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Acid-sensing ion channel 1 (ASIC1) is critical in acid-
otoxicity and significantly contributes to neuronal death in
cerebral stroke. Pharmacological inhibition of ASIC1 has been
shown to reduce neuronal death. However, the potential of
utilizing exosomes derived from pluripotent stem cells to
achieve inhibition of Asic1 remains to be explored. Developing
qualified exosome products with precise and potent active in-
gredients suitable for clinical application is also ongoing. Here,
we adopt small RNA-seq to interrogate the miRNA contents in
exosomes of pluripotent stem cell induced mesenchymal stem
cell (iMSC). RNA-seq was used to compare the oxygen-glucose
deprivation–damaged neurons before and after the delivery of
exosomes. We used Western blot to quantify the Asic1 protein
abundance in neurons before and after exosome treatment. An
in vivo test on rats validated the neuroprotective effect of
iMSC-derived exosome and its active potent miRNA hsa-mir-
125b-5p. We demonstrate that pluripotent stem cell–derived
iMSCs produce exosomes with consistent miRNA contents
and sustained expression. These exosomes efficiently rescue
injured neurons, alleviate the pathological burden, and restore
neuron function in rats under oxygen-glucose deprivation
stress. Furthermore, we identify hsa-mir-125b-5p as the active
component responsible for inhibiting the Asic1a protein and
protecting neurons. We validated a novel therapeutic strategy
to enhance acidosis resilience in cerebral stroke by utilizing
exosomes derived from pluripotent stem cells with specific
miRNA content. This holds promise for cerebral stroke treat-
ment with the potential to reduce neuronal damage and
improve clinical patient outcomes.

Ischemic stroke is one of the leading causes of death and
high disability worldwide. Clinical outcomes of out-of-hospital
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brain stroke patients remain disappointingly poor, with limited
treatment options. Ischemia and reperfusion lead to the acti-
vation of multiple cell death programs, including apoptosis,
necrosis, autophagy, pyroptosis, and necroptosis. Ischemic
stroke is a primary global health concern, being one of the
leading causes of death and disability. Despite extensive efforts,
the clinical outcomes for out-of-hospital brain stroke patients
remain unsatisfactory, with limited treatment options avail-
able. The pathophysiology of ischemic stroke involves complex
cellular processes triggered by ischemia and subsequent
reperfusion, leading to the activation of multiple cell death
pathways, such as apoptosis, necrosis, autophagy, pyroptosis,
and necroptosis. Understanding and effectively targeting these
cell death programs present critical challenges in improving
stroke treatments. Meanwhile, one major challenge in treating
ischemic stroke is achieving safe and effective drug delivery.
Mesenchymal stem cell (MSC)-derived exosomes have
emerged as a promising therapeutic approach due to their low
immunogenicity and potential benefits in ischemia-reperfusion
syndrome. Exosomes, a subgroup of extracellular vesicles
(MVs) with diameters ranging from 30 to 150 nm, can be
internalized by neighbouring or distant cells, subsequently
influencing recipient cells. The transfer of miRNA cargo be-
tween cells is considered a plausible mechanism underlying
the therapeutic effects of exosomes. Numerous miRNAs,
prominently enriched in MSC-derived exosomes, have been
reported to attenuate ischemia-reperfusion injury in the kid-
ney, myocardial infarction, and ischemic stroke (1–3).

miRNAs are single-stranded molecules consisting of 20 to
25 nt and can target multiple genes through binding to the 30-
UTR. miRNAs delivered by exosomes play a role in repressing
functional gene transcripts related to apoptosis, survival, and
differentiation. Prior research has demonstrated that MSC-
exosomes deliver miRNAs, leading to improvements in
cellular repair, neurite branching and outgrowth, angiogenesis,
and suppression of neuroinflammation (4–7). However, the
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exact underlying mechanism remains elusive. Therefore, there
is an urgent need to identify the active components of exo-
somes and assess their therapeutic effects on ischemia-
reperfusion injury. Potent miRNA species or families must
be systematically screened, identified, and validated in this
context. Moreover, defining and quantifying features that
characterize exosome identity, purity, sterility, potency, and
stability are crucial to ensuring batch-to-batch reproducibility
of therapeutic efficacy. Addressing these questions will pave
the way for further clinical trials, bringing us closer to a more
comprehensive understanding of MSC-derived exosomes’
therapeutic potential in ischemic stroke management.

Within seconds of circulatory arrest, brain function ceases,
indicating the extremely short temporal tolerance of the hu-
man brain to ischemia. The primary cellular injury occurs
during the ischemic phase, while secondary damage predom-
inantly arises during reperfusion. The initial ischemia estab-
lishes a highly toxic molecular environment, further
exacerbated by the restored blood flow carrying these toxins
into the brain tissue, resulting in a reformed microenviron-
ment. Acidosis, a common feature of ischemia, emerges as a
deleterious mechanism impacting neurons. The deprivation of
oxygen and glucose during ischemia shifts glucose metabolism
from aerobic oxidation to anaerobic glycolysis. This shift leads
to a decline in pH due to the accumulation of glycolysis
byproducts (8). Acidosis-induced injury not only results in
neuronal death but also worsens the course of ischemia and
reperfusion (9). Acid-sensing ion channels 1 (ASIC1) act as
sensitive sentinels of tissue acidosis and are expressed in
mammalian central and peripheral nervous system neurons.
Initially, it was believed that the pathological activation of
ASIC1-mediated acidosis induced neuronal injury and cell
death through processes involving calcium (Ca2+) influx–
mediated toxicity, receptor-interacting protein kinase 1
(RIPK1)-mediated necroptosis, or apoptosis (10–12). However,
recent research indicates that disrupting ASIC1 through ge-
netic ablation or selective pharmacological inhibition can
confer protection against ischemia-reperfusion injuries,
including cerebral stroke and myocardial infarction (8–13).
Notably, both genetic ablation and pharmacological inhibition
of ASIC1 have been found to reduce neuronal death following
ischemic stroke in rodent models. These findings highlight the
critical role of ASIC1 in mediating acidosis-induced neuronal
injury and offer a promising target for therapeutic in-
terventions in ischemia-reperfusion injuries, presenting po-
tential avenues for mitigating the devastating impact of
conditions like cerebral stroke and myocardial infarction.

