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Abstract The exosome of MSCs derived from human
umbilical cord blood (HUCB-MSC) has been reported
to have cardioprotective effects on mouse models of
acute myocardial infarction (AMI) and cardiomyocyte
hypoxia injury, but the exact mechanisms involved re-
quire further investigation. This paper aimed to study
the role of HUCB-MSC-exosomes in inhibiting
ferroptosis to attenuate myocardial injury. Compared
with sham or normoxia groups, RT-PCR and western
blotting showed that divalent metal transporter 1
(DMTT1) expression was significantly increased, and
Prussian blue staining, ferrous iron (Fe**), MDA, and
GSH level detection demonstrated that ferroptosis oc-
curred in the infraction myocardium and in cardiomyo-
cyte following hypoxia-induced injury. Overexpression
of DMT1 promoted H/R-induced myocardial cell
ferroptosis, while knockdown of DMT]1 significantly
inhibited the ferroptosis. HUCB-MSCs-derived
exosomes inhibited ferroptosis and reduced myocardial
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injury, which was abolished in exosome with miR-23a-
3p knockout. Moreover, dual luciferase reporter assay
confirmed that DMT1 was a target gene of miR-23a-3p.
In conclusion, HUCB-MSCs-exosomes may suppress
DMT1 expression by miR-23a-3p to inhibit ferroptosis
and attenuate myocardial injury.
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Introduction

Acute myocardial infarction (AMI) usually causes myo-
cardial damage and heart failure due to a sudden de-
crease in oxygen and blood supply and is one of the
main causes of morbidity and mortality (Davidson et al.
2019). Ferroptosis is an oxidized, iron-dependent form
of cell death which is different from necrosis, apoptosis,
and autophagy. The intracellular glutathione (GSH)—
dependent antioxidant defense system is inactivated,
resulting in the accumulation of toxic lipid reactive
oxygen species (ROS), which leads to ferroptosis. It is
reported that ferroptosis could occur in ischemia-
reperfusion (I/R) injury, cancer, etc. (Dixon et al.
2012). Although it is well known that cardiomyopathy
is related to iron overload, less attention has paid to the
role of iron in I/R. Ischemia itself will lead to the
accumulation of iron in the myocardium, and the in-
creased in the iron content of the myocardium will make
the I/R injury worse. Iron as a free radical increases
myocardial oxidative stress during I/R. Even though
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the accumulation of iron in ischemic myocardium is a
regulatory process, there is no relevant information on
the regulation of iron homeostasis during myocardial
ischemia. Simonis’ s research suggested that iron me-
tabolism was an important factor for ischemic injury
after myocardial infarction (Simonis et al. 2010).

A recent study showed that ferroptosis was an im-
portant form of cardiomyocytes death (Baba et al.
2018). At present, the research on ferroptosis in heart
disease had been gradually carried out. I/R injury caused
ferroptosis in cardiomyocytes and cardiomyopathy, and
the mechanism was that exposure of heart tissue to
transient IR could lead to NRF2-dependent HMOX1
upregulation and heme degradation, together with iron
overload and related lipid peroxidation which were hall-
marks of ferroptosis increased (Fang et al. 2019; Conrad
and Proneth 2019). Li et al. (2019a, b) uncovered that
ferroptosis orchestrated neutrophil recruitment to in-
jured myocardium, and which initiated inflammatory
responses after cardiac transplantation. Gao et al.
(2015) found that inhibiting ferroptosis by inhibiting
glutamine metabolism could reduce heart injury trig-
gered by I/R. Baba et al. (Dixon et al. 2012) demon-
strated that ferroptosis was an important type of cardio-
myocyte death, and knockout of mTOR could protect
myocardial cell from excess iron and ferroptosis by
regulating ROS production. Therefore, we speculated
that ferroptosis played an important role in AMI.

The MSCs derived from human umbilical cord
(HUCB-MSCs) have a promising application prospect
because of their lower immunogenicity, higher prolifer-
ation factors, and higher transfection efficiency. It has
been reported that exosomes derived from HUCB-
MSC:s relieved AMI injury (Zhao et al. 2015). So, does
MSCs exosome have a regulatory effect on ferroptosis
in AMI? As a key component of the complex physio-
logical process, the divalent metal transporter DMT1
(Slclla2) could regulate iron levels in the body. In
mammals, the DMT1was a Fe(2+) transporter and es-
sential for proper maintenance of iron homeostasis
(Pujol-Giménez et al. 2017; Xue et al. 2016; Chia-Yu
and Knutson 2013). Until now, there was no direct
evidence to show the correlation between DMT]1
expression and AMI. Ferguson et al. (2018) discovered
that miR-23a-3p was highly expressed in exosomes of
BMSCs. According to starbaseV2.0 software predictive
analysis, miR-23a-3p could target Slc11a2, suggesting
that MSC-exosome may inhibit the ferroptosis of myo-
cardial cells after AMI and promote the repair of injury
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by secreting miR-23a-3p. Therefore, the present study
aimed to explore whether HUCB-MSCs-exosomes
inhibited ferroptosis by miR-23a-3p/DMT1 axis to at-
tenuate myocardial injury in AMI mice.

