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ABSTRACT

Background: Human amniotic membrane mesenchymal stem cells (hAMSCs) hold strong cardioprotective potential, yet their
mechanisms of action remain largely elusive.

Methods and Results: C57BL/6 mice were subjected to cardiac ischemia/reperfusion (I/R) and received intravenous (IV)
2% 10° hAMSCs at 2, 7 or 14 days post-reperfusion. Cardiac function and MIAT/miR-150/HOX A4 signalling were assessed. Mice
treated 2days post-I/R markedly improved LVEF and reduced myocardial necrosis and fibrosis by Day 21. Minimal hAMSC
engraftment, evidenced by SSEA-4 immunostaining, suggests paracrine rather than direct cellular effects. Guided by GWAS
implicating miRNAs in myocardial infarction, we identified miR-150 as a key effector, finding that hAMSC upregulated car-
diac miR-150 and suppressed HOXA4, a profibrotic target in ischemic myocardium. In parallel, hAMSC treatment reduced
cardiac MIAT, a IncRNA that sequesters miR-150, uncovering a mechanism of cardioprotection via MIAT downregulation post-
reperfusion. Notably, CRISPR-Cas9 miR-150-silenced hAMSC exhibited severely impaired cardioprotective effects compared
to wild-type cells, confirming the functional role of miR-150. miR-150 was identified as a key extracellular vesicle (EV) cargo
released by hAMSC under hypoxic conditions, both in vitro and in hAMSC-injected I/R mice. Strickingly, administration of
miR-150-enriched EVs to mice recapitulated the therapeutic benefits of hAMSC, underscoring miR-150-5p as central mediator
of hAMSC-iduced cardioprotection.

Conclusions: hAMSCs promote cardioprotection following I/R via the MIAT/miR-150-5p/HOXA4 axis, in which miR-150-5p
plays a central role. These findings provide loss-of-function evidence about the therapeutic potential of hAMSC-derived EVs as a
novel cell-free exosome-based strategy for the treatment of acute myocardial infarction.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2026 The Author(s). European Journal of Clinical Investigation published by John Wiley & Sons Ltd on behalf of Stichting European Society for Clinical Investigation
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1 | Introduction

Mesenchymal stem cells (MSCs) are multipotent stromal cells
that can differentiate into osteogenic, chondrogenic, and ad-
ipogenic lineages [1, 2]. Beyond their differentiation potential,
MSCs secrete a diverse array of bioactive factors that mediate
immunomodulation, stimulate angiogenesis, and reduce fibro-
sis [3]. These properties render MSCs compelling candidates for
tissue repair and regeneration, particularly in ischemic condi-
tions such as acute myocardial infarction (AMI) [4-6]. Among
the various sources of MSCs, those derived from human pla-
centa exhibit unique advantages, including high proliferative
capacity and immunomodulatory properties; however, they re-
main underexplored in clinical settings concerning myocardial
infarction, which continues to impose a significant burden on
a global scale, affecting both human resources and economic
costs. Human amniotic membrane-derived MSC (hAMSC)
represent a promising and underexplored subset of MSCs with
distinct biological advantages. hAMSC are distinguished by
their high proliferative potential, immunomodulatory proper-
ties, and ability to thrive in hypoxic and inflammatory environ-
ments typical of ischemic myocardium [1-3, 7, 8]. Importantly,
hAMSC release extracellular vesicles, such as exosomes, which
are enriched with non-coding RNAs, including microRNAs
(miRNAs), lipids, and proteins that can influence the molecular
pathways underlying myocardial injury and repair [9-11].

The long non-coding RNA MIAT (Myocardial Infarction-
Associated Transcript) has emerged as a pivotal regulator in the
pathogenesis of cardiovascular disease. MIAT expression is sig-
nificantly upregulated in infarcted myocardium [12-14], where
it exacerbates myocardial injury by acting as a competing endog-
enous RNA (ceRNA) that sequesters miR-150-5p, a microRNA
with established cardioprotective effects [15, 16]. By binding
to miR-150-5p, MIAT attenuates the ability of miR-150-5p to
repress its downstream target, HOXA-4, a transcription factor
implicated in the promotion of cardiomyocyte apoptosis and
inflammatory responses [16]. This MIAT/miR-150-5p/HOX A-4
regulatory axis has been identified as a critical contributor
to post-infarction myocardial remodelling and dysfunction.
Accordingly, therapeutic strategies aimed at disrupting this axis,
either by silencing MIAT or by augmenting miR-150-5p activity,
hold promise for reducing myocardial apoptosis and improving
cardiac function following ischemic injury.

On the other hand, exosomes derived from MSCs have gained rec-
ognition as key mediators of cell-free regenerative therapies [17, 18].
These nanosized vesicles encapsulate and transport bioactive
cargo to recipient cells, modulating signalling pathways critical for
tissue repair. Among the miRNAs identified in MSC-derived exo-
somes, miR-150-5p has emerged as a crucial regulator of cardiac
fibrosis, inflammation, and angiogenesis [19-21]. As mentioned
above, preclinical studies suggest that miR-150-5p exerts its cardi-
oprotective effects by targeting key molecular pathways, including
the MIAT/miR-150-5p/HOXA-4 axis, which modulates extracel-
lular matrix deposition and myocardial remodelling.

In this study, we investigate the therapeutic potential of hAMSC
in a murine model of myocardial infarction, with a particular
focus on their capacity to modulate the MIAT/miR-150-5p/
HOXA-4 regulatory axis. Building on emerging evidence that

miR-150-5p plays a central role in cardioprotection by repressing
pro-apoptotic and pro-fibrotic pathways, we hypothesize that
hAMSC administration can enhance miR-150-5p expression in
the injured myocardium, thereby disrupting the pathological in-
terplay between MIAT and HOXA-4.

