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Macrophage-derived extracellular vesicles
represent a promising endogenous
iron-chelating therapy for iron overload
and cardiac injury in myocardial infarction
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Abstract

Background Cardiac iron overload and ferroptosis greatly contribute to the poor prognosis of myocardial infarction
(MI). Iron chelator is one of the most promising strategies for scavenging excessive iron and alleviating cardiac
dysfunction post MI. However, various side effects of existing chemical iron chelators restrict their clinical application,
which calls for a more viable and safer approach to protect against iron injury in ischemic hearts.

Results In this study, we isolated macrophage-derived extracellular vesicles (EVs) and identified macrophage-derived
EVs as a novel endogenous biological chelator for iron. The administration of macrophage-derived EVs effectively
reduced iron overload in hypoxia-treated cardiomyocytes and hearts post MI. Moreover, the oxidative stress and
ferroptosis induced by excessive iron were considerably suppressed by application of macrophage-derived EVs.
Mechanistically, transferrin receptor (TfR), which was inherited from macrophage to the surface of EVs, endowed EVs
with the ability to bind to transferrin and remove excess protein-bound iron. EVs with TfR deficiency exhibited a loss
of function in preventing MI-induced iron overload and protecting the heart from Ml injury. Furthermore, the iron-
chelating EVs were ultimately captured and processed by macrophages in the liver.

Conclusions These results highlight the potential of macrophage-derived EVs as a powerful endogenous candidate
for iron chelation therapy, offering a novel and promising therapeutic approach to protect against iron overload-
induced injury in Ml and other cardiovascular diseases.

Keywords Myocardial infarction, Iron overload, Macrophages, Extracellular vesicles, Iron chelating therapy, Transferrin
receptor

"Dong Guo, Xue Yang, and Rui Yu contributed equally to this work. 'Department of Cardiology, Tangdu Hospital, Airforce Medical University,
Xi'an 710032, China

*Correspondence: ’Department of Physiology and Pathophysiology, Airforce Medical

Lang Hu University, Xi'an 710032, China

medhulang@163.com *Department of Ultrasound Diagnostics, Tangdu Hospital, Airforce

Yan Li Medical University, Xi'an 710032, China

profleeyan@163.com

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02800-1&domain=pdf&date_stamp=2024-8-30

Guo et al. Journal of Nanobiotechnology (2024) 22:527

Background

Myocardial infarction (MI) poses a substantial threat to
public health worldwide [1]. Various pathological mecha-
nisms contribute to cardiac ischemic injury, including
inflammation, burst reactive oxygen species (ROS) pro-
duction, cell apoptosis and iron overload. Among them,
iron overload has been identified as a major detrimental
factor that contributes to the poor prognosis of MI. Dur-
ing cardiac ischemic injury, iron derived from damaged
cardiomyocytes, red blood cells and circulating trans-
ferrin-bound iron are deposited either in the extracel-
lular matrix or within cardiomyocytes. Clinical studies
have demonstrated that patients with ST-segment-ele-
vation MI exhibit cardiac iron overload during follow-
up [2], and animal models have confirmed the presence
of excess iron in hypoxic cardiomyocytes and infarcted
hearts [3]. Cellular iron overload can generate ROS such
as hydroxyl radicals by reacting with hydrogen peroxide
via the Fenton reaction. This process leads to ferroptosis
and acute cardiomyocyte death [4, 5]. Moreover, chronic
cardiac iron accumulation during the remodelling pro-
cess has been associated with prolonged inflammation
and pathological ventricular remodelling [2, 6]. These
findings highlight the importance of promptly and effec-
tively removing excess iron to limit myocardial injury and
improve long-term prognosis in patients with MIL.

To date, iron chelator is one of the most promising
strategies for scavenging excessive iron and preventing
the Fenton reaction. The iron chelators, such as deferox-
amine (DFQO), deferiprone (DFP) and deferasirox (DFX),
can enter cells and bind intracellular labile iron to elimi-
nate the excess iron. While the effectiveness of these
chemical iron chelators has been widely established,
their clinical application is limited by several drawbacks.
For example, DFO’s highly hydrophilic structure results
in inadequate absorption bioavailability and rapid meta-
bolic rate, necessitating prolonged infusion periods and
negatively impacting patient compliance [7]. To address
this issue, oral iron chelators, such as DFP and DFX, were
developed. However, both DFP and DFX were associated
with significant side effects, including gastrointestinal
toxicities, renal dysfunction, liver damage, hypersensitiv-
ity reactions and neuronal hearing loss [8]. Thus, these
limitations of chemical iron chelators call for further
advancements in iron scavenging strategies. Moreover,
instead of relying on exogenous chemical compounds,
exploring and utilising endogenous biological iron chela-
tion mechanisms could offer a viable approach to protect
against iron injury in ischemic hearts while limiting side
effects.