Here, we investigated the expression and role of
DMTI in vitro and in vivo AMI models. HUCB-
MSCs-exosomes were incubated with myocardial cell
after H/R treatment, or administrated after ligation of the
left anterior descending (LAD) coronary artery in mice.
Our results indicated that DMT1 was significantly up-
regulated at 24 h after the establishment of AMI model,
overexpression of DMT1 promoted H/R-induced myo-
cardial cell ferroptosis, and knockdown of DMT1 sig-
nificantly inhibited the ferroptosis. Moreover, HUCB-
MSCs-derived exosomes inhibited ferroptosis and re-
duced myocardial injury, which was abolished in
exosome obtained from HUCB-MSCs with miR-23a-
3p inhibition. Our studies suggest that exosomes from
HUCB-MSCs suppressed the ferroptosis of cardiomyo-
cyte to mediate myocardial repair in AMI mice via
delivering miR-23a-3p.

Material and method
Preparation of HUCB-MSCs

HUCB-MSCs were isolated from normal human umbil-
ical cord blood that was provided by Department of
Maternity, Henan Provincial People’s Hospital and
Fuwai Central China Cardiovascular Hospital. The writ-
ten informed consent was obtained from the puerpera
and their families. The expression rates of CD44, CD29,
CD105, CD34, and CD45 antigen were detected by
flow cytometry. The HUCB-MSCs were respectively
cultured with adipogenic differentiation kit and osteo-
genic differentiation kit (Invitrogen, Carlsbad, CA,
USA) and stained with oil red O and Alizarin Red to
observe lipid droplets in adipocytes and calcium depo-
sition in bone cells.

Isolation and characterization of exosomes

Before exosome isolation, the MSCs were cultured in
exosome-free medium, and the exosome were isolated
using the Total Exosome Isolation Reagent (Invitrogen,
Life Technologies). Collected cell culture supernatant
was centrifuged to remove debris and cells (2000xg, 30
min). Before incubation overnight at 4 °C, adding
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exosome isolation agent into supernatant, the mixture
was centrifuged (10,000xg, 1 h) to obtain pellet
exosomes, which were then re-suspended in PBS. The
conditioned supernatant of HUCB-MSCs or interfered
by miR-23a-3p inhibitor were collected and centrifuged.
After the removal of dead cells and cell debris, the
exosomes were separated by ultracentrifugation and re-
suspended in NCI-Exo and miR-23a-3pl-Exo.
Exosomes were identified by western blot, transmission
electron microscope (HITACHI, H-6001V, Tokyo, Ja-
pan), and Nanoparticle Tracking Analysis (Malvern In-
struments, UK).

Labeled exosome

The PKH67 Green Fluorescent Cell Linker Kit (Sigma-
Aldrich) was used to mark the exosome. Firstly, the
exosomes were incubated with diluent C and PKH67
dye for 5 min. To bind excess dye, we add 1% BSA into
that mixture. And then, we quickly remove unmerged
dye from the labeled exosome preparation by an
exosome spin columns (Invitrogen). Myocardial cells
were cultured in medium containing PKH67 exosomes.
After fixation, the cells were stained (DAPI) and
photographed under a confocal microscope.

Myocardial cell isolated, transfected, and incubated

Whole hearts were isolated from embryonic mice. The
minced hearts tissue was then incubated with 1 mg/ml
collagenase II (Invitrogen, USA) at 37 °C and shaken
(100 rpm, 5 min). The collected supernatant (containing
separated cells) was centrifuged, and then removed the
supernatant and re-suspended the cells in Gey’s solution
for 10 min to lyse the red blood cells. Cells were
collected and centrifuged, re-suspended in buffer, and
counted using a hemocytometer. In order to construct an
in vitro myocardial H/R model, cells were incubated in a
37 °C hypoxic incubator (95% N, and 5% CO,) for 6 h.
Then, the incubation conditions were converted to nor-
mal (95% O,, 5% CO,, 37 °C) for one day. The isolated
myocardial cells were transfected with lentivirus
which is carrying DMT1-expressing sequence/
DMT]I1 interference sequence or negative control,
and incubated with exosome. After treatment, the
myocardial cells were collected and analyzed by
qRT-PCR, western blot, et al.