2 | Materials and Methods

2.1 | Animal Model of Myocardial Ischemia/
Reperfusion

All the surgical procedures were performed in the Experimental
Surgery Department of the Hospital Universitario La Paz in
Madrid (Spain). The procedures conformed to the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised
1985), the Animal Welfare Ethics Committee, the EU Directive
on experimental animals (63/2010 EU), and the related Spanish
legislation (RD 53/2013), PROEX 174.7/24.

Myocardial ischemia/reperfusion was induced as described
[22]. In summary: mice were anesthetized with 3% sevoflu-
rane and oxygen inhalation with a flow rate of 0.4 L/min until
loss of righting reflex. Endotracheal intubation was performed
using an intubation cannula for artificial ventilation (tidal vol-
ume: 260 puL/stroke, ventilation rate: 130 strokes per minute).
The fourth left intercostal space was opened and widened using
mouse chest retractors. The left ventricle was then exposed, and
the LAD was occluded for 40 min by using a 6-0 silk suture and
a 1mm tube. Reperfusion was achieved through ligation release.
After the procedure, the chest was closed, negative pressure was
restored, and the skin was sutured.

2.2 | Echocardiographic Assessment of Cardiac
Function

Mice were anesthetized, and the Vivid Q ultrasound system from
GE Healthcare (General Electric, Chicago, IL, USA), equipped
with a 1.9-4MHz scan head, was used to determine LV function.
Parasternal long- and short-axis-view images of the heart were
taken before the surgery, at the end of ischemia, and at the end-
point to determine LV function worsening and recovery. The pa-
rameters studied using the onsite software cardiac package were:
systolic and diastolic interventricular septum thickness (IVS),
systolic and diastolic left-ventricle internal diameter (LVID), sys-
tolic and diastolic left-ventricle posterior wall thickness (LVPW),
left-ventricle ejection fraction (LVEF), left ventricle shortening
fraction (LVFS), heart rate (HR), and cardiac output (CO). Data
acquisition and analysis were performed using the onsite cardiac
software and VividQ ultrasound equipment, with the same opera-
tor analyzing all samples to minimize interobserver bias.

2.3 | Cell Culture and Administration of hAMSC

hAMSC (Cellular Engineering Technologies, Coralville, USA,
cat# HMSC-AM-100) were seeded on various culture surfaces
at an initial concentration of 10* cells/cm?. Cells were grown in
DMEM (Dulbecco's Modified Eagle's Medium with 1g/L glucose
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and without L-glutamine) (Biowest, Nuaillé, France, cat# L0101)
supplemented with 10% fetal bovine serum (FBS) (Biowest,
Nuaill¢, France, cat# S181B), Penicillin/Streptomycin/Fungizone
(10k/10k/25ug) (Lonza, Basel; Switzerland, cat# H317-745E),
2mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA, cat#
G7513) and basic fetal growth factor (hFGF basic) (Gibco, cat#
PHGO0026). Cultures were maintained at 37°C in a 5% CO, and
20% O, atmosphere (normoxic conditions) or at 37°C in a 5% CO2
and 1% O2 (hypoxic conditions), with the medium replaced every
2-3days. All cell handling procedures were previously reported [1],
including cell morphology, proliferation kinetics (cumulative pop-
ulation doubling), immunophenotype (positive for CD105, CD90,
CD73, CD44; negative for CD34, CD45), differentiation potential,
and validation of hypoxia through HIF expression. Hypoxic con-
ditions were established for 20-24h (acute hypoxia), and their ef-
fectiveness was confirmed by analyzing hypoxia-inducible factor
(HIF) expression, as previously reported [1]. No morphological
changes were observed under hypoxic conditions.

Cell morphology was routinely monitored by phase-contrast
microscopy, and no evidence of cellular detachment, structural
alteration, or morphological deterioration was observed under nor-
moxic or hypoxic conditions. Proliferative behaviour was evalu-
ated based on confluency, as previously described [23]. Consistent
with prior reports, no changes in cellular phenotype were detected.

After 90% confluence, cells were washed with PBS (Gibco, Grand
Island, New York, United States, cat# 14190-086), trypsinized
(Sigma-Aldrich, St. Louis, MO, USA, cat# T4174), and re-seeded at
the indicated density. We IV administered 2 x 10° hAMSC cultured
under normoxic conditions at the times indicated following MI, a
dose consistent with previous murine studies employing similar
cell numbers intravenously [23, 24] supporting both the feasibility
and biological plausibility of this regimen. It is important to note
that hAMSCs were maintained in serum-free medium for 24h
to ensure consistency and to prevent contamination by serum-
derived components. Prior to injection, cells were washed three
times with PBS and resuspended in PBS for tail-vein delivery.

After I/R, at the times indicated, exosomes were harvested at
80%-90% confluency (10° cells). NIH/3T3 (ATCC, Manassas,
USA, cat# CRL-1658) cells were grown in similar conditions to
the hAMSC and used as a cellular control treatment. Animals
treated with NIH/3T3 received the same number of cells.

EV uptake in the HI9C2 cell line was performed under similar con-
ditions. To block MSC-EV release, MSCs were pre-treated with
10uM GW4869 (Cat# D1692, Sigma-Aldrich, St. Louis, MO) for
24h prior to secretome exposure and coculture with H9C2 [25].