We purified exosomes containing specific miRNA families
from pluripotent stem cell–derived induced mesenchymal
stem cells (iMSCs). These iMSC-derived exosomes demon-
strated a dose-dependent protective efficacy in oxygen-glucose
deprivation (OGD) neurons, effectively ameliorating neuronal
death. We conducted RNA-seq to gain insights into the un-
derlying mechanisms, which revealed a notable rewiring of the
neuron transcriptome upon adding iMSC-derived exosomes.
Subsequent small RNA-seq of the iMSC-derived exosomes
identified ten prominent miRNA families. Our investigation
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identified a neuron-specific expression pattern of Asic1 in the
brain, with elevated ASIC1 levels directly indicating early ce-
rebral ischemia-reperfusion damage. Through extensive anal-
ysis, we identified a miRNA cocktail composed of four miRNA
families from the iMSC-derived exosomes that have the po-
tential to target ASIC1.

Further validation experiments revealed that Hsa-mir-125b-
5p, one of the four miRNA families, exhibited potent efficacy
in rescuing neuronal death and promoting neuronal function.
This effect was achieved through its selective suppression of
Asic1 in vitro and in vivo. These findings provide critical evi-
dence for the therapeutic potential of the specific miRNA
content in iMSC-derived exosomes, particularly Hsa-mir-
125b-5p, in mitigating cerebral ischemia-reperfusion damage
by targeting Asic1. This research paves the way for the
development of novel and targeted therapeutic strategies for
treating ischemic stroke and other related neurological
disorders.

Results

iMSC exosome purification and characterization

Cell culture supernatants from iMSCs at passages 3 and 5
were harvested for exosome purification after 48 h of culti-
vation in a xeno-free medium once cell confluency reached 80
to 90%. The morphology of the pre-enriched exosomes was
examined using transmission electron microscopy, revealing
typical bilayer membrane vesicles (Fig. 1A). Nanoparticle
tracking analysis was performed, indicating a median exosome
diameter of 102.1 nm (n = 3) (Fig. 1B). Flow cytometry assays
confirmed the expression of specific exosomal markers CD63
and CD9 in the purified exosomes (Fig. 1C). To verify further
the specific markers of EV, we identified a significant presence
of TSG101, CD81, and syntenin. Concurrently, HSP90 and
calnexin (14) were found to be scarcely detectable in EV
derived from iMSC (Fig. 1D).

To explore the miRNA profile of iMSCs, small RNA-seq was
conducted (Fig. 1E). Given the significant variability in the
miRNA content among exosomes derived from MSCs of
different origins (15–18) (Fig. S2B), we aimed to assess the
consistency and stability of miRNA contents in iMSC-derived
exosomes. Our analysis showed that the miRNA components
and expression levels were consistent across different iMSC
batches, indicating a reliable quality of exosomes produced by
iMSCs (Fig. 1F). In total, 476 distinct miRNAs were identified,
classified into 355 miRNA families (Fig. 1G).

iMSC-exosome alleviates OGD-induced neuronal death in a
dose-dependent manner

To explore the ability of exosomes to transport internal
materials into neuronal cytoplasm, we carried out a study
examining the interaction between neurons and exosomes
derived from iMSCs. We prelabeled iMSC exosomes with the
red-fluorescent dye PKH26 and then cocultured them with
neurons for 24 h. The detection of red fluorescence inside the
neuronal cytoplasm confirmed the neurons’ direct absorption
of the exosomes (Fig. 2A).



Figure 1. iMSC exosome and miRNA contents characterization. A, transmission electron microscopy images of iMSC exosomes. The scale length 0.5 mm.
B, nanoparticle tracking analysis (NTA) of iMSC exosome size and particle concentration. The median diameter of exosome particles was 102.1 nm. The
absolute count of exosome particles was determined and shown as particles/ml. C, flow cytometric analysis of the exosome marker CD63 and CD9
expression. D, Western blot of markers TSG101, HSP90, CD81, syntenin, and calnexin expression in iMSC-derived exosomes. Dashed line indicate the splice
position of Western blot image. E, the pie chart shows the percentage of each RNA category within iMSC exosome small RNA-seq results. miRNA registered
in miRBase is shown in red color. F, the scatter plot demonstrates the correlation of miRNA contents in two iMSC exosome batches. x-axis and y-axis indicate
the log2 value of TPM +1 of each miRNA. G, the pie chart shows the percentage of miRNAs within the iMSC exosome. iMSC, induced mesenchymal stem cell;
TPM, transcripts per million.
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Following the demonstration that exosomes can effectively
deliver materials into neurons, we investigated their potential
to protect neurons under OGD stress. To simulate the
ischemia-reperfusion scenario in vitro, E16 rat cortical neu-
rons, after being cultured for 10 to 12 days, were subjected to
1.5 h of OGD stress (Fig. 2B). This was followed by 24 h of
glucose and oxygen reperfusion, conducted with or without
the addition of iMSC exosomes. The neurons were stained
with propidium iodide (PI) to identify dead cells and Hoechst
33342 to mark all cells (Fig. 2B). Under OGD stress, the
neuron death ratio soared to 42.4% (ratio of PI-positive to
Hoechst 33342-positive cells), significantly surpassing the
2.56% death ratio seen in the control group not subjected to
OGD stress (Fig. 2, C and D). This increase signalled reper-
fusion injury upon reintroducing glucose and oxygen to the
cultured neurons. Assessing the therapeutic potential of iMSC
exosomes, we introduced concentration gradients of exosomes
into the culture medium during the reperfusion phase. The
neuron death rate consistently decreased in a dose-responsive
manner upon exosome treatment (Fig. 2D). Notably, the
administration of iMSC exosomes significantly lowered the
neuron death ratio to 37.4% (t(df) = 1.35, p = 0.2257), 32.9%
(t(df) = 2.597, p = 0.0408), 24.6% (p = 0.0286), and 25.8%
(t(df) = 3.0308, p = 0.0229) at concentrations of 107, 108, 109,
and 1010 particles/ml, respectively (p < 0.05). Meanwhile,
OGD also significantly reduced neurite outgrowth (Fig. 2E).,
which was rescued by the delivery of iMSC-derived exosomes
in a dose-dependent manner(Fig. 2F). This finding underscores
the beneficial impact of iMSC-derived exosomes on neurons
experiencing OGD stress.

Building upon these encouraging findings, we conducted a
detailed investigation into the alterations in gene expression
within neurons subjected to OGD stress, as well as the changes
in the transcriptome following the administration of exosomes
derived from iMSC. The following in-depth analysis aims to
elucidate the molecular underpinnings contributing to the
therapeutic efficacy of iMSC exosomes in addressing neuronal
injuries caused by OGD.
iMSC exosome rescued OGD-damaged neurons via
transcriptome rewiring

To verify the enhanced survival of neurons subjected to
OGD stress following treatment with iMSC exosomes, we
hypothesized that a significant reconfiguration of the tran-
scriptome occurs in neurons responding to OGD stress. This
reconfiguration entails dynamic and complex changes in gene
expression patterns upon the delivery of iMSC exosomes. To
explore this hypothesis, we conducted RNA-seq on control
neurons and neurons under OGD stress (Fig. 3A). We then
quantified the RNA abundance in neurons experiencing OGD
stress 24 h posttreatment with iMSC exosomes.