AMI model and infusion of exosomes

All experimental protocols were preapproved by the
Experimental Animal Ethic Committee of Henan Pro-
vincial People’s Hospital and Fuwai Central China Car-
diovascular Hospital. A total of 72 C57BL/6J mice (six
animals per group) were obtained from the Shanghai
Laboratory Animals Center. The mouse model of AMI
was performed by permanent ligation of the LAD cor-
onary artery. PBS or exosomes (5ug, in 20 pl PBS) was
injected into the border zone of infarcted heart at three
sites.

Prussian blue staining

Localization of ferric iron in tissue sections or cell was
carried out by Prussian blue. For cell, the treated cells
were fixed with 4% paraformaldehyde for 15 min. Prus-
sian blue staining solution was added into cell to incu-
bate for 30 min, and washed with deionized water for 2—
3 times. Then, the cell was re-dyed with Prussian solu-
tion for 30 s again, and washed with water again. After
drying, the cell was placed under a light microscope to
observe the blue particles. For tissue, the heart slices
were dewaxed and re-hydrated with alcohol. Later, the
slides were immediately transferred to the working
staining solution at room temperature for 20 min, rinsed
in distilled water, and then counterstained with nuclear-
fast red. At last, the slides were dehydrated with ethanol,
clarified with xylene, and mounted. Then, the stained
sections were observed under an optical microscope.

Iron assay

The determination of intracellular ferrous iron level
(Fe**) uses the iron assay kit (#ab83366, Abcam). First-
ly, samples were collected, washed with cold PBS, and
homogenized in iron assay buffer, then iron reducer was
added in to the collected supernatant, mixed, and incu-
bated. Finally, iron probe was added, mixed, and incu-
bated for 1 h, and the content was immediately mea-
sured on a colorimetric microplate reader (the absor-
bance is 593 nm, OD 593 ).

MDA, GSH, and GPX4 analysis
The relative concentration of MDA was determined

using a Lipid Peroxidation Assay Kit (#ab118970,
Abcam). The MDA in the sample reacts with TBA to
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form a MDA-TBA adduct, which was further quantified
by colorimetrically (ODs3, nm). GSH ELISA kits and
GXP4 ELISA kits (mlbio, China) were used to measure
GSH and GPX4 levels in tissues or cells.

qRT-PCR analysis

Myocardial tissues or cells were treated with TRIzol
(Invitrogen), and total RNA was extracted using an
RNA extraction kit (TaKaRa). After reverse tran-
scription of RNA into cDNA, PCR was performed
to amplify the target gene. DMTI, F: 5'-GTGC
GGGAAGCCAATAAGTA-3",R: 5'-TCAC
TGGGAAAGAGGTCAGC’; the matured mouse
miR-23a-3p expression was determined by a stem-
loop real-time PCR system (Maxima™ SYBR Green
qPCR Master Mix and StepOne™ sequence detec-
tor). The primer of miR-23a-3p, F: 5'-GTCG
TATCCAGTGCAGGGTCCGAGGTATTCGC
ACTGGATACG-AGGAAATCC-3', R: 5'-TCAG
TCGATCACATTGCCAG-3'; change in level of ex-
pression was compared with GAPDH (for DMTI
expression) and U6 (for miR-23a-3p expression).

Western blot analysis

The protein were fractionated by SDS-PAGE and blot-
ted to PVDF (Millipore). Membranes were blocked for
1 h using 5% nonfat milk. Then, they were probed
overnight with the following primary antibodies at 4
°C: DMT1 (1:1000 dilution), GPX4 (1:500 dilution),
and 3-actin (1:1000 dilution). After incubation with the
primary antibodies, membranes were incubated with
secondary antibody for 1 h. The protein bands were
quantified by measuring the band intensity in each

group.

Cell viability

The CCKS8 assay was used to determine the cell viabil-
ity. Briefly, the treated cell was collected, and the culture
supernatants were transformed into 10% CCK-8 fresh
medium. With the background reading taken into ac-
count, the absorbance at 450 nm, which represents cell
viability, was measured in a multimode microplate
reader.

@ Springer

Quantification of ROS

The Reactive Oxygen Species assay kit (Beyotime In-
stitute of Biotechnology) was used to monitor the gen-
eration of intracellular ROS by fluorescent probe
DCFH-DA. DCFH-DA is converted to DCFH and then
to fluorescent DCF by intracellular esterase and ROS,
respectively. In brief, the cells were incubated with
DCFH-DA, subsequently washed with PBS, and then
analyzed by a flow cytometer excited at 488 nm and
emitted at 525 nm (Beckman Coulter, Inc.).