2.4 | Histological and Immunohistofluorescence
Analysis

Hearts were embedded in paraffin, sectioned at 5 um, deparaffin-
ized, rehydrated, and stained using Haematoxylin/Eosin (HE)
and Masson's Trichrome (MT) for subsequent analysis with the
ImageJ software package, as described [22]. Additionally, con-
focal microscopy-based immunohistochemistry analysis was
performed on the same sections of infarcted hearts to assess the
presence of hAMSC by a specific marker, SSEA4 (Stage-specific

embryonic antigen 4) (SSEA4 Monoclonal Antibody cat #:
MC81370, Thermofisher, Pittsburgh, USA). Given that a mouse
monoclonal antibody was used in murine heart sections, a
‘mouse-on-mouse’ staining protocol was employed to signifi-
cantly reduce nonspecific background. In brief, heart sections
were blocked with unconjugated goat anti-mouse IgG Fab frag-
ments diluted in PBS/BSA for 60min, and then washed twice
with PBS/0.05% Tween 20. Samples were incubated overnight
with the corresponding primary antibody, washed three times,
and then incubated with an HRP-conjugated anti-mouse sec-
ondary antibody. Sections were washed three times, and the sig-
nal was developed with the chromogen DAB.

hAMSC were transduced with pre-packaged lentiviral particles
encoding green fluorescent protein (GFP). For this purpose, len-
tiviral particles (donated by Dr. Ester Martin-Villar, Universidad
Francisco de Vitoria, Madrid, Spain) were used to transduce
70% confluent hAMSC grown in complete DMEM. Briefly, cells
were incubated with viral supernatant supplemented with poly-
brene (4-8 ug/mL) for 24 h, and infected at multiplicity of infec-
tion (MOI) of 2 [26]. After 24 h, the cells were washed with PBS,
replaced with fresh medium, and cultured for an additional
72h. GFP expression was confirmed by fluorescence micros-
copy. GFP-hAMSC were IV administered to mice at Day 2 post-
reperfusion. By Day 7 after I/R, the hearts were harvested and
processed for histological analysis to assess GFP expression by
fluorescence microscopy.

2.5 | Nucleic Acid Isolation and Molecular
Analyses

Blood and heart tissue samples underwent RNA extraction
using the MIRNEASY kit (cat # 217084, Qiagen, Hilden,
Germany) and the miRNeasy Serum/Plasma Advanced Kit
(cat # 217204, Qiagen, Hilden, Germany) and the QIAzol Lysis
reagent (cat # 79306, Qiagen, Hilden, Germany) for blood and
tissue respectively. RNA integrity was verified using Agilent
Tapestation. Quantitative real-time PCR (qPCR) was employed
to validate key miRNA targets using TagMan assays (TagMan
Universal Master Mix I, no UNG, cat # 4440047, Thermofisher,
Pittsburgh, USA), with relative expression calculated via the 2~
AACt method.

Maxima First Strand cDNA Synthesis Kit for RT-qPCR (cat
# K1641, Thermofisher, Pittsburgh, USA) was used for total
cDNA synthesis, and TagMan MicroRNA Reverse Transcription
Kit (cat #: 4366597, Thermofisher, Pittsburgh, USA) was used
to study mature miRNAs. Probes used were obtained from
Thermofisher, Pittsburgh USA: miR-150-5p (hsa-miR-150,
cat #: 4427975; ID: 000473), U6 (U6 snRNA, cat #: 4427975,
ID: 001973), MIAT (MmO01196418_g1, cat #: 4351372), Hoxa4
(MmO01335255_g1, cat #: 4331182), GSK33 (Mm00444911_m]1,
cat #: 4331182) and ACTA2 (Hs00426835_g1, cat #: 4331182).

2.6 | Exosome Isolation From Cell Culture
and Plasma

Exosomes derived from hAMSC were isolated from 90% con-
fluent cells, cultured in serum-free medium for 24h before
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processing. Exosomes were obtained from the conditioned me-
dium of cultured cells by centrifugation at 3000g for 10min
(Hitachi Centrifuge, Rotor R22A6) to remove cells. 10,000g for
30min (Hitachi Centrifuge, Rotor R22A6) to eliminate cellular
debris and other extracellular vesicles. 100,000g for 2h (Beckman
Ultracentrifuge, Rotor 70.1Ti) to isolate exosomes. After ultracen-
trifugation, the exosomes were resuspended in complete DMEM
medium for culture applications, in PBS for animal treatment, in
TRIzol for RNA analysis, and in RIPA buffer for protein analysis.

Exosome isolation from mouse plasma followed the same pro-
tocol, with an additional intermediate step involving filtration
using a 0.22um Multipore Express filter. The validation of the
isolated exosomes was performed using the Nanosight LM10
system and Immunoblotting (Malvern Panalytica) (Figure S1).

2.7 | Gene Editing in hAMSC

The systematic study of genes associated with acute myocardial
infarction was initially conducted through genome-wide associa-
tion studies (GWAS), using data from the NCBI GWAS Catalogue
(https://www.ebi.ac.uk/gwas/search?query=myocardial%20inf
arction). Prioritized targets common across GWAS studies, focus-
ing on MIAT, a gene regulated by miRNAs like miR-150-5p.

For gene editing of the target genes, the CRISPR/Cas9 sys-
tem was employed using the px459 plasmid from GenScript
(NJ, USA), which incorporates a puromycin resistance
gene for selecting transformed clones. The CRISPR Design
Tool platform was used to select two target sites with spec-
ificity in distinct regions of the locus corresponding to the
miRNA-150-5p sequence (GGTTGGGAGACAGGGCCATG/
CCCAACCCTTGTACCAGTGC). This strategy resulted in two
similar plasmids, differing only in guide RNA sequence, im-
proving miR-150 locus deletion efficiency [27].

The plasmids obtained from GenScript Biotech were first am-
plified in DH5a competent cells (cat #: EC0112, Thermofisher,
Pittsburgh, USA) and isolated using the HiSpeed Plasmid Midi
Kit (cat #: 12643, Qiagen, Hilden, Germany). They were then
transfected into hAMSC using the Lipofectamine RNAiMax
system (cat. # 13778075, Thermo Fisher, Pittsburgh, USA). After
48h, cells were selected with 1.5 pg/mL puromycin for 4-5days.
The selected cells were diluted and individually seeded in 96-
well plates (one cell/well) and grown for 2weeks. Positive clones
were collected, and gene silencing was confirmed using TagMan
gPCR with specific probes for miR-150-5p.