Concentrating on neurons damaged by OGD, we detected a
widespread transformation in the transcriptome. Specifically,
7626 genes exhibited differential expression compared to
control neurons (Fig. 3B). These genes were implicated in a
J. Biol. Chem. (2024) 300(8) 107568 3
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Figure 2. iMSC exosome alleviates oxygen and glucose deprivation–induced neuronal cell death in a dose-dependent manner. A, iMSC-exosome
labeled with a red fluorescent dye PKH26 enriched in cultured rat cortical neuronal cytoplasm after 24 h of coculture. B, the experimental diagram to
evaluate the effect of iMSC exosome against neuron OGD stress. C, representative images of PI and Hochest 33342 staining of cultured cortical neurons
grow under control or OGD for 1.5 h and then are allowed to the standard culture medium for 24 h with different doses of iMSC exosome. The scale bar
represents 50 mm. D, summary of PI-positive cells normalized to the total cell number determined by Hoechst staining. PI-positive ratio significantly de-
creases from 42.4% in OGD with the saline group control to 37.4%, 32.9%, 24.6%, and 25.8% in OGD with 108, 109, and 1010 iMSC exosome particles/ml.
Sample size. N = 4. Comparison between samples was tested with unpaired t test. E, representative images of staining of cultured cortical neurons grow
under control or OGD for 1.5 h and then are allowed to the standard culture medium for 24 h with different doses of iMSC exosome. The scale bar
represents 100 mm. F, summary of total neurite length. Comparison between samples was tested with unpaired t test. Sample size N = 6. iMSC, induced
mesenchymal stem cell; OGD, oxygen-glucose deprivation; PI, propidium iodide; TPM, transcripts per million.
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Figure 3. iMSC exosome rescued OGD-damaged neuron via transcriptome rewiring. A, the data analysis diagram to evaluate (1) transcriptome change
in control, OGD-stressed neuron before and after iMSC exosome delivery; (2) miRNA contents within iMSC exosomes; (3) the potential mRNA suppressed by
miRNA within exosome. B, heat map of variable genes of control neuron, OGD-stressed neutron, and exosome-rescued neuron. Heat map intensity rep-
resents relative RNA abundance for each replicate under different conditions. Gene intensity is normalized by maximum mRNA abundance across all
treatments. Yellow indicates low expression, while blue indicates high RNA abundance. The right-most column shows gene categories according to gene
expression patterns under different conditions. C, left barplot shows GO enrichment analysis of induced neutron response gene to OGD stress. On the right
side, we demonstrate the enriched GO pathways and the differentially expressed genes induced by OGD stress in these pathways. D, left barplot shows GO
enrichment analysis of suppressed neutron response gene to OGD stress. On the right side, we demonstrate the enriched GO pathways and the differentially
expressed genes induced by OGD stress in these pathways. E, left barplot shows GO enrichment analysis of induced genes in OGD-stressed neutron after

MLL-AF9 regulates transcriptional initiation
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range of cellular functions, such as cytoplasmic translation and
the modulation of neurotransmitter receptor activity
(Fig. S1A). Among these, 3780 genes were upregulated under
OGD stress (fold-change > 1.2, p-adj < 0.00001), including
genes involved in the negative regulation of the G2/M tran-
sition of the mitotic cell cycle and DNA replication–
independent nucleosome assembly (Fig. 3C). Conversely,
3846 genes were downregulated in response to OGD stress
(fold-change <1/1.2, p-adj < 0.00001), primarily associated
with the regulation of neurotransmitter transport, synapse
formation, and membrane depolarization (Fig. 3D).

Advancing our investigation to neurons rescued by iMSC
exosomes after experiencing OGD stress, we observed a
significant influence of iMSC exosomes on the gene
expression profiles of OGD-affected neurons. Post delivery
of iMSC exosomes, there was an upregulation of 961 genes
(fold-change >1.2, p-adj < 0.00001) and a downregulation of
778 genes (fold-change < 1/1.2, p-adj < 0.00001) compared
to OGD-stressed neurons that did not receive exosome
treatment(Fig. 3B).

To understand how iMSC exosomes influence biological
processes and potentially alter the pathological trajectory of
ischemia-reperfusion injuries, we delved into the analysis of
both upregulated and downregulated genes. This examina-
tion unveiled several biological processes being modulated,
including fatty acid oxidation, the regulation of the trans-
forming growth factor signaling pathway, cellular responses
to acidic conditions, and the regulation of neuron projection
(Fig. S1B). Subsequently, we concentrated on the specific
genes induced or repressed after administering iMSC exo-
somes. The upregulated genes primarily facilitated the
regulation of the transforming growth factor beta receptor
signaling pathway and the biogenesis of the ribosomal large
subunit (Fig. 3E). In contrast, the downregulated genes post-
iMSC exosome treatment was linked to the regulation of
synaptic transmission, glutamatergic activity, and lipid
oxidation (Fig. 3F).

Our investigation specifically targeted biological processes
related to neuronal death in the context of the comprehensive
transcriptome changes prompted by the delivery of iMSC
exosomes. A notable finding was the enhanced cellular
response to acidic chemicals, echoing the phenomenon of
tissue acidosis in ischemic conditions—a critical metabolic
marker signaling the progression of injury in cerebral ischemia.
We focused on genes activated by iMSC exosome treatment
that played roles in cellular responses to acidic conditions and
discovered that Asic1, an essential gene associated with acid-
otoxicity, was significantly downregulated following the
administration of iMSC exosomes to neurons experiencing
OGD stress. Prior research has indicated that ASIC1 activation
during tissue acidosis directly contributes to the deterioration
of neurological function following cerebral ischemic stroke
iMSC exosome treatment. On the right side, we demonstrate the enriched path
neurons under OGD stress in these pathways. F, left barplot shows GO enric
exosome treatment. On the right side, we demonstrate the enriched pathway
under OGD stress in these pathways. GO, Gene Ontology; iMSC, induced me
deprivation.

6 J. Biol. Chem. (2024) 300(8) 107568
(8, 19). Consequently, we delved deeper into identifying spe-
cific components encapsulated within iMSC exosomes that
could inhibit Asic1 expression.