Cell apoptosis

The flow cytometry was used to determine the cell
apoptosis. The treated cell were collected, stained with
Annexin-V and PI (eBioscience, USA), and detected by
flow cytometry. The data were analyzed by FlowJo
software.

Luciferase reporter assay

The binding sites between the 3'UTR of DMTland
miR-23a-3p were identified by Starbase. Their target
relationship was proved by the luciferase reporter assay.
Firstly, the DMT1-3'-UTR was amplified from human
cDNA. The wide-type fragment containing the predict-
ed miR-23a-3p binding site and its mutant fragment was
obtained from 3'-UTR of DMT1. The human embryonic
kidney cell line (HEK293T) was selected in this assay.
When the cell that seeded in 24-well plates reached to 70
to 80% confluence, the miR-23a-3p mimic, inhibitor,
and wild-type or mutant reporter (GenePharma, Shang-
hai, China) were co-transfected into HEK293T.
Twenty-four hours after transfection, the luciferase ac-
tivity was measured by the dual luciferase assay kit
(Promega).

TTC staining for infarct size

After the mice were killed, the hearts were removed,
washed, and placed in a heart cutting groove. Then, they
were put in the refrigerator (— 20 °C, 2 h). Heart slices
were taken in units of 2 mm and placed in TTC staining
solution and incubated (37 °C, 30 min). The results were
observed and the ImagelJ software was used to measure
the area of myocardial infarctionthey.
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HE staining analysis

The heart tissues were embedded in paraffin after fixa-
tion with 4% paraformaldehyde, and dehydrated in eth-
anol. After paraffin embedding, the sample was cut into
S-um thick slices and stained wtih hemotoxylin and
eosin staining for light microscopy.

TUNEL analysis

Cardiomyocyte apoptosis in heart tissue was detected by
TUNEL assay. Five randomly selected fields in each
sample were observed for counting TUNEL-positive
cells and DAPI-stained nucleus.

Statistics

The experiment was repeated three times. All data are
expressed as mean + standard deviation (SD). Differ-
ences between two groups or multiple groups were
analyzed by Student’s ¢ test and ANOVA, respectively.
p values were calculated with Student’s ¢ test using
GraphPad Prism software, and less than 0.05 were con-
sidered significant.

Results

Upregulated DMT1 expression and increased
ferroptosis in AMI mice

AMI model of mice was established, and the left ven-
tricular myocardial tissue was collected at 1 h,4 h, 12 h,
24 h, and 48 h after operation. As the RT-PCR and
western blot showed, DMT1 expression was obviously
higher than the sham group at 24 h and 48 h in AMI
mice, while the GPX4 protein expression was decreased
(Fig. 1a, b). These data suggested that DMT1 was
significantly upregulated at 24 h after the establishment
of AMI model.

Using Prussian blue staining and iron assay kit, we
found the increased iron deposition and ferrous iron
(Fe’*) level at 12 h, 24 h and 48 h in AMI mice (Fig.
1c, d). In addition, the MDA level was also increased at
24 h and 48 h in AMI mice, while the GSH level and
GPX4 activity were both decreased at 24 h and 48 h in
AMI mice (Fig. 1f, g). These data suggested that
ferroptosis may occur in myocardial tissue at 24 h after
LAD for AMI model.

Overexpression of DMT1 promoted H/R-induced cell
ferroptosis

The myocardial cells isolated from neonatal mice were
treated with H/R and transfected with lentivirus which
was carrying DMT 1-expressing sequence/DMT1 inter-
ference sequence or negative control. As expected, com-
pared with the control group, DMT1 mRNA and protein
expression level were both upregulated in H/R group
(Fig. 2a, b). Under H/R treatment, the changes of cell
viability assay and morphological revealed that overex-
pression of DMT1 further reduced cell viability, while
knockdown of DMT1 obviously increased cell viability
(Fig. 2¢). Normal myocardial cells extended pseudo-
pods in contact with each other in a network of radial
arrangement, H/R treatment caused the synapses of the
cells became thin, retracted and the cytoplasm shrunk.
Under H/R treatment, overexpression of DMT1 further
caused apoptosis with nuclear chromatin condensation
and fragmentation as well as cell shrinkage, while
knockdown of DMT1 obviously improved cytoplasm
shrunk (Fig. 2d). As shown in Fig. 2g, h, the flow
cytometric analysis data revealed that H/R induced cell
apoptosis, and overexpression of DMT1 further aggra-
vated the apoptosis, while knockdown of DMT1 signif-
icantly inhibited the apoptosis.