2.8 | Immunoblotting

Exosome protein lysates were obtained using RIPA buffer
(Thermo Fisher Scientific) supplemented with protease inhibitors
(Roche, Mannheim, Germany). Protein concentration was quanti-
fied using the bicinchoninic acid assay (Thermo Fisher Scientific,
Waltham, MA, United States). Equal amounts of protein (30ug)
were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride (PVDF) membranes (Roche). Exosome characteriza-
tion was performed using the Exosome Panel (Calnexin, CD9,

CD63, CD81, Hsp70, TSG101) (Abcam, Cambridge, UK; cat#
ab275018). Membranes were blocked with 3% bovine serum al-
bumin (BSA) in Tris-buffered saline containing 0.05% Tween-20
(T-TBS) for 1h at room temperature and subsequently incubated
overnight at 4°C with primary antibodies against CD9, CD63,
CD81, TSG101, Hsp70 and Calnexin (1:500, Abcam). The fol-
lowing day, membranes were washed with T-TBS and incubated
for 1h at room temperature with the corresponding horserad-
ish peroxidase-conjugated secondary antibodies (1:3000, Cell
Signaling Technology). Proteins were identified by using ECL de-
tection kit (Amersham, Buckinghamshire, United Kingdom; cat#
RPN2209), with a ChemiDoc MP Imaging System (Bio-Rad).

2.9 | Statistical Analysis

All statistical analyses were performed using GraphPad Prism
9.0.1 (GraphPad Software Inc., La Jolla, California, USA) and
SPSS 26 (IBM, Armonk, New York, USA). Data distribution was
assessed using the D'’Agostino-Pearson omnibus normality test
and the Shapiro-Wilk test. All results are presented as mean +
standard deviation. For comparisons between two groups, either
the Student's t-test or the Mann-Whitney U test was applied. For
multiple group comparisons, one-way ANOVA or the Kruskal-
Wallis test was performed, followed by Bonferroni's or Dunn's
post hoc test, respectively. Statistical significance was considered
at p <0.05.

3 | Results

3.1 | hAMSC Induces Cardiac Protection in Mice
Subjected to Myocardial Ischemia/Reperfusion

The contribution of hAMSC in preventing adverse effects fol-
lowing myocardial IR was assessed by using three independent
experimental groups (Figure 1A). Mice subjected to IR received
a single IV injection of 2x10° hAMSC at either 2days (hAMSC
D2), 7days (hAMSC D7), or 14days (hAMSC D14) post reperfu-
sion. Control I/R animals received vehicle only. Mice injected
with hAMSC exhibited a significant improvement in cardiac
function at all indicated time points, as evidenced by a marked
increase in left ventricular ejection fraction (Figure 1B) and
fractional shortening (Figure 1C), when compared to Control
I/R animals. The remaining echocardiographic parameters
are depicted (Tables 1-4). Interestingly, administration of con-
trol NTH/3 T3 cells (2 x 10°, as well) failed to confer any benefit,
thereby reinforcing the specificity of the therapeutic effects me-
diated by hAMSC.

Collectively, these findings underscore the therapeutic potential
of hAMSC in reducing cardiac dysfunction and strengthen the
rationale for their use as a targeted, time-sensitive intervention
for myocardial infarction.

Likewise, haematoxylin/eosin (H&E) staining of cardiac sections
from the same mice revealed a marked reduction in inflammatory
foci (Figure 2A), and consistently, Masson's Trichrome staining
also demonstrated a notable decrease in cardiac fibrosis by Day
21 following hAMSC administration (Figure 2B). Of particular in-
terest, mice that received early hAMSC treatment (Day 2 post-IR)
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FIGURE1 | Human amniotic membrane-derived mesenchymal stromal cells (hAMSC) induce cardiac protection in mice subjected to myocar-

dial ischemia/reperfusion (I/R). (A) Schematic representation of the study procedure. (B) Left ventricular ejection fraction (LVEF) at 0, 7, 14, and
21days after I/R in mice treated with 2x10° hAMSC after 2 (upper left), 7 (upper right), 14 (lower left) days post infarction, and in mice injected
with NTH/3 T3 fibroblasts as a negative control. N=10 mice/time point. Mean + SD. Mice injected D2 post I/R *p <0.001 DO vs. D7, D14, D21. Mice
injected D7 post I/R **p<0.01 DO vs. D14, D21. Mice injected D14 post I/R **p<0.01 DO vs. D21. C. Fractional shortening (FS) in the same mice.
Mice injected D2 post I/R *p <0.01 DO vs. D7, D14, **p <0.02 D0 vs. D21. Mice injected D7 post I/R *p <0.01 DO vs. D14, D21. Mice injected D14 post

I/R*p<0.01 DO vs. D21.

exhibited the most pronounced reduction in fibrotic tissue, high-
lighting the therapeutic advantage of timely intervention.

3.2 | Cardioprotection by hAMSC Is Independent
of Myocardial Engraftment

To determine whether hAMSC were successfully engrafted in
the cardiac tissue, we analyzed the expression of the specific
Mesenchymal Stem Cell protein marker SSEA4 on heart sec-
tions from the same mice as above, finding a minimal/absent
homing/engraftment of these cells (Figure 3A). To exclude
the possibility of hAMSC differentiation, we also generated a

green fluorescent protein (GFP)-expressing hAMSC cell line
(see 2. Methods for details), thereby facilitating the detection of
the signal in the hearts as well (Figure 3B). However, as with
SSEA4, no GFP-positive signal was found in the hearts injected
with hAMSC (Figure 3B), indicating a minimal engraftment of
hAMSC within the myocardium of mice.

3.3 | hAMSC Expresses the Cardioprotective
microRNA miR150

Our results show that hAMSC-mediated cardioprotection does
not depend on hAMSC engraftment into the myocardium,
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FIGURE 2 | Human amniotic membrane-derived mesenchymal stromal cells (hAMSC) reduce cardiac necrosis and fibrosis in the hearts of
mice 21 days after reperfusion. Bright field microscopy images of cardiac sections of hearts isolated from mice after 21 days of I/R, and injected with
NIH/3T3 fibroblast or hAMSC at the times indicated after reperfusion, and stained with Haematoxylin/Eosin (A), and Masson's Trichome (B). N=5
mice/group. Mean + SD. *p <0.001 Control vs. hAMSC 2D, **p <0.02 Control vs. hAMSC 7D, 14D. Scale bars =100 pm.

underscoring the relevance of paracrine mechanisms. Among
these, microRNAs, especially miR-150-5p, are identified as
crucial regulators of post-infarction remodelling. Importantly,
miR-150-5p is significantly reduced in the heart and circulat-
ing monocytes after acute myocardial infarction (AMI) in both
mice and humans [10, 16, 28]. Consistent with these observa-
tions, we discovered for the first time that miR-150-5p levels are

also decreased in cultured hAMSC under hypoxic conditions
(Figure 4A).

