, and others in cortical neurons were
repaired by EVs injection, suggesting the inhibition of
neuronal ferroptosis in ICH mice after MSC-EVs admin-
istration. Taken together, these findings suggest that
MSC-EVs can alleviate neuronal ferroptosis both in vitro
and in vivo.

Notably, EV-miRNAs are increasingly considered
impactful molecular agents for the treatment of neuro-
logical disorders [18, 37]. In the present study, we found
that MSC-EVs contained 289 miRNAs, the reliability of
which was indicated by matching the majority to the Ves-
iclepedia data. Particularly, target gene prediction analy-
sis showed that a suit of EV-miRNAs (8 miRNAs) could
target ferroptosis mark genes like GPX4 and ACSL4,
suggesting that these miRNAs are involved in the regula-
tion of neuronal ferroptosis. In consideration of the high
Tot score and low energy score of miR-760 and miRNA-
124-3p in MSC-EVs, we further used corresponding
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miRNA inhibitor and mimics to treat Hemin-insulted
neuronal cell line. The therapeutic effects of EV-miR-
124-3p on neuronal ferroptosis were clarified by miRNA
modification in an ICH cell model, indicating that miR-
124-3p is a crucial therapeutic agent in MSC-EVs and
plays an important regulatory role in neuronal ferropto-
sis. Notwithstanding, attention must be drawn to the fact
that EVs (including MSC-EVs) harbor a plethora of func-
tional miRNAs [36, 54].

However, there are several limitations to this study
that need to be addressed. First, seven mice died dur-
ing the experiments, four in the ICH+Veh group, two in
the ICH+EVs group, and one in the model verification
group, likely due to cerebral edema and subsequent brain
herniation, as indicated by early MRI results. Second, no
significant differences were found between the ICH+Veh
and ICH+EVs groups on day 30, indicating the need for
further research to ascertain the long-term effects and
potential therapeutic window of MSC-EVs treatment for
ICH. Future studies should employ high-resolution MRI
(7.0 T or higher) to capture more precise and quantita-
tive changes. Third, beyond the identified EV-miRNAs,
a broader array of miRNAs likely modulates neuronal
ferroptosis. Future investigations should incorporate
non-functional EVs, such as those isolated from milk,
as baseline comparators to delineate the specific roles of
EV-miRNAs in neuronal ferroptosis.

Conclusions

In this study, we have unveiled a novel therapeutic poten-
tial and elucidate the underlying mechanisms of MSC-
EVs in the treatment of ICH models. Specifically, we
show that MSC-EVs are capable of traversing the BBB
and homing to the affected cortical neurons, and these
vesicles mitigate ICH-induced neuroimaging changes and
neuronal injury. Through RNA-Seq analysis, the results
suggest that EV-treatment modulates the neuronal sys-
tem and metal ion transport pathways in the context of
ICH. Moreover, our data indicate that MSC-EV admin-
istration can protect neurons from ferroptosis both in
vitro and in vivo. We also identify miR-214-3p, contained
within MSC-EVs, as a therapeutic molecule that regu-
lates neuronal ferroptosis. Our findings advocate for the
application of MSC-EVs as an effective therapeutic strat-
egy to impede the progression of ICH pathogenesis and
propose new avenues for the management of ferroptosis-
linked neurological conditions. Future studies should aim
to reproduce these findings in large animal models with
advanced imaging surveillance to further validate and
expand upon our results.
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