Next, we found that the intracellular ROS level, iron
deposition, ferrous iron (Fez+), and MDA level were all
increased in H/R group, and overexpression of DMT1
further increased H/R-induced ROS level, iron deposi-
tion, ferrous iron (Fe?*), and MDA level, while knock-
down of DMT1 significantly reduced H/R-induced
ROS level, iron deposition, ferrous iron (Fe?*), and
MDA level (Fig. 2e—f, i-k). Moreover, the decreased
GSH level and GPX4 activity was discovered in H/R
group, and overexpression of DMT1 further decreased
GSH level, while knockdown of DMT]1 significantly
increased GSH level (Fig. 21). However, DMT1 had no
significant effect on GPX4 activity (Fig. 2m). These
data demonstrated that overexpression of DMT1 pro-
moted H/R-induced cell ferroptosis, and knockdown of
DMTI1 significantly inhibited H/R-induced cell
ferroptosis.

Isolation and identification of HUCB-MSCs
and exosomes

To investigate the role of exosomes from HUCB-MSCs
on myocardial cell ferroptosis, the HUCB-MSCs were
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Fig. 1 Upregulated DMT]1 expression and increased ferroptosis
in AMI mice. AMI model of mice was established, and a, b the
expression of DMTI1 and GPX4 by RT-PCR and western blot, ¢
the iron deposition by Prussian blue staining, d the ferrous iron
(Fe**) level by iron assay kit, e the MDA level by a lipid

isolated and characterized. As the Fig. 3a and Supple-
mentary Figure 1 showed, the expression rates of CD44,
CD29, CD73, CD105, and CD90 antigen were greater
than 94%, while the expression rates of CD45 and
CD34 cells were both lower than 1%. The osteogenic
and adipogenic differentiation experiment described in
Fig. 3b showed the activity of HUCB-MSCs. As
showed in Fig. 3c, d, the exosomes isolated from the
conditioned supernatant of HUCB-MSCs was elliptical
nanovesicles and the particle size distribution ranged
from 0 to 400 nm. In addition, these collected exosome
surface marker proteins (such as CD9 and CD63) were
positive (Fig. 3e). All above, we identified that the
particles derived from HUCB-MSCs were exosomes.
To prove the exosomes derived from HUCB-MSCs
can change gene expression of myocardial cells, firstly,
we have demonstrated that the exosomes could be
absorbed into myocardial cells. HUCB-MSCs-
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peroxidation assay kit, f the GSH level by ELISA, and g the
GPX4 activity by ELISA in myocardial tissue were detected at
different time point. Six animals per group, *p < 0.05; **p < 0.01;
*#%p < 0.01 vs sham

exosomes labeled with PKH67 and be added into myo-
cardial cell culture fluid. After incubation for 6 h as
shown in Fig. 3f, most of myocardial cells obtained
the PKH67-labeled exosomes, and HUCB-MSCs-
exosomes were distributed similarly in the cytoplasm
of myocardial cells.

HUCB-MSCs-derived exosomes deliver miR-23a-3p
to inhibit ferroptosis

To study the effect of miR-23a-3p on the HUCB-MSCs-
exosomes effect, the miR-23a-3p-deficient exosomes
was obtained by transfecting miR-23a-3p inhibitor into
HUCB-MSCs. Figure 4a shows the successful knock-
down of miR-23a-3p in resultant exosomes. To further
study the effect of the exosomes on myocardial cells
ferroptosis, the H/R-induced myocardial cell was con-
structed to simulate in vitro AMI injury. Figure 4b
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Fig. 2 The effect of DMT1 on myocardial cell ferroptosis. a, b iron (Fe”") level by iron assay kit. k The MDA level by a lipid

The DMT]1 expression in DMT1 overexpression and knockdown
cells. ¢ The cell viability by CCKS8 assay. d The cellular morphol-
ogy by phase contrast microscopy. e, f The intracellular ROS level
by DHE fluorescence. g, h The cell apoptosis rate by flow cytom-
etry. i The iron deposition by Prussian blue staining. j The ferrous

shows that the expression of miR-23a-3p was decreased
in H/R-induced cell, while it was increased in myocar-
dial cell co-cultured with the exosomes. The DMT]1
mRNA and protein expression was contrary to that of
miR-23a-3p in myocardial cell co-cultured with HUCB-
MSCs-exosomes (Fig. 4c, d). As we have known that
overexpression of DMT1 further reduced cell viability