Macrophages, the primary regulators of iron metabo-
lism, play a crucial role in systemic and organ-specific
iron homeostasis. Macrophages have the ability to
acquire iron from the extracellular environment through
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iron-binding protein receptors on their cell surface. Stud-
ies have reported that muscle-resident macrophages
exhibited increased iron uptake and storage capacity
during injury, thereby alleviating iron overload and pro-
moting tissue repair [9]. These findings underscore the
potential therapeutic value of macrophage activation in
managing iron overload during acute injury. However,
the overactivation and aggregation of macrophages at the
injury site led to its participation in immune reactions
and the aggravation of tissue damage after acute isch-
emia. Therefore, a key question arises regarding how to
harness the iron-sequestering capacity of macrophages
while simultaneously preventing macrophage-induced
inflammation. A recent study reported that macrophage-
derived extracellular vesicles (EVs) inherited membrane
receptors from their parent cells [10], endowing EVs with
the potential to retain macrophages’ ability to handle
iron. Compared to their parent cells, the higher surface-
to-volume ratio of EVs enhances their ability to capture
target substances. Thus, we hypothesise that macro-
phage-derived EVs could serve as endogenous iron che-
lators to alleviate myocardial iron overload and related
injury in ischemic hearts.

In this study, we investigated the efficacy of EVs
released by macrophages as an effective iron-sequester-
ing agent. The administration of macrophage-derived
EVs demonstrated a significant cardioprotective effect
against MI and hypoxia treatment by reducing myocar-
dial iron overload and ferroptosis. Mechanistically, we
identified the transferrin receptor (TfR), inherited from
macrophages to the surface of EVs, as a key contributor
to the iron chelation capacity of EVs. EVs lacking TfR lost
their ability to eliminate excess iron and protect the heart
from MI injury. Additionally, we observed that iron-bind-
ing EVs were ultimately recycled by macrophages in the
liver. Collectively, our work unveils a novel mechanism
by which macrophages handle iron overload in MI hearts
and identifies macrophage-derived EVs as a promising
iron chelation therapy for the treatment of MI-induced
iron overload and cardiac injury.

Methods

Animals

All animal experiments were approved by Animal Use
and Care Committee of Air Force Medical University,
and were conducted in compliance with ethical regula-
tions of animal research. All mice used were provided by
the animal center of Air Force Medical University, which
were males in C57BL/6] background and were 6—8 weeks
old at the onset of experiments. Mice were housed under
controlled conditions of lighting (12 h light/12 h dark
cycle), temperature (22+1°C), and humidity (60+5%)
with free access to food and water.
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Construction of Ml model

MI was induced as previously described [11]. Briefly,
mice were anesthetized with 2—-3% isoflurane and hearts
were exposed through the incision in the chest. Then, left
anterior descending (LAD) coronary artery was ligated
with 6—0 silk approximately 2—3 mm below the origin.
After ligation, the heart was returned and the chest was
closed. Mice in the sham group received same operation
except LAD ligation. All mice were monitored for 3-6 h
before returning to their normal animal room. The suc-
cess of MI model construction was determined by histo-
logical staining and echocardiography.

Triphenyl tetrazolium chloride (TTC) staining

After anesthetization, the chest of mice was cut open to
expose the heart. Then the heart was harvested, washed,
and sectioned into approximately 1-2 mm thick sections.
All sections were incubated with 1% TTC (A610558, San-
gon Biotech) for 15 min at room temperature and then
fixed in paraformaldehyde (A500684, Sangon Biotech).
Image ] was used to calculate the percentage of infarcted
myocardium.

Echocardiography

Echocardiography was performed with VEVO 3100
echocardiography system (VisualSonics Inc., Toronto,
Canada). Mice were anesthetized with pentobarbital
sodium (intraperitoneal injection, 60 mg/kg body weight)
or isoflurane (inhalation anesthesia, 2—3%). Anesthetiza-
tion was adjusted to maintain the heart rate within 400—
450 bpm. M-mode echocardiography was performed
as previously described [12]. Left ventricular ejection
fraction (LVEF), left ventricular fractional shortening
(LVES), left ventricular end-systolic volume (LVESV),
and left ventricular end-diastolic volume (LVEDV) were
calculated.