Others found that exosomes derived from bone marrow mesen-
chymal stem cells (BMMSCs) can induce cardiac protection in
mice subjected to myocardial infarction (26). Preclinical stud-
ies in rat models of MI have demonstrated that rat exosomes
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FIGURE 3 | Humgn amniotic membrane-derived mesenchymal stromal cells (hAMSC) do not show successful engraftment in mouse hearts af-

ter myocardial ischemia/reperfusion (I/R). (A) Immunohistochemical detection of SSEA4, a protein expressed by hAMSC, in mouse hearts 21 days

after I/R. (B) Left: Immunofluorescence detection of hAMSC transfected with a GFP-expressing lentiviral vector (left) or an empty vector (control)
(right). (C) Immunofluorescence detection of GFP-expressing hAMSC (left) and hAMSC control (right) in mouse hearts after 21 days of I/R. Nuclei

were stained with Hoechst. Scale bars 100 pm.

from BMMSCs, in which mR-150-5p was overexpressed, in-
creased cardiac function when administered to rats after
24h of reperfusion [29, 30]. A key finding of this work is that
quantitative analysis showed a significant enrichment of miR-
150-5p in EVs released by hAMSC under hypoxic conditions,
suggesting that active packaging and secretion of miR-150-5p
by hAMSC may be a mechanism of cardioprotection of these
cells during hypoxic stress (Figure 4B). Indeed, mimicking an
inflammatory response by incubating hAMSC with 500 uM
bacterial LPS also elicited the release of high miR-150-5p-
containing EVs (Figure 4C). Notably, hAMSC-EVs contained
higher miR-150 levels than those from other cell types, includ-
ing NIH/3 T3 fibroblasts (Figure 4D). Exposure of H9C2 car-
diomyoblasts to the secretome derived from hAMSC resulted
in a significant increase in intracellular miR-150-5p levels
compared with untreated controls. This elevation was consis-
tently observed both in direct stimulation assays and in cocul-
ture conditions (H9C2:hAMSC, 1:10). In contrast, HOC2 cells
treated with hAMSC secretome pre-treated with GW4869,
an inhibitor of Neutral sphingomyelinase 2 (nSMase2)-
dependent exosome biogenesis, did not exhibit any increase in
miR-150-5p levels (Figure 4E). These findings prompted us to
investigate whether EV-mediated miR-150-5p delivery under-
lies the cardioprotective effects in vivo.

3.4 | Cardioprotection Induced by
hAMSC Is Mediated Through Regulation
of the MIAT/miR-150/HOXA-4 Axis in Mice
Subjected to I/R

Long non-coding RNAs (IncRNAs), such as MIAT (myocar-
dial infarction-associated transcript), have been implicated in
post-infarction remodelling and may act as upstream regula-
tors of miRNA activity [12, 14, 27]. In this context, MIAT has
been reported to function as a competitive endogenous RNA
(ceRNA), modulating the bioavailability of miR-150, which tar-
gets HOXA-4 [16], a profibrotic transcription factor in post-MI
adverse remodelling (Figure 5A).

Two days after reperfusion, injection of hAMSC significantly
increased miR-150 levels in cardiac tissue, including healthy
and necrotic myocardial regions (Figure 5B). Concurrently,
MIAT expression was markedly reduced in the hearts of treated
mice (Figure 5C). These findings suggest that hAMSC may at-
tenuate adverse cardiac remodelling by downregulating MIAT,
thereby enhancing miR-150 availability, at least in the healthy
area of heats subjected to I/R. This regulatory shift may under-
lie the significant reduction in myocardial fibrosis observed in
hAMSC-treated animals (Figure 2B), which is consistent with
the downregulation of HOXA-4 in these mice (Figure 5D).

To test whether miR-150-5p is indeed a mechanism elicited by
hAMSC in cardiac protection, we used CRISPR/Cas9 genome
editing to silence microRNA miR-150-5p in hAMSC (hAM-
SC-KO) (Figure 6A). Mice subjected to I/R and injected with
hAMSC-KO exhibited a notable reduction of cardiac function,
as evidenced by a reduced LVEF at Day 7 post-reperfusion,
compared to those receiving miR-150-5p expressing hAMSC
(Figure 6B). Together, these results confirm and further support
a critical role for miR-150-5p as a molecular effector underly-
ing the cardioprotective effects of hAMSC-EVs after myocardial
infarction. Indeed, circulating blood levels of miR-150-5p con-
taining EVs from mice injected with hAMSC-KO were mark-
edly decreased when compared to mice injected with hAMSC
containing miR-150 (Figure 6C). In addition, cardiac tissue
from mice treated with hAMSC-KO exhibited significantly
reduced levels of miR-150 (Figure 6D), in contrast to the ele-
vated levels observed following injection of wild-type hAMSC
(Figure 5B). Consistent with these findings, increased HOXA4
levels (Figure 6E) were associated with greater fibrosis in mice
injected with hAMSC-KO (Figure 6F), further supporting the
role of miR-150-5p as a key regulator of anti-fibrotic and cardio-
protective responses after ischemic injury.