peroxidation assay kit. 1 The GSH level by ELISA. m The GPX4
activity by ELISA. The experiment was repeated three times. *p <
0.05; **¥*p < 0.01 vs control. *p < 0.05; #p < 0.01; #*» < 0.01 vs
vector. “p < 0.05; ““p < 0.01; ““4p < 0.01 vs si-NC

and GSH level, and increased cell apoptosis, intracellu-
lar ROS level, iron deposition, ferrous iron (Fe?™), and
MDA level in H/R-treated myocardial cell. Here, all the
results shown in Fig. 4e—m have the same tendency of
changes with DMT1 expression, which suggested that
DMT!1 was one of the key targets for HUCB-MSCs-
derived exosomes deliver miR-23a-3p to inhibit
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Fig. 3 Isolation and identification of HUCB-MSCs and derived
exosomes. a The characteristics of HUCB-MSCs by flow cytom-
etry. b The osteogenic and adipogenic differentiation of HUCB-
MSCs by alizarin red staining and oil red O staining. ¢ The

ferroptosis. Also, HUCB-MSCs-exosomes had no sig-
nificant effect on GPX4 activity (Fig. 4n).

Moreover, the miR-23a-3p-depletion HUCB-MSCs-
exosomes played a weak inhibitory role in myocardial
cells ferroptosis, showing reduced cell viability and
GSH level, and increased cell apoptosis, intracellular
ROS level, iron deposition, ferrous iron (Fe**), and
MDA level compared with NCI-Exo group (Fig. 4e—
m). The data implied that HUCB-MSCs-derived
exosomes deliver miR-23a-3p to inhibit ferroptosis.

HUCB-MSCs-derived miR-23a-3p-expressing
exosomes inhibited ferroptosis by targeting DMT1

The Starbase software has predicted the bind relation-
ship of the miR-23a-3p and 3'UTR of the DMTI. As
shown in Fig. 5a, the cell transfected with miR-23a-3p
mimic has decreased the luciferase activity in DMT1-
WT co-transfected system, while there was no obvious
change in DMT1-MUT co-transfected system, suggest-
ing the direct binding between the miR-23a-3p and
DMTI1. The myocardial cells were infected with
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exosome by TEM. d The particle size of exosomes by NTA. e
The exosome marker expression by western blot. f The exosomes
uptake into myocardial cells by LSCM

overexpressed DMT1 lentivirus while incubating with
HUCB-MSCs-exosomes. The DMT1 mRNA and pro-
tein expression levels were both decreased in Exo-
Vector group and increased in Exo + DMT1 group,
suggesting the negative regulatory effect of HUCB-
MSCs-exosomes on DMT1 expression (Fig. 5b). After
infected with overexpressed DMT1 lentivirus, the in-
creased cell viability and GSH level induced by HUCB-
MSCs-exosomes were both decreased, and the de-
creased cell apoptosis, intracellular ROS level, iron
deposition, ferrous iron (Fez+), and MDA level were
all increased (Fig. 5c—k), indicating that HUCB-
MSCs-derived miR-23a-3p-expressing exosomes
inhibited ferroptosis by targeting DMT1.

HUCB-MSCs-exosomes suppressed the ferroptosis
of cardiomyocyte in AMI mice

To study the protective mechanism of exosomes of
HUCB-MSCs on AMI mice, TTC staining showed an
alleviated infarct size in HUCB-MSCs-exosomes ad-
ministration, while miR-23a-3pl-Exo administration
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Fig.4 HUCB-MSCs-derived exosomes inhibited myocardial cell
ferroptosis through miR-23a-3p. a The miR-23a-3p expression by
RT-PCR in exosome derived from HUCB-MSCs transfected with
miRNA inhibitor NC or miR-23a-3p inhibitor, named NCI-Exo
and miR-23a-3pl-Exo, respectively. b The miR-23a-3p expression
by RT-PCR in myocardial cells with H/R and exosome treatment.
¢, d The DMT1 mRNA and protein expression by RT-PCR and
western blot in myocardial cells with H/R and exosome treatment.
e, f The intracellular ROS level by DHE fluorescence. g The cell