Asic1 expression in neuroblasts indicates early-phase
reperfusion damage in cerebral stroke

The bulk RNA-seq analysis revealed an upregulation of
Asic1 in response to reperfusion damage. To investigate the
specific cell types contributing to this elevation, we focused on
the expression of Asic1 in various cell types within cerebral
tissues (20) (Fig. 4A). Among these cell types, neuroblasts
exhibited a clear and significant expression of Asic1 (Fig. 4B).
Notably, the expression of Asic1 was observed in neuroblasts
both in normal brains and in brains subjected to reperfusion
damage (Fig. 4C). In contrast, no evident Asic1 expression was
detected in microglial, astrocyte, oligodendrocyte, or endo-
thelial cells (Fig. 4D).

Moreover, temporal analysis of Asic1 expression in neuro-
blasts within the context of the middle cerebral artery occlu-
sion (MCAO) mouse model unveiled compelling results.
Specifically, an increase in Asic1 expression was predominantly
noted in the initial phase of reperfusion injury, precisely on the
first day following MCAO induction (Fig. 4C). The proportion
of neuroblasts expressing Asic1 was significantly elevated
during this early phase of ischemia-reperfusion injury. How-
ever, the upregulation of Asic1 expression saw a decline in the
subsequent stages of reperfusion, namely on the third and
seventh days post-MCAO (Fig. 4C). These observations
strongly indicate that Asic1 could act as a valuable biomarker
for early-stage neuronal damage in the context of cerebral
stroke, especially during the reperfusion interval.

iMSC exosome–encapsulated miRNA suppresses neuronal
death mediator Asic1

Exosomes are recognized for their capacity to transport
diverse contents, including lipids, carbohydrates, RNA, and
proteins, from donor to recipient cells. This process plays a
crucial role in modulating cellular functions by repressing
specific target genes (21). Based on this understanding, we
hypothesized that exosomes derived from iMSC might contain
a variety of miRNAs capable of inhibiting cell death signals in
neurons subjected to OGD stress.

To explore the miRNA composition of exosomes derived
from iMSC, we conducted small RNA-seq. We identified 476
distinct miRNAs (Fig. 1F), classified into 355 miRNA families
according to miRBase release 22.1. Our analysis focused on the
top ten miRNA families—miR-199-3p, let-7-5p/98-5p, miR-
122-5p, miR-423-5p, miR-125-5p, miR-15-5p/16-5p/195-5p/
424-5p/497-5p, miR-99-5p/100-5p, miR-221-3p/222-3p, miR-
320, and miR-21-5p/590-5p—which together accounted for
82.3% of the total known miRNA content as per miRBase
ways and also the differentially expressed genes in iMSC exosome-rescued
hment analysis of suppressed genes in OGD stressed neutron after iMSC
s and the differentially expressed genes in IMSC exosome-rescued neurons
senchymal stem cell; MSC, mesenchymal stem cell; OGD, oxygen-glucose
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Figure 4. iMSC exosome–encapsulated miRNA cocktail suppresses neuronal death initiator ASIC1. A, reanalyzing of the single-cell data in Sham and
OGD day 1, day 3, and day 7 mice. Cell population with different identities is labeled with the corresponding color indicated in legends. B, dot plot indicates
cell type–specific expression of Asic1. Dot size indicates the percentage of cells that are expressed. Blue saturation indicates the average expression of Asic1
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release 22.1 (Fig. 4, E–G). We then examined the genes tar-
geted by these miRNA families and those downregulated
following iMSC exosome delivery, as revealed by RNA-seq
data. This analysis highlighted a subset of 249 genes, down-
regulated by miRNAs in iMSC exosomes, implicated in regu-
lating neuronal synaptic plasticity, cellular response to acidic
conditions, and calcium ion import across the plasma mem-
brane (Fig. 4H). Specifically, we scrutinized miRNA families
with potential targeting capacity for Asic1 (Fig. 4I), a critical
mediator of acidosis-induced neuronal death. We noted that
iMSC exosomes could mitigate neuronal death induced by
ischemia-reperfusion injuries. Among these, four miRNA
families—miR-125b-5p, let-7-5p/98-5p, miR-15-5p/16-5p/
195-5p/424-5p/497-5p, and miR-423-5p (Fig. 4I), were notably
enriched, representing 37.8% of the total miRNA abundance in
iMSC-derived exosomes, as per miRBase release 22.1. Our
objective was to ascertain whether these four miRNA families
could effectively downregulate Asic1 expression and thus
facilitate the condition of neurons stressed by OGD.
iMSC exosome rescue the neuronal cell death via miR-125b-5p
mediate Asic1 suppression in vitro

In vitro, we evaluated the neuroprotective effect of the
miRNA families mentioned above on neurons subjected to
OGD stress (Fig. 5A). The introduction of hsa-miR-125b-5p
mimics markedly reduced neuronal death, with the ratio of
PI-positive cells decreasing to 25.1% (t(df) = 3.132, p = 0.0351),
an outcome comparable to that achieved through the admin-
istration of iMSC-derived exosomes, which resulted in a cell
death ratio of 21.74% (t(df) = 2.967, p = 0.0413) (Fig. 5B).
Conversely, the administration of the other three miRNA
mimics—hsa-miR-16-5p (p > 0.999), hsa-miR-143-3p (t(df) =
1.657, p = 0.1728), and hsa-miR-423-5p (t(df) = 0.8456, p =
0.4454)—did not yield a significant protective effect (Fig. 5B).
These findings highlight hsa-miR-125b-5p as the critical
component within iMSC exosomes that is instrumental in the
rescue of neurons from OGD-induced stress.

To corroborate the role of hsa-miR-125b-5p in down-
regulating Asic1 expression and facilitating neuroprotection,
we conducted Western blot analyses on neurons damaged by
OGD. A significant reduction in ASIC1 protein levels was
observed following the administration of both iMSC exosomes
and hsa-miR-125b-5p mimics (Figs. 5, C and D, S3). This
suppression of ASIC1 protein by hsa-miR-125b-5p delivery
likely underlies the neuroprotective mechanism of iMSC
exosomes within the context of cerebral ischemia-reperfusion
injury.
iMSC exosomes rescue neuronal death via suppression of
necroptosis initiated by ASIC1

In light of the elevated ASIC1 levels observed in neurons
injured by cerebral ischemia-reperfusion, we aimed to identify
iMSC exosome treatment. I, circos plot demonstrates the most abundant top 10
repressed in OGD-damaged neurons after iMSC exosome treatment, which is v
iMSC, induced mesenchymal stem cell; MCAO, middle cerebral artery occlusio
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the specific molecular phenotype of cell death induced. Prior
studies have hinted at a connection between increased ASIC1
levels and necroptosis (11). Indeed, during the reperfusion
phase, we noted a rise in the expression of phosphorylated
mixed lineage kinase domain–like protein (MLKL) (Figs. 5, E
and F, S3), a pivotal agent in plasma membrane disruption and
a key executor of necroptosis. Furthermore, RIPK1, a nec-
roptosis initiator, was also found to accumulate in neurons
affected by reperfusion injury (Figs. 5, E and F, S3).