Measurement of creatine kinase (CK), creatine kinase MB
(CKMB), lactate dehydrogenases (LDH), and LDH1

Mice were anesthetized with 2—-3% isoflurane and the
neck skin were cut open to expose carotid artery. Blood
sample were immediately collected after carotid artery
was cut. The collected blood sample were stored over-
night at 4°C and then centrifuged at 3000 rpm for 15 min
at 4 °C. The supernatant was collected as serum. The
amount of CK, CKMB, LDH, and LDH1 were determined
using automatic biochemical analyzer (Chemray 240).

Measurement of iron level

The measurement of iron level in serum, myocardium
lysate, cardiomyocyte culture medium, cardiomyocyte
lysate, and solution of iron ion, was performed using
Total Iron Colorimetric Assay Kit (Elabscience, E-BC-
K772-M) following manufacturer’s instructions. Briefly,

Page 3 of 15

the serum and cell culture medium sample were diluted
and then tested. The heart and cardiomyocyte sample
were homogenized, centrifuged, and then tested. The
iron level was calculated based on the standard curve.
To detect the iron level inside live cardiomyocytes, fluo-
rescent iron probe FerroOrange (MaokangBio) was also
used following manufacturer’s instructions (data shown
in Fig. 3a and b).

Western blotting

Ventricular tissue, cells or EVs were lysed with ice-cold
RIPA buffer (Beyotime, PO013B). The protein concen-
tration was then determined with Pierce BCA Protein
Assay Kit (Thermo Scientific, 23225). Protein sample
were separated by SDS-PAGE and transferred to nitrocel-
lulose membrane. Membranes were blocked with skim
milk, incubated with primary and secondary antibod-
ies, and detected by chemiluminescent detection system
(Image Lab, Bio-Rad, US). Equal protein loading would
be confirmed with antibodies against 3-Actin. Antibodies
used in this study were listed below: anti- ferritin heavy
chain 1 (FTH1) (Santa Cruz, sc-376594), anti-transferrin
(Proteintech, 17435-1-AP), anti- glutathione peroxidase
4 (GPX4) (Santa Cruz, sc-166437), anti-B-Actin (Pro-
teintech, 66009-1), HRP-conjugated Affinipure Goat
Anti-Rabbit IgG(H+L) (Proteintech, SA00001-2), and
HRP-conjugated Affinipure Goat Anti-Mouse IgG(H+L)
(Proteintech, SA00001-1).

Immunohistochemistry

Hearts were fixed with paraformaldehyde (A500684, San-
gon Biotech), dehydrated, embedded with paraffin, and
sectioned. Hearts sections were then blocked with goat
serum and incubated with primary antibodies overnight
at 4°C. Then sections were incubated with secondary
antibodies and Hoechst. Image analysis and quantifica-
tion were performed with Image] as previously described
[13].

Cell culture

RAW?264.7 mouse macrophage cell line was purchased
from Cell Lines Service. Macrophages were cultured with
Dulbecco’s modified Eagle’s medium (10% fetal bovine
serum and 1% penicillin/streptomycin). When the cell
confluency reached around 80-90%, the culture medium
was replaced with Dulbecco’s modified Eagle’s medium
supplemented with EV-depleted serum. 48—72 h later, the
culture medium was collected to isolate macrophages-
derived EVs.

Neonatal rat ventricular cardiomyocytes (NRVCs) were
isolated from the hearts of 1-3 days old Sprague Dawley
rat as previously described [14]. As for hypoxia treat-
ment, cardiomyocytes were maintained in hypoxia envi-
ronment (1% O,, 5% CO,, and 94%N,) for 6 h.
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EV collection and isolation

The culture medium of unpolarized RAW264.7 mac-
rophages was collected to isolate EV. The collected
medium was centrifuged at 800 g for 10 min at 4 °C to
remove cells and cell debris. The collected supernatant
was then centrifuged at 12,000 g for 30 min at 4 °C to
remove microvesicles. The supernatant was centrifuged
at 150,000 g for 90 min at 4 °C, washed with PBS, and
centrifuged at 150,000 g for 90 min at 4 °C again. The EV
was resuspended with PBS. The amount of PBS was 1%
of the volume of original culture medium. The concen-
tration of EV solution was determined with nanoparticle
tracking analysis (NTA) analysis and Pierce BCA Protein
Assay Kit (Thermo Scientific, 23225).