R
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&

&
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&
viability by CCKS8 assay. h, i The cell apoptosis rate by flow
cytometry. j The iron deposition by Prussian blue staining. k
The ferrous iron (Fe>*) level by iron assay kit. 1 The MDA level
by a lipid peroxidation assay kit. m The GSH level by ELISA. n
The GPX4 activity by ELISA. The experiment was repeated three
times. *p < 0.05; *#p < 0.01; ***p < 0.01 vs control. #1 <0.01;
###) < 0.01 vs PBS. ¥p < 0.05; ““p < 0.01; ¥*%p < 0.01 vs NCI-
Exo
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Fig. 5 HUCB-MSCs-derived miR-23a-3p-expressing exosomes
inhibited myocardial cells ferroptosis by targeting DMT1. a The
direct binding of microRNA-23a-3p and DMT1 was verified by
luciferase activity assay. The myocardial cells were treated with
H/R, exosome and overexpression DMT1, and then b the DMT1
expression by western blot, ¢ the cell viability by CCK8 assay, d, e
the intracellular ROS level by DHE fluorescence, f, g the cell

had significantly weakened role on alleviating infarct
size in AMI mice (Fig. 6a). HE staining showed that
myocardial structure was normal with regular arrange-
ment, transverse striations of myocardium were clear,
cytoplasm was not hyperchromatic, nucleus size was
normal, and chromatin was evenly distributed in sham
group. In AMI model group, the pathological changes of
myocardial tissue were very obvious, the myocardial
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apoptosis rate by flow cytometry, h the iron deposition by Prussian
blue staining, i the ferrous iron (Fe*) level by iron assay Kit, j the
MDA level by a lipid peroxidation assay kit, k the GSH level by
ELISA, 1 the GPX4 activity by ELISA. The experiment was
repeated three times. ***p < 0.01 vs mimic NC or control. "#p
< 0.01 vs HR. ¥p < 0.05; **p < 0.01; “**p < 0.01 vs Exo +
Vector

fiber cells were arranged disorderly and sparse, and
severe swelling occurred. Cardiac cells with enhanced
eosinophilic cytoplasm were seen scattered in the tis-
sues. Patchy and focal necrosis of myocardium is seen
occasionally. The horizontal striations of cardiac muscle
cells disappeared, and a certain number of cardiac nuclei
pyknosis and fragmentation, severe dissolution disap-
peared. The interstitial infiltration of cardiomyocytes
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Fig. 6 HUCB-MSCs-exosomes reduced myocardial injury in
AMI mice. a The infarct area by Evans Blue and TTC double
staining. b The myocardial pathological morphology by HE

was rich in inflammatory cells. Compared with the AMI
group, the pathological changes was alleviated; the ar-
rangement of muscle fibers was relatively regular. In
addition, the swelling of cells was alleviated, flake and
focal necrosis and myocardial dissolution were reduced,
myocardial fibrous rupture was relatively rare, and the
infiltration of inflammatory cells was reduced. HUCB-
MSCs-exosomes administration alleviated myocardial
injury, while miR-23a-3pl-Exo administration had sig-
nificantly weakened role on alleviating myocardial dam-
age in AMI mice (Fig. 6b). In order to analyze the status
of cardiomyocytes apoptosis, the hearts were treated
with TUNEL staining. We found that the proportion of
TUNEL-positive cells in heart tissues of AMI mice was

staining. ¢ The cell apoptosis in cardiac tissue by TUNEL. Six

animals per group, ***p < 0.01 vs sham. **p < 0.01 vs PBS. ¥¢%p

< 0.01 vs NCI-Exo

significantly increased, and the implantation of HUCB-
MSCs-exosomes can eliminate this phenomenon. How-
ever, miR-23a-3pl-Exo transplantation has a higher ap-
optosis index than NCI-Exo transplantation (Fig. 6c).
The results indicated that HUCB-MSCs-exosomes re-
duced myocardial injury in AMI mice.

As expected, exosomes of HUCB-MSCs obviously
inhibited DMT1 expression, iron deposition, ferrous
iron (Fe**), and MDA level, and upregulated GSH level,
but the role of miR-23a-3pl-Exo on these was obvious
weakened (Fig. 7a—e). In addition, HUCB-MSCs-
exosomes had no significant effect on GPX4 activity
in AMI mice (Fig. 7f). These results indicated that
exosomes of HUCB-MSCs suppressed the ferroptosis
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Fig. 7 HUCB-MSCs-exosomes suppressed the myocardial cells
ferroptosis in AMI mice. a The DMT1 and GPX4 protein expres-
sion in cardiac tissue by western blot. b The iron deposition by
Prussian blue staining. ¢ The ferrous iron (Fe**) level by iron assay

of cardiomyocyte in AMI mice via delivering miR-23a-
3p.