Given the activation and accumulation of necroptosis ini-
tiators and executors following reperfusion damage, we
explored the potential of iMSC-derived exosomes to reverse
this cell death pathway. After administering iMSC exosomes to
neurons damaged by reperfusion, we assessed the activity of
crucial necroptosis components. Remarkably, compared to
untreated reperfusion-injured neurons, a significant decrease
in the levels of activated RIPK1 and MLKL was observed
following exosome treatment, indicating a neuroprotective
effect of iMSC-derived exosomes against necroptosis-induced
neuronal death. To further substantiate the contribution of
exosomal contents, specifically hsa-mir-125b-5p, to this pro-
tective mechanism, we introduced hsa-mir-125b-5p mimics.
These mimics exhibited protective outcomes similar to those
of iMSC exosomes by downregulating ASIC1 and phosphor-
ylated RIPK1 (Figs. 5, E and F, S3).

Moreover, a marked reduction in p-MLKL levels was
evident upon the administration of hsa-mir-125b-5p mimics
(Figs. 5, E and F, S3), reinforcing the notion that iMSC-derived
exosomes mitigate necroptosis in neurons. Both the iMSC
exosomes and their active component, hsa-mir-125b-5p, play
crucial roles in reducing ASIC1 and its associated activated
RIPK1 levels, as well as in the decline of the final necroptosis
executor, p-MLKL, underscoring their potential in neuronal
protection by mitigating necroptosis.
iMSC exosomes alleviate postischemic injury in rat MCAO
models in vivo

Our research was aimed at exploring the in vivo effects of
hsa-miR-125b-5p encapsulated within exosomes (Fig. 6A). In
the group of rats subjected to MCAO, we observed pro-
nounced neurological deficits. Triphenyltetrazolium chloride
(TTC) staining disclosed a significant infarction volume of
36 ± 2% in the cerebral tissue of MCAO rats compared to the
sham-operated group (Fig. 6, B and C). The administration of
exosomes derived from iMSCs diminished the infarction vol-
ume to 32 ± 7% (Fig. 6, B and C). Notably, the sole adminis-
tration of hsa-miR-125b-5p mimics markedly enhanced
resistance to cerebral injury, reducing the infarction volume to
28 ± 6% (Fig. 6B), which mirrors the therapeutic efficacy
observed with the complete exosome delivery. Neurological
assessments further corroborated this level of recovery
following treatment with hsa-miR-125b-5p mimics (Fig. 6D).
miR families within iMSC EV and their corresponding target genes that were
alidated by RNA-seq. Asic1, acid-sensing ion channel 1; GO, Gene Ontology;
n; OGD, oxygen-glucose deprivation.
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Figure 5. iMSC exosome rescues the neuronal cell death via hsa-miR-125b-5p mediate Asic1 suppression. A, the experimental diagram to validate the
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Subsequently, our investigation extended to the histological
recovery. H&E staining of brain tissue unaffected by ischemia
showcased the preservation of characteristic hippocampal and
10 J. Biol. Chem. (2024) 300(8) 107568
cortical structures, with neurons displaying standard
morphology and clearly visible nucleoli. Conversely, the
MCAO model illustrated the repercussions of ischemia and



Figure 7. iMSC exosome therapeutic effect against cerebral ischemic stroke by suppressing Asic1 via delivery of hsa-miR-125b-5p. Created with
BioRender.com under publication agreement number: YW247PMNM4. iMSC, induced mesenchymal stem cell.
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reperfusion injury, evidenced by a reduction in neuron
numbers and compromised neuronal morphology (Fig. 6E).
Nevertheless, the application of MSC-derived exosomes facil-
itated the restoration of neuronal morphology. Further analysis
revealed that this neuroprotective effect could be attributed
predominantly to hsa-miR-125b-5p. Indeed, the administra-
tion of hsa-miR-125b-5p mimics significantly ameliorated
neuron integrity when compared to the negative control (NC)
group (Fig. 6E), highlighting the therapeutic potential of hsa-
miR-125b-5p delivered via MSC-derived exosomes (Fig. 7).

In this study utilising the MCAO model, we further exam-
ined whether ischemic brain injury in vivo leads to alterations
in ASIC1 expression in neurons and whether treatments with
iMSC-derived exosomes and hsa-mir-125b-5p could mitigate
these changes. Compared to the sham control group, MCAO
induced a significant increase in ASIC1 expression within the
neurons of the dentate gyrus (Fig. 6F), with the proportion of
ASIC1-positive neurons rising from 0% to 4.8% (p = 0.0008)
(Fig. 6F). Treatment with iMSC exosomes and hsa-mir-125b-
5p notably decreased the prevalence of ASIC1-positive neu-
rons from 4.8% to approximately 0% to 0.2% (p < 0.005),
without leading to any significant adverse side effects.
Discussion

EVs mediated miRNA communication plays a pivotal role in
various diseases across multiple organs such as the breast (22),
heart (23–27), and brain (25, 28), involving tumour occur-
rence, chemotherapy resistance (28), metastasis, ischemic
stroke (24, 25), acute cellular cardiac rejection, and heart
transplantation (27) and atherosclerosis (23). Under adverse
conditions, miRNA signaling through EVs enhances the
resilience of target cells, enabling tumor cells, for example, to
transform sensitive cells into resistant ones and remodel
distant healthy organs to foster a tumor-friendly microenvi-
ronment (22). Similarly, the therapeutic potential of exosomes
in treating cerebral ischemia has been demonstrated, yet the
lack of precise mechanisms and targets hinders its translation
into clinical applications. Our findings reveal that iMSC-
derived exosomes can deliver a controlled mixture of miR-
NAs, particularly targeting the Asic1 protein to salvage
neuronal death. We identified miR-125b-5p as a key active
component and validated its neuroprotective function in an
OGD model. Our results show that iMSC-derived exosomes
restore the function of damaged neurons by targeting the
Asic1 protein.