Administration of macrophages-derived EVs

The concentration of EVs solution was about (2.36%0.34)
x10%particles/uL. (determined by NTA analysis) and
446.37+28.60 ng/puL (determined by Pierce BCA Protein
Assay Kit). For in vivo experiments, the macrophages-
derived EVs were intramyocardially injected to mice
of sham group or MI group. Mice were injected with
60—80uL EVs solution or PBS. In the MI group, after
LAD ligation, the EVs solution or PBS was injected in
3—4 points around the infarcted area (the color of the
infarcted myocardium was paler compared to the nor-
mal myocardium). In the sham group, the heart was
exposed through the incision on the chest and then equal
amount of EVs solution or PBS was injected in the same
area. After operation, all mice were monitored for 3—6 h
before returning to their normal animal room, and detec-
tion about cardiac function and iron metabolism were
performed 24 h post operation. For in vitro experiments,
EVs solution was diluted 100-fold using cell culture
medium, and the same amount of PBS was added to the
control group.

Electron microscopy

For transmission electron microscopy (TEM), EV solu-
tion was dropped onto the 200-mesh copper grids. Excess
solution was removed after 10 min incubation. The cop-
per grids were then incubated with 2% phosphotungstic
acid hydrate for 0.5-1 min, washed with Milli-Q purified
water for three times and air-dried.

For immunogold staining, EV solution was dropped
onto copper grids as before. Then, EVs were fixed with
paraformaldehyde for 15 min at room temperature,
blocked with 5% bovine serum albumin (BSA) solution
for 30 min at 37 °C, and incubated with primary antibod-
ies for 1-2 h at 37 °C. After washing with Milli-Q purified
water for three times, the grids were incubated with sec-
ondary antibodies for 1-2 h at room temperature. Then
the grids were stained with 2% phosphotungstic acid
hydrate as before. Antibodies used were listed below:

Page 4 of 15

anti-TfR (Santa Cruz, sc-65882), and Rabbit IgG control
Polyclonal antibody (Proteintech, 30000-0).

All images were obtained using a transmission electron
microscope (JEM-1230, JEOL Ltd., Tokyo, Japan).

Measurement of glutathione (GSH) and malondialdehyde
(MDA) level

The measurement of GSH and MDA level was performed
using GSH assay kit (Beyotime, S0053) and MDA assay
kit (Beyotime, S0131) respectively following manufactur-
er’s instructions.

Measurement of ROS level

The ROS measurement was performed using ROS
assay kit (Beyotime, S0033) following manufacturer’s
instructions. Briefly, cardiomyocytes were seeded onto
glass-bottomed culture dishes (NEST, 801002). After
treatment, the fluorescent iron probe DCFH-DA was
added to the culture medium and cells were returned
to the same environment for 30 min. Then cells were
washed with PBS for three times. The confocal laser-
scanning microscope (Nikon Al plus Confocal Micro-
scope, Nikon, Japan) was used to obtain all fluorescent
images, and Image] was used to analyze.

Measurement of cell viability

The measurement of cell viability was performed using
Calcein AM cell viability assay kit (Beyotime, C2013FT)
following manufacturer’s instructions. The FACS Calibur
flow cytometer (BD Biosciences) was used to analyze.

Dihydroxyethidium (DHE) staining

Upon harvested, the hearts were snap-frozen in liquid
nitrogen. Then, the frozen hearts were embedded with
OCT and sectioned. Sections were then stained with
DHE and Hoechst.

Liquid chromatography tandem mass spectrometry (LC-
MS/MS) analysis

EVs sample were used for MS analysis as previously
described [15]. The analysis was performed using EASY-
nLC 1200 UHPLC system (Thermo Fisher) and Q Exac-
tive HF-X mass spectrometer (Thermo Fisher).

Plasmids and small interfering RNA (siRNA) construction
and transfection

The TfR-EGFP and empty-EGFP plasmids were gener-
ated by Genechem. The transferrin-mcheery and empty-
mCherry plasmids and siTfR were generated by Hanbio.
The sequence of siTfR is CCAGACCGUUAUGUUGUA
GUATT (sense) and UACUACAACAUAACGGUCUG
GTT (anti-sense). Macrophages were transfected with
plasmid with Lipofectamine 3000 (Invitrogen, L3000150)
and were transfected with siRNA with Lipofectamine
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RNAiIMAX (Invitrogen, 13778500) following manufac-
turer’s instructions.

Enzyme linked immunosorbent assay (ELISA)

The measurement of transferrin level was performed
with Transferrin ELISA kit (Elabscience, E-EL-M1184c)
following manufacturer’s instructions.