To functionally validate hAMSC-induced HOXA4 expression,
and given the profibrotic role of HOXA4 and its transcriptional
control of GSK38, we used GSK3f as a readout of the HOXA4-
GSK3p/Wnt axis and quantified its expression in post-I/R
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FIGURE4 |

Human amniotic membrane-derived mesenchymal stromal cells (hAMSC) release extracellular vesicles (EVs) containing miR-150-

5p under hypoxic and inflammatory culture conditions. Expression of miR-150-5p in cultured cells (p <0.02) (A), in EVs from cultured medium
under normoxic and hypoxic conditions (p <0.001) (B), in EVs from cultured medium of cells treated with 500uM (p <0.03) (C), EVs from cultured
medium of NIH/3T3 cells (p <0.003) (D) and H9C2 in an EVs uptake experiment (p <0.001) (E). N=10/group. Mean =+ SD.

infarct tissue versus healthy myocardium. In vivo, infarcted
hearts from hAMSC-injected animals showed a significant re-
duction in GSK3f levels, confirming functional downregulation
of HOXA4 in this context (Figure S2).

3.5 | EVs Derived From hAMSC Confer
Cardioprotection in Mice Following I/R

Our data show that hAMSC reduce the levels of HOXA-4 in
the hearts of mice subjected to I/R, and it correlates with the
increased expression of miR-150 (Figure 5). Indeed, extensive
blood circulation of miR-150-5p-containing EVs was found
in mice subjected to I/R by Day 21 after injection of hAMSC
(Figure 7A). To determine whether the beneficial effects of
hAMSC on adverse cardiac remodelling are mediated through
the delivery of miR-150-5p-containing EVs (Figure 4B), we

administered miR-150-enriched EVs, rather than hAMSC,
into mice subjected to ischemia/reperfusion (I/R) injury. This
treatment resulted in a significant and sustained improvement
in cardiac function over time (Figure 7B), accompanied by in-
creased levels of miR-150-5p in the necrotic regions of the hearts
(Figure 7C). Consequently, HOX A-4 levels, which are negatively
regulated by miR-150, were significantly decreased (Figure 7D),
while MIAT expression remained unchanged (Figure 7E), in-
dicating a direct effect of miR-150-5p delivered by the injected
EVs in mice.

Collectively, our findings provide mechanistic evidence support-
ing a causal role for EV-miR150-5p derived from human amni-
otic membrane mesenchymal stem cells, hAMSC, beyond 24 h of
reperfusion to prevent adverse cardiac remodelling, and thereby
underscoring their potential as a novel exosome-based strategy
for human cardiac repair through MIAT/HOX A4 modulation.
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FIGURE 5 | Human amniotic membrane-derived mesenchymal stromal cells (hAMSC) regulate the axis MIAT/miR-150-5p/HOXA-4 in the
hearts of mice subjected to myocardial ischemia/reperfusion (I/R). (A) Schematic representation of the MIAT/miR-150-5p/HOXA-4 axis. (B-D)
Expression of miR-150-5p (*p=0.005; **p=0.003) (B), MIAT (*p =0.0293) (C), and HOXA-4 (*p =0.0338) (D) in the healthy and necrotic areas of the
left ventricle of mice under I/R (control) and injected with 2x 10° hAMSC. N=10 mice/group. Mean =+ SD.

4 | Discussion

This study presents mechanistic evidence of the cardioprotec-
tive effects of hAMSCs in a mouse model of myocardial isch-
emia/reperfusion (I/R). hAMSC treatment improves cardiac
function, reduces inflammatory cell infiltration, and attenu-
ates myocardial fibrosis. Importantly, we identify the MIAT/
miR-150-5p/HOXA4 regulatory axis as a key mediator of these
effects. To further explore the role of miR-150-5p, we admin-
istered CRISPR-Cas9-edited hAMSCs lacking miR-150-5p
(hAMSC-KO); in these animals, the cardioprotective benefits of
hAMSCs were abolished, underscoring the pivotal contribution
of miR-150-5p to therapeutic efficacy. Moreover, miR-150-5p—
containing EVs isolated from hAMSCs (hAMSC-EVs) con-
ferred significant cardioprotection 7days after myocardial I/R.
Together, these findings substantiate the therapeutic potential
of hAMSCs in myocardial infarction and highlight the MIAT/
miR-150-5p/HOXA4 axis, and hAMSC-derived EVs targeting
this pathway, as a promising basis for advanced, cell-free cardi-
oprotective therapies.

Prior studies have reported cardioprotective or cardioactive ef-
fects of extracellular vesicles/secretome derived from human
amniotic fluid-derived stromal/stem cells in rodent ischemic
settings, including protection in a rat I/R model when small EVs

are administered prior to reperfusion [28] and transient stimu-
lation of cardiomyocyte cell-cycle activity in a neonatal mouse
myocardial infarction model [10]. Our findings extend this body
of work by evaluating an amniotic membrane-derived stromal
cell product in an adult I/R context and by providing mecha-
nistic insight implicating the MIAT/miR-150-5p/HOXA4 regu-
latory axis.

Our study highlights the critical importance of timing in the
administration of hAMSC following I/R. Mice treated within
2days of I/R, corresponding to the transition from acute inflam-
mation to the onset of tissue remodelling, exhibited enhanced
functional recovery compared with those treated at later time
points. Our data highlight the early post-infarction phase,
marked by cell death, inflammation, and ECM remodelling, as
a clinically therapeutic window in which hAMSC demonstrate
peak reparative potential [27]. In contrast, administering at later
stages, when fibrotic and scar tissue predominate, markedly di-
minishes their potential [17].