Exosomes originating from MSCs have shown promising
results in reducing ischemia/reperfusion injury in various cell
or animal models, including acute myocardial (29), renal (30)
and brain ischemia-reperfusion models (31). Various tissues
and cell types, including endothelial cells (23), macrophage
(28), and fibroblast (24), are capable of secreting exosomes
containing miRNAs, which facilitate cell communication
through paracrine (28) and systemic circulation (32), thereby
mediating biological effects. miRNAs within EVs exhibit dual
roles; on the one hand, they possess pathogenic effects, and on
the other hand, they hold significant clinical value for diag-
nosing (32) and treating diseases. Our study demonstrated that
iMSC-exosomes effectively rescue neuronal death under OGD
injury in a dose-dependent manner. mRNA sequencing data
indicated significant changes in the mRNA expression of
injured neurons after iMSC-exosome delivery. Gene ontology
analysis of differentially expressed genes revealed an enrich-
ment in the cellular response to acid chemicals. Notably,
ASIC1, a critical mediator of acidosis during ischemic stroke,
was significantly downregulated by iMSC-exosomes. ASIC1
J. Biol. Chem. (2024) 300(8) 107568 11
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activation in neurons can lead to cell death through various
mechanisms, including calcium overload, regulation of mito-
chondrial permeability transition pores, and the initiation of
necroptosis. Inhibiting Asic1 through iMSC delivery could
block these molecular events and alleviate neuronal cell death
under OGD stress.

Exosomes have been shown to restore injured cell func-
tion by delivering miRNAs. To elucidate the potential ther-
apeutic mechanism, it is essential to identify which specific
miRNA or group of miRNAs encapsulated by exosomes is
effective in neurons under OGD stress. In our study, we
found that iMSC exosomes stably express around 400 kinds
of miRNAs, and we focused on the top miRNA families,
accounting for 82.3% of all miRNA content. Through pre-
diction using different databases, we identified four miRNA
families encapsulated by iMSC exosomes that could target
Asic1. To validate the effectiveness of these miRNAs in
rescuing OGD-induced neuronal death, we transfected hsa-
miR-125b-5p, hsa-miR-16-5P, and hsa-miR-423-5p mimics
individually and found that hsa-miR-125b-5p mimic trans-
fection significantly suppressed ASIC1 protein levels and
alleviated neuronal death. In conclusion, we propose that
iMSC exosomes rescue OGD-injured neuronal death pri-
marily by repressing ASIC1 through hsa-mir-125b-5p.

The clinical application of exosomes faces challenges related
to product stability, including the consistency of exosome
content from the same type of cells, heterogeneity in prepa-
ration procedures, lack of standardized quality control, and
unclear mechanisms. The loading of miRNAs into exosomes is
mediated by RNA-binding proteins through an ATP-
dependent active process, selectively incorporating specific
miRNAs into exosomes. This ensures the stability of miRNA
components in EVs secreted by homogenous cells, as evi-
denced by the high correlation in our multiple biological
replicates of small RNA-seq. To address potential variations in
exosome quality, we employed pluripotent stem cell–derived
cells with MSC characteristics to produce exosomes under a
controlled process. By establishing a standardized cell bank,
qualified iMSCs and exosomes could be produced consistently
using pluripotent stem cells. We controlled the passage of cells
and culture conditions, ensuring that iMSCs produce exo-
somes of stable quality and scalable production capacity.
Furthermore, we characterized our iMSC exosomes from
different batches, and the results from nanoparticle tracing,
nanoparticle flow, and miRNA sequencing indicate that our
differentiation protocol consistently produces exosomes with
similar miRNA contents.

However, while we have demonstrated that EVs derived
from iMSCs can rescue the morphology and functions of
neurons stressed by OGD in both cell lines and animal models,
further clinical studies are necessary to confirm their thera-
peutic effects in patients with cerebral stroke. Additionally, the
dynamic changes in Asic1 expression in patients during the
course of a stroke warrant further investigation.

In summary, our study demonstrates that exosomes derived
from iMSCs could serve as a novel cytoprotective therapy for
OGD by inhibiting acidosis initiated by ASIC1, and hsa-mir-
12 J. Biol. Chem. (2024) 300(8) 107568
125b-5p delivered by iMSC exosomes may play a crucial role
in promoting neuronal survival.

Experimental procedures

MSC exosome purification and characterization

iMSC supernatant was kindly provided by Zephyrm Bio-
technologies. To prepare cells for supernatant harvesting,
human embryonic stem cell–derived iMSC (passage 5–8)
was seeded at a density of 2 × 104 cells per cm2 and cultured
for 3 days until the confluence reached 60 to 70% (5 × 105/
ml) in the serum-free medium. Before 48 h of iMSC exosome
isolation, fresh medium was fed and maintained without
medium change. iMSC exosome was purified with Total
Exosome Isolation Kit (4484450 Thermo Fisher Scientific)
according to the manufacturer’s instructions. Briefly, cell
media were centrifuged at 2000g for 30 min to remove cells
and debris. The cell-free culture media were mixed with 0.5x
volumes of isolation reagent and incubated at 2 �C to 8 �C
overnight. Then, the mixture samples were centrifuged at
10,000g for 1 h from 2 �C to 8 �C. The collected exosomes
were resuspended with PBS for characterization and down-
stream experiments.

Nanoparticle tracking analysis (ZetaView) analyzed the
particle size and concentration. The morphology of the iMSC-
exosome was observed by transmission electron microscopy
(Joel JEM1230). Exosome surface markers CD63 and CD9
were analyzed by Flow NanoAnalyzer (nanoFCM software v
1.08) (https://www.nanofcm.cn).

Rat cortical neuron cell culture and OGD

Neurons for OGD were primarily cultured from gestational
day 16 fetal rats as previously described (33). OGD was per-
formed on day 10. Briefly, the standard neuron medium was
washed two times and incubated in Dulbecco’s Modified Eagle
Medium with no glucose prebubbled with 95% N2 and 5% CO2

for 10 min to saturate. Then cultures were treated for 1.5 h in
an OGD anaerobic chamber. The control group was cultured
in normal conditions. A standard neuron culture medium with
glucose was exchanged, and 74% N2/21% O2/5% CO2 was
recovered. Exosomes at different concentrations (0, 108, 109,
1010 particles/ml) were added when shifted to normal
conditions.

Neuron survival assay

Twenty-four hours after OGD recovery with or without
iMSC-exosome administration, cultured neurons were stained
with PI for labeling dead cells, and Hochest 33342 (molecular
probes) for all cell nuclei. Survival assay was performed by
counting PI-positive cells ratio versus Hoechst labeled cell
nuclei under a high-content imaging system (Thermo Fisher
Scientific CellInsight CX5). For normally distributed data, data
were analyzed by ANOVA with the Student’s t test for inde-
pendent means. At least three independent experiments using
four separate wells were performed for a minimum of 16,000
to 30,000 neurons counted for each data point.

https://www.nanofcm.cn
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Neurite outgrowth analysis

Analyses of neurite extension were performed on the Cel-
lInsight CX5 high-content screening platform. Random image
fields were taken. Neurite length was determined by tracing
the length of the longest neurite of differentiated cells using
the Neurite Detection Assay module in Thermo Scientific HCS
Studio: Cellomics Scan Version 6.6.1. The p value was calcu-
lated using the student t test.