Discussion

Iron is the basic element of almost all organisms as it is
involved in various metabolic processes, such as elec-
tron transport, DNA synthesis, and oxygen transport.
Ferroptotic death is morphologically, biochemically,
and genetically distinct from various forms of necrosis,
apoptosis, and autophagy. As shown in several studies,
ferroptosis was an important form of cell death in
cardiomyocytes, and I/R injury caused ferroptosis in
cardiomyocytes (Baba et al. 2018; Fang et al. 2019;
Conrad and Proneth 2019). In this study, we found the
increased iron deposition and ferrous iron (Fe**) level in
AMI mice. In addition, the MDA level was also in-
creased, while the GSH level and GPX4 activity were
both decreased in AMI mice, suggesting that ferroptosis
occurred in myocardial tissue of AMI model.
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kit. d The MDA level by a lipid peroxidation assay kit. e The GSH
level by ELISA. f The GPX4 activity by ELISA. Six animals per
group, **p < 0.01, ***p < 0.01 vs sham. **p < 0.01 vs PBS. ¥p <
0.05; “¥p < 0.01 vs NCI-Exo

As a proton-coupled metal-ion transport protein,
DMT1 was a key modulator of (non)transferrin-bound
iron homeostasis. Upregulated DMT1 was association
with ferroptosis according to the recent reported refer-
ences (Yu et al. 2019; Li et al. 2019a, b; Nuanez and
Hidalgo 2019). DMT1 was a ferrous iron importer and
plays a key role in iron uptake, as well as iron translo-
cation from the endosome (Hubert and Hentze 2002).
Du et al. (2016) have reported that decreased DMT]1
expression could block iron influx. Here, DMT1 was
significantly upregulated in myocardial tissue of the
AMI mice model, overexpression of DMT1 promoted
H/R-induced cell ferroptosis, and knockdown of DMT1
significantly inhibited H/R-induced cell ferroptosis. The
present results agreed with the ones in the literature.

Emerging evidence suggested that MSCs-derived
exosomes were the ideal candidate for mRNA delivery,
which can be used in applications for AMI therapy
(Huang et al. 2019; Bian et al. 2014). miR-23-3p was
reported to be one of the enriched miRNAs in MSCs-
derived exosomes (Ferguson et al. 2018). Zhao and
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colleagues (Zhao et al. 2014) uncovered that miR-23-3p
could protect neuronal cells from oxidative stress injury
in experimental ischemic stroke. This article had dem-
onstrated that the miR-23a-3p could also be as an anti-
oxidative factor in H/R-induced myocardial cell, show-
ing reduced intracellular ROS level in HUCB-MSCs-
exosome group, but a weak inhibitory role on intracel-
lular ROS level in miR-23a-3p-depletion HUCB-
MSCs-exosomes group. In addition to the weakened
inhibition of ROS level, the inhibition role of HUCB-
MSCs-exosomes on iron deposition, ferrous iron (Fe2+),
and MDA level were also significantly weakened in H/
R-induced cell, suggesting exosomes derived from
HUCB-MSCs protected cell against H/R-induced
ferroptosis via carrying miR-23a-3p.

As a key regulator of the antioxidant defense mech-
anism, the increased evidence suggested that NRF2
could be against myocardial /R damage; many
cardioprotective drugs could reduce I/R-induced oxida-
tive stress via activating Nrf2/ARE pathway. In this
study, HUCB-MSCs-derived miR-23a-3p-expressing
exosomes could alleviate H/R-induced oxidative stress,
but not by upregulating the activation of Nrf2/HO-1
(Supplementary Figure 4). MiRNAs could specific bind
on 3'UTR of target mRNA to promote mRNA degrada-
tion (Chipman and Pasquinelli 2019). The dual lucifer-
ase reporter gene assay in this study demonstrated that
DMTI is a target gene of miR-23a-3p. And then, a
reversed experiment by lentivirus-mediated DMT1 gene
overexpression proved that HUCB-MSCs-derived miR-
23a-3p-expressing exosomes inhibited ferroptosis by
targeting DMT1, that DMT1 gene overexpression re-
versed the decreased ROS level, iron deposition, ferrous
iron (Fe**), and MDA level by exosomes of HUCB-
MSCs in H/R-induced myocardial cell.

In addition, GPX4 activity has significant decline in
AMI mice model and H/R-induced myocardial cell.
Overexpression or knockdown of DMT1 as well as
HUCB-MSCs-exosomes had no effect on GPX4 activ-
ity. These results indicated that HUCB-MSCs-
exosomes inhibited ferroptosis mainly through regulat-
ing iron metabolism pathway in AML

Conclusion
In conclusion, we demonstrated a new therapeutic effect

of HUCB-MSCs-derived exosomes. HUCB-MSCs-
exosomes could attenuate AMI mice myocardial injury

through inhibiting ferroptosis by targeting DMT]1
expression.
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