Mesenchymal stem cells (MSCs) derived from adult tissues, such
asbone marrow and adipose tissue, have shown promising effects
in enhancing myocardial recovery following ischemia/reperfu-
sion (I/R) injury in preclinical models [7, 20, 31]. However, de-
spite these encouraging results, their clinical translation remains
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FIGURE6 | Mice treated with human amniotic membrane-derived mesenchymal stromal cells lacking miR-150-5p (hAMSC-KO) shows reduced
Left ventricular ejection fraction (LVEF) after myocardial ischemia/reperfusion (I/R), expresses less cardiac miR-150-5p, along with increased fi-
brotic HOXA-4 levels, and extensive cardiac fibrosis by Day 21 after reperfusion. (A) Expression of miR-150-5p in cultured hAMSC and hAMSC-KO
(p<0.0001). (B) LVEF of hearts of mice after 7days of I/R, and previously injected with 2x 10> hAMSC or hAMSC-KO by day 2 after reperfusion
(*p<0.002 D7). (C) Levels of miR-150-5p after 21days of I/R in extracellular vesicles (EVs) isolated from plasma of mice injected with hAMSC
or hAMSC-KO by day 2 after I/R (*p<0.03 hAMSC vs. Control and hAMSC vs. hAMSC-KO). (D-F) Cardiac levels of miR-150-5p (*p <0.012,
**p <0.001) (D), MIAT (*p<0.02) (E), and HOXA-4 (*p<0.001) (F) in the hearts of mice subjected to I/R and injected with 2x10°> hAMSC, and
hAMSC-KO. (G) Masson's Trichromic staining of heart sections isolated by Day 21 after I/R and injected after 2days of reperfusion with hAMSC, or
hAMSC-KO. N=10 mice/group. Mean + SD.

O — T =0~ Control
zE (T " -0~ EV-hAMSC
Z & 9 - A ': =/ Extracelular il Rk
ﬁE — Vesicles — 65 - &
3<15 - 4 hAMSC CULTURE X 60 -
o SUPERNATANT W 55 -
o w
w10 4 1 S 50 1
i .. 2 e
gu 5 40
E9 EVINJECTION  EV ISOLATION 35 . ' : .
<§ 0 D0 D7 D14 D21
B = 3 9 Time (days)
2l E 2
O
(8]
C D E
o
7] 2 - * .
pg w25 * Zz,, 12
X7 _L §a =D 1 -
T N1,5 - _L o 21 <»m
= o= S92 08 -
= = [
E£Q 15 w
w1 3< 050'6'
on o 11 N= 04 -
wm wm 40 Y
1 <0,5 - d<05_ ujlzoz
w o SO ’ >< e
wo
oz W= o - 0 -
- o \>.'\>.'\o'\°' - :>c\>0:.‘_’\.2 :>'a>‘::.9.. ag
292735 9% SERET8RE E2 o= 58 @b
ES ST E5 =5 Egzg’éhsh :gigcgig
633835838 °:c§::°8 8 SrEx 3=z 2=z
oT I oz 2 (8] (84 4

FIGURE7 | Injection of miR-150-5p-containing extracellular vesicles (EVs) induces cardiac protection in mice subjected to myocardial ischemia/
reperfusion (I/R). (A) miR-150-5p in EVs from mouse plasma after 21 days of I/R, injected with 2 x 10> human amniotic membrane-derived mesen-
chymal stromal cells (hAMSC) by Day 2 after reperfusion (p <0.0001). (B) Left. Schematic representation. Right. Left ventricular ejection fraction
(LVEF) of mouse hearts subjected to I/R, and injected with EVs containing miR-150-5p by day 2 after reperfusion, at the times indicated. (*p <0.033,
and **p<0.062 Control vs. EV-hAMSC respectively). (C-E) Expression of miR-150-5p (*p <0.027 Necrotic Control vs. Necrotic EVs from hAMSC)
(C), HOXA-4 (*p <0.01 Necrotic Control vs. Necrotic EVs from hAMSC) (D), and MIAT (E) in the healthy and necrotic areas of the hearts of mice
after 21 days of I/R, and injected with EVs-containing miR-150-5p by Day 2 after reperfusion. N=10 mice/group. Mean + SD.

limited due to challenges such as invasive harvesting procedures, effect. Their immunomodulatory profile, non-invasive sourcing,
donor variability, and potential immunogenicity. hAMSC sythe- and high proliferative capacity further enhance their appeal as a
size a broad array of factors involved in angiogenesis, includ- clinically therapeutic option.

ing VEGF, HGF, PDGF, and TGF-f, tissue remodelling MMPs,

matrix regulatory TIMPs, and immune modulation modula- Prior work has implicated EV-associated miR-150-5p as a cardi-

tory IL-6, IL-11, LIF proteins [3, 7], conferring cardioprotective oprotective signal in preclinical I/R settings, including studies
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in rats using bone marrow-derived MSC EVs enriched for miR-
150-5p and reporting attenuation of remodelling alongside
changes in downstream pathways such as TXNIP [20]. In this
context, our results are not mutually exclusive and extend the
field in three important ways. First, we demonstrate efficacy
using extracellular vesicles derived from human amniotic mem-
brane MSCs in a mouse I/R model, supporting the translational
relevance of this understudied cell source. Second, rather than
relying on miRNA enrichment/overexpression approaches, we
provide genetic loss-of-function evidence for necessity: CRISPR/
Cas9-mediated deletion of miR-150-5p in hAMSCs generates
miR-150-5p—deficient EVs that fail to reproduce the functional
and anti-fibrotic benefits observed with wild-type EVs, our data
delineate a mechanistic regulatory axis linking EV-miR-150-5p
to the long non-coding RNA MIAT and the transcription fac-
tor HOX A4, thereby refining the molecular framework through
which EV-miR-150-5p contributes to cardioprotection.