RNA-seq experiment and library preparation

The total mRNA was extracted with RNeasy Micro Kit
(74004 Qiagen) following the manufacturer’s instructions for
library construction. Qualified total RNA was purified by
RNAClean XP kit (A6398.7, Beckman Coulter, Inc) and
RNAase-Free Set (79254, QIAGEN). The sequencing library
was prepared with VAHTS Universal V6 RNA-seq Library
Prep Kit for Illumina (NR604-02, Vazyme) according to the
manufacturer’s instructions. Final library concentration was
measured by Qubit dsDNA HS Assay Kit (Q32850, Invi-
trogen). The quality control of the library was performed using
the Agilent Bioanalyzer 2100 system. Cluster generation was
performed on the cBot Cluster Generation System (Illumina).
The library was sequenced using Illumina Hiseq 2500 instru-
ment with paired-end mode.

Exosome miRNA library preparation

Shanghai Biotechnology performed iMSC-exosome miRNA
library construction and sequencing. miRNAs of iMSC exo-
somes were extracted using the mirVana miRNA Isolation Kit
(AM1561) and qualified by Qubit 2.0. RNA integrity was
analyzed by Agilent 2100 Bioanalyzer (Agilent Technologies
Santa Clara）. Exosomal RNA from each sample was used for
small RNA library construction. The final library was
sequenced on the HiSeq2500 platform.

Processing and analysis of RNA-seq data

Samples were sequenced from 54.33 million reads to 64.34
million reads per sample, with 58.84 million reads as median.
Three biological replicates were performed for each condition.
Ribosome RNA percentage ranged from 0.05% to 0.11%, with a
median value of 0.085%. Genome assembly and annotation data
were downloaded from Ensembl database and annotation from
the Ensembl database (ftp://ftp.ensembl.org/pub/release-83/
fasta/rattus_norvegicus/dna/Rattus_norvegicus.Rnor_6.0.dna.
toplevel.fa). The mapping rate ranged from 85.78% to 93.84%
with median value of 93.41%. RNA-seq data quality was
assessed by FastQC (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). Reads were preprocessed with Seqtk.
The preprocessing includes the following: (1) removing the
adaptor; (2) remove low-quality nucleotides (based on Q20) at
the 30end of the reads; (3) removing reads shorter than 25 nt
after preprocessing; (4) removing known rRNA. Reads were
then aligned with Hisat2 (34, 35) (version: 2.0.4), splicing
mapping to rat genome reference (Rnor_6.0 from Ensembl
database). Reads were summarized into gene expression values
with Stringtie (18) (version: 1.3.0). Read counts were
normalized with trimmed mean of M values (36) methods and
then fragments per kilobase of exon model per million mapped
reads values were calculated. Differential gene expression
analysis was performed using the EdgeR (37).

Analysis of miRNA data

Samples were sequenced from 20.8 million reads to 25.4
million reads per sample, with 23.8 million reads as median.
Three biological replicates were performed for each condition.
Genome assembly and annotation data were downloaded from
the Ensembl database. Raw reads were preprocessed with fastx
(version:0.0.13) to (1) remove adaptor sequence, (2) remove
low-quality nucleotide (Q10) from 30end of reads, and 3)
remove reads with length <10 bp, all reads were 18 to 40 nt
selected reads. Preprocessed reads were aligned to reference
genome GRCh38 with bowtie (38). miRNA counts were then
further extracted based on the genomic position provided by
miRbase (39). Extracted miRNA counts were normalized with
the trimmed mean of M values method, and then the tran-
scripts per million) value was calculated to compare samples.
In predicted and validated miRNA target analysis, we used the
multimir (40) and circlize (41) packages to plot the abundant
top miRNA and their corresponding suppressed mRNA tar-
gets. The scientific calculations in this paper have been done
on the HPS Cloud Platform of Shandong University.

miRNA mimic transfection

miRNA mimics and control were synthesized by Ribobio
and transfected using a RiboFECT CP transfection kit(C10511-
05 Ribobio). Briefly, 50 nM miRNA mimics were mixed with
transfection reagent and incubated for 15 min at room tem-
perature. The transfection mixture was added to cultured
neurons without antibiotics in the medium. Medium change is
not required. Seventy-two hours later, transfected neurons
were used for OGD experiments.

Western blotting

Proteins (10 mg) extracted from neurons were diluted in a
loading buffer, heated at 95 �C for 10 min, loaded onto 12%
gels, electrophoresed at 180 V for 50 min, and transferred to
membranes. After blocking with a blocking buffer for 60 min,
the membranes were incubated with primary antibodies at 4
�C overnight and washed in 1× Tris-buffered saline, 0.1%
Tween 20 Detergent (3 × 5 min). Then, the membranes were
incubated with secondary antibodies at room temperature for
60 min, washed with 1× Tris-buffered saline, 0.1% Tween 20
Detergent, and exposed to a detection reagent for visualization.
The images were acquired via Bio-Rad chemidoc system, and
band intensities were quantified with ImageJ (https://imagej.
net/ij/download.html). The antibody information was as fol-
lows: ASIC1 (Immunoway, YN5678, 1:500), b-ACTIN
(Abmart, M20011, 1:2000), goat anti-rabbit IgG-horseradish
peroxidase (Abmart, M21002, 1:5000), goat anti-mouse IgG
horseradish peroxidase (Abmart, M21001, 1:5000), phospho-
RIPK1 (Immunoway, YP1467), phospho-RIPK3 (Immunoway,
YP1468), and phospho-MLKL (Immunoway, YP1244),
J. Biol. Chem. (2024) 300(8) 107568 13
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calnexin (Abcam ab10286), CD81 (Santa Cruz Biotechnology,
INC sc-166028), HSP90 (Santa Cruz Biotechnology, INC sc-
69703), syntenin-1 (C-3) (Santa Cruz Biotechnology, sc-
515538), and TSG101 (HUABIO, ET1701-59). For ASIC1, p-
RIPK1, p-RIPK3, and p-MLKL, L929 cells treated with zVAD
(20 mM) for 1 h, and then TNF (10 ng/ml) for 6 h were used as
a positive control. Meanwhile, healthy L929 cells were utilized
as an NC.

GO, Kyoto Encyclopedia of Genes and Genomes analysis, and
plotting

For Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes enrichment analysis, we used clusterprofiler
(42). Enriched GO terms and pathways were plotted with R
package enrichplot (https://github.com/YuLab-SMU/
enrichplot) and GOplot (43).