Two additional features position hAMSC as therapeutic effec-
tors in the clinical setting: hAMSC express low levels of MHC
class I molecules [32-34] and lack the co-stimulatory molecules
necessary for T cell activation [35]. This immune-evasive phe-
notype minimizes recognition and rejection by the host im-
mune system, enabling hAMSC to deliver signals to the injured
myocardium without eliciting a strong immune response [32].
Such immune privilege positions hAMSC as a particularly at-
tractive ‘off-the-shelf” therapeutic option, thereby preventing the
need for patient-specific cell preparation or immunosuppressive
therapy.

hAMSC have also demonstrated the ability to express early
and late cardiomyogenic markers (GATA4, cardiac troponin
T, ANP), particularly when exposed to cardiogenic growth
factors or co-cultured with cardiac cells [36-38]. In vivo trans-
plantation studies have similarly reported hAMSC expressing
cardiomyocyte-specific proteins within infarcted myocardium,
suggesting a limited capacity for in situ trans-differentiation
[37]. This is further supported by studies showing that hAMSC-
derived exosomes carry cardioprotective and lineage-associated
factors [35]. Together, these findings indicate that hAMSC re-
tain the ability to adopt cardiomyogenic phenotypes under
specific conditions, although their full differentiation into func-
tional cardiomyocytes remains a subject of ongoing debate. Our
findings are consistent with the consensus that hAMSC do not
differentiate into fully contractile cardiomyocytes in vivo [31].
Instead, their therapeutic benefits appear to be primarily medi-
ated through paracrine mechanisms. This is further supported
by numerous studies demonstrating the ability of MSCs to re-
duce fibrosis and promote tissue repair in liver, lung, bone and
skin diseases [32-34, 39, 40].

A previously undescribed pathological fibrotic pathway in the
myocardium has been characterized, revealing that elevated
levels of MIAT, a long non-coding RNA, are associated with
increased susceptibility to heart failure [16], while at the same
time, microRNA miR-150-5p plays a protective role by prevent-
ing cardiac fibrosis and apoptosis, key processes in maladaptive
myocardial remodelling after infarction [28]. miR-150-5p is re-
duced in failing hearts, partly due to sequestration by MIAT,
and identified Homeobox A4 (HOXA-4), a transcription factor
involved in embryonic development and fibrosis, as a direct

target of the MIAT/miR-150-5p interaction. Specifically, MIAT
overexpression increases HOXA-4 levels, whereas miR-150-5p
overexpression directly represses HOXA-4, mitigating its pro-
fibrotic effects. Here, for the first time we further unveil that the
MIAT/miR-150-5p/HOXA-4 axis mediates the cardioprotective
effects of hAMSC-EVs in a murine model of I/R.

Exosomes have played a central role in mediating cardiac repair in
murine models of MI [9, 10, 41, 42]. These nanosized vesicles en-
capsulate and deliver bioactive molecules, including microRNAs,
proteins, and lipids, to recipient cells in the injured myocardium,
modulating key reparative pathways [18]. Here we show that
hAMSC secrete EVs carrying miR-150-5p in vitro in conditions
simulating ischemic heart, such as hypoxia and inflammatory
conditions, and in vivo, which strongly implicates this microRNA
as a pivotal mediator of its therapeutic effects. Notably, targeted
deletion of miR-150-5p in hAMSCs using CRISPR-Cas9 technol-
ogy (hAMSC-KO) significantly attenuated their cardioprotective
effects, underscoring a major role of this microRNA in orches-
trating the reparative response. These findings not only establish
a causal link between miR-150-5p expression and therapeutic
efficacy but also highlight its potential as a molecular target to
enhance cell-based therapies for myocardial injury.

miR-150-5p contributes to the immunomodulatory properties of
hAMSC exosomes, as evidenced by its ability to inhibit STAT1
and NF-xB signalling pathways, reducing the production of pro-
inflammatory cytokines such as TNF-a and IL-6 in response
to inflammatory stimuli [35]. These effects highlight miR-
150-5p as a potent therapeutic molecule delivered via hAMSC-
derived exosomes [35, 43]. Based on genome-wide association
studies (GWAS) and prior transcriptomic analyses implicating
the MIAT/miR-150-5p/HOXA-4 axis in myocardial injury, we
specifically focused on miR-150-5p as a candidate mediator of
hAMSC reparative effects. However, it is essential to note that
hAMSC secrete a broad range of bioactive molecules, including
additional microRNAs, cytokines, growth factors, and extracel-
lular vesicles, that likely contribute to their regenerative poten-
tial beyond miR-150-5p alone [17, 31, 44]. Indeed, the benefits
of hAMSC are not limited to myocardial infarction, since they
have shown a positive effect in other cardiovascular conditions,
such as ischemic limb disease and pulmonary hypertension,
where their paracrine actions promote angiogenesis, attenuate
fibrosis, and modulate inflammation [1, 44|, and in the nervous
system, where they promote axon growth and restore neuronal
activity, further underscoring their versatility as a regenerative
therapy, while showing possible implications in electrical cell
activities [1].

To the best of our knowledge, this is the first in vivo study to
demonstrate that hAMSC-derived exosomes serve as vehicles
for miR-150-5p delivery to modulate this pathological axis. This
positions miR-150-5p not only as a critical regulator of post-
injury remodelling but also as a promising target for developing
cell-free, miRNA-based therapeutic strategies aimed at enhanc-
ing cardiac regeneration. However, while this study represents a
novel significant step forward, additional research is needed to
identify new EV cargo components and to investigate the long-
term effects of hAMSC therapy. Such studies will be essential for
validating these findings and paving the way for future clinical
use of cell-free therapeutic strategies.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Validation and analysis
of isolated Exosomes using the Nanosight LM10 system. (A) Western
blot analysis of Calnexin, HSP70, CD63, TSG101, CD81 and CD9 in
exosomes derived from hAMSC. (B) Images obtained from H,O and
PBS as negative controls, 100nm nanoparticles as positive controls,
and exosome analysis derived from human amniotic membrane-de-
rived mesenchymal stromal cells (hAMSC), NIH/3 T3 cells, and mouse
plasma. (C) Automated quantification of extracted signals from the sys-
tem, expressed as the average Finite Track Length Adjustment (FTLA)
in terms of concentration/size. Figure S2: Expression of GSK3f in
response to administration of human amniotic membrane-derived
mesenchymal stromal cells (hAMSC) in mice subjected to myocardial
ischemia/reperfusion (I/R). (A) Schematic representation of the MIAT-
miR-150-5p-HOXA-4 and the readout GSK3f. (B) Expression of GSK3f
in mouse hearts injected with hAMSC (see Methods for details) and
subjected to I/R. N=10 mice/group. Mean = SD. **p <0.002 Control vs.
hAMSC subjected to I/R.
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