Real-time PCR for mRNA and miRNA analysis

The total RNA was extracted using PureLink RNAMicro kit
(12183016 Thermo Fisher Scientific). According to the man-
ufacturer’s protocol, complementary DNA was generated via
SuperScript IV (18090050, Thermo Fisher Scientific) and
Bulge-Loop miRNA qRT-PCR Starter Kit (C10211-1, Ribobio).
Thereafter, real-time PCR was carried out using complemen-
tary DNA samples, and the 2−DDCt method was used to
calculate the relative change in mRNA and miRNA expression
after normalization to levels of GAPDH for mRNA and U6
small nuclear RNA for miRNA.

Statistics

Sample size calculation： In determining the appropriate
sample size for our animal experiments, we conducted an a
priori power analysis. Based on the anticipated effect size, the
expected variability from previous studies, an alpha level of
0.05, and a desired power of 0.80, the optimal sample size was
determined to be eight animals per group. Therefore, we used
eight animals in each experimental group to ensure adequate
statistical power and minimize the risk of type II errors.
Randomization： Animals were randomly allocated to different
experimental groups using a computer-generated random
sequence. This randomization ensured that each animal had an
equal chance of being assigned to any group, minimizing po-
tential biases and confounding factors. A normality test： For
the cell line experiment, we use the Shapiro–Wilk test for the
normality test. For animal experiments, normality and variance
homogeneity are assessed by the D’Agostino and Pearson test
in Prism Graph 9.0 (https://www.graphpad-prism.cn). We have
performed the Mann–Whitney test to compare groups that are
not normally distributed. For groups that are normally
distributed, we performed an unpaired t test. Data are displayed
as median and interquartile range. (ns, p < 0.10; *p < 0.05;
**p < 0.01; ***p < 0.001; and ****p < 0.0001).

Animal experiments

Adult male SD rats (220–250 g, 8 W) were purchased from
Beijing HFK Bioscience. Animal experiments were carried out
14 J. Biol. Chem. (2024) 300(8) 107568
by the National Institutes of Health guide for the care and use
of laboratory animals. The animal experiment protocol was
examined and approved by the animal ethics committee of the
Ethics Committee from Animal Care and Welfare Committee
at Xuan Wu Hospital (XW-20210423-2). Four rats were hos-
ted per cage.

As previously described, rat ischemia-reperfusion models
were induced by MCAO surgery (44). Briefly, rats were
anaesthetized with 3% pentobarbital sodium. The left com-
mon carotid artery, external carotid arteries and internal ca-
rotid artery were isolated and ligated. A monofilament nylon
suture coated with silicon resin was inserted from the
external carotid artery into the lumen of the internal carotid
artery (time 0 h). Body temperature was maintained at 37 ±
0.5 �C through a thermostat-controlled heating pad. Reper-
fusion was initiated by the withdrawal of the monofilament
after 120 min occlusion (time 2 h). The first set of MCAO rat
models was administered saline and exosomes (2.6 × 1011

particles/ml) through ventricular injection. The second set of
rats exposed to MCAO was administrated with hsa-mir-
125b-5p mimics and miRNA NC control (5 nmol diluted in
5 ul water) (time 2 h), as well as 2 ng/kg (kg body weigth)
GsMTx4. The rats were allowed to survive for a further 24 h
(eight rats per group) (time 26 h). Behavioural tests were
performed at this time point following the Longa neurological
deficits scoring method. These rats were used for behavioural
tests, immunohistochemistry, and infarcted areas measure-
ment of ischemic injury.
TTC staining and quantification

TTC staining was performed 24 h after surgery. First, rat
brain tissue was cut into five 2-mm thick sections starting
from the frontal region. Then, tissue sections were stained
using 2% TTC (DK0005, Leagene) solution at 37 �C for
30 min and fixed with 4% paraformaldehyde (J19943.K2
Thermo Fisher Scientific). Image Pro Plus 6 software
(https://mediacy.com/image-pro/life-science-package/) was
used to calculate the area percentages of normal tissue (dark
red regions) and infarcted areas (white regions). For infrac-
tion area evaluation, three out of eight animals was
randomly picked for staining. For TTC staining quantifica-
tion, five sections of each animal were taken, and five sec-
tions per animal were used. Images were taken with a Canon
PC1304 camera. TTC staining data was quantified with
Image Pro Plus 6 software. (1) combines all raw images into
one. (2) Segmentation: The color cube-based method uses
transparency in black mode with a drop to create the pre-
view image to extract the region of interest. (3) Counting
size total: HSI mode with manual selection to select the total
area of each brain slide, and then measure the area (start
over 1000) and save data to file. (4) Count the size of
infarction: threshold of saturation 0 �45 and threshold of
150 �255 was set. (5) Count the percentage of infarction
with the formula: infarct percentage = 100 * infarction area/
total area. Six microscopic images were taken for each ani-
mal (three for 100x and three for 400x).
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H&E staining

At 24 h after administration of exosome and miRNA
mimics, rats were deeply anaesthetized with 3% pentobarbital
sodium (P3761 Sigma-Aldrich), and then normal saline and 4%
paraformaldehyde were perfused into the heart. The brains
were then removed and cut into sections (5 mm thick) and
stained with H&E. Histological changes were analyzed using a
LEICA microscope.
Neurological severity score and behavioral testing

The neurological deficits of mice were assessed following the
method described (45) by Longa et al. 24 h after exosome and
miRNA mimics administration by an investigator blinded to the
experimental groups. The Longa score was assessed as follows:
0, no neurological deficit, normal walking; 1, mild neurological
deficit, failure to fully extend contralateral forepaw; 2, moderate
neurological deficit, circling to the contralateral side; 3, severe
neurological deficit, falling to the contralateral side; 4, no
spontaneous moving with depressed consciousness level. Rats
with a score of 0 or 4 were excluded from this study. For
neurological severity score and behavioral testing, 4 out of 8
animals per group were randomly picked and analyzed.
Data availability

The data and analysis code supporting the findings of this
study are available from the corresponding author (Bingnan Li
bingnan.li@sdu.edu.cn) upon reasonable request. Small RNA-
seq data for exosomes of different MSCs from recent studies
including at least three individuals was downloaded from the
Gene Expression Omnibus database. For a single-cell dataset,
we chose the datasets from the latest publication that included
a similar MCAO animal model. Data cited in this paper are
from GSE227651 (20), GSE195634, GSE153752 (31), and
GSE159814 (16, 17). Small RNA-seq data for exosomes of
different MSCs from recent studies including at least three
individuals was downloaded from the Gene Expression
Omnibus database. For the single-cell dataset, we chose the
datasets from the latest publication that includes a similar
MCAO animal model.

For reviewers, we generate the reviewer link for our RNA-
seq datasets https://ngdc.cncb.ac.cn/gsa/s/L65WiPAY in
Genome Sequence Archive and miRNA datasets https://ngdc.
cncb.ac.cn/gsa-human/s/6bt3fDu6 in Genome Sequence
Archive human.
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