EV tracing

EVs were labeled with Dil (Invitrogen, C7001) follow-
ing manufacturer’s instructions. Then, labeled EVs were
intramyocardially injected. Twenty-four hours after
injection, the heart, liver, spleen, skeletal muscle, lung
and kidney were harvested. The harvested organs were
subjected to imaging for fluorescent signal. Besides, the
heart and liver were harvested, washed and frozen in lig-
uid nitrogen. The frozen tissue was embedded with OCT
and sectioned. The cell membrane was labeled with anti-
ATPA1 antibody and the macrophages were labeled with
anti-F4/80 antibody.

Statistical analysis

All data were expressed as mean+standard error of mean
(SEM). T-test, one-way ANOVA or 2-way ANOVA were
used to analyze continuous data. All analysis was per-
formed with GraphPad Prism 6.0 software (GraphPad
Software, La Jolla, USA). P<0.05 indicated a statistical
significance between groups.

Results

Iron overload and cell ferroptosis contributed to
MI-induced cardiac injury

To stimulate acute MI injury, wild-type C57BL/6] mice
were subjected to LAD coronary artery ligation. TTC
staining, echocardiographic analysis and biochemical
indicators detection were performed to assess the suc-
cessful construction of the MI model. As shown in Fig.S1,
compared to the sham group, mice undergoing MI sur-
gery exhibited significantly increased TTC-negative area
(Fig.Sla-b), decreased LVEF and LVFS, and increased
LVESV and LVEDV (Fig.Slc-g). Moreover, the levels
of serum markers of myocardial injury, including CK,
CKMB, LDH and LDH1, were significantly increased in
mice post MI (Fig.S1h-k). These findings demonstrated
the successful construction of the MI model in mice.

To investigate the involvement of iron overload in car-
diac injury following MI, serum iron, cardiac iron, oxi-
dative stress indicators and ferroptosis indicators were
measured. A significant increase in serum iron level was
observed post MI (Fig. 1a). Additionally, cardiac iron lev-
els also gradually increased with time post-MI surgery
(Fig. 1b). The levels of transferrin and FTH1, key pro-
teins involved in extracellular and intracellular iron stor-
age respectively, were determined. Consistent with the
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trend in iron levels, both transferrin and FTH1 increased
progressively over time in the MI group, peaking at 24 h
post operation (Fig. 1c-d). Moreover, the hearts of MI
mice exhibited increased MDA and decreased GSH levels
(Fig. 1e-f), suggesting upregulated oxidative stress post
MI. Notably, GPX4 and 4-hydroxynonenal (4-HNE) are
hallmarks of ferroptotic cell death. As shown in Fig. 1g-
j, GPX4 significantly decreased while 4-HNE significantly
increased over time following MI. These results indicated
that acute MI led to iron overload and ferroptosis in the
myocardium, which contributed to cardiac injury and
functional impairment.

Macrophage-derived EVs exhibited iron-sequestering
capability

We then intended to investigate whether macrophage-
derived EVs could effectively sequester iron in the myo-
cardium. EVs were collected from the culture medium
of the macrophage using ultracentrifugation. As shown
in Fig. 2a, the obtained EVs were positive for EV mark-
ers, namely CD9, CD63 and TSG101, but negative for the
Golgi marker GM130. TEM images revealed the typical
circular morphology of EVs (Fig. 2b). Additionally, NTA
revealed that the average diameter of the obtained EV
was 160.43+3.94 nm (Fig. 2c). To determine whether
the macrophage-derived EVs possessed the capacity to
sequester and remove iron, EVs were incubated with dif-
ferent samples including myocardium lysate, cardiomyo-
cytes lysate, serum and cardiomyocyte culture medium
(Fig. 2d). After incubation at 37°C for 30 min, EVs were
removed, and the supernatant was subjected to iron
level determination. As shown in Fig. 2e-h, macrophage-
derived EVs significantly reduced iron concentration in
myocardium lysate, cardiomyocytes lysate, serum and
cardiomyocyte culture medium, which lowered the iron
levels to approximately 60-70% of the control. These
results illustrated that macrophage-derived EVs possess
the ability to sequester and remove iron from biological
samples, making them a promising candidate for iron
chelation therapy.

Macrophage-derived EVs alleviated hypoxia-induced iron
overload and ferroptosis in cardiomyocytes

Having established the iron sequestration capability of
macrophage-derived EVs, we investigated their efficacy
in reducing Ml-induced iron overload and ferroptosis.
Primary NRVCs were isolated and exposed to hypoxia
treatment for 6 h to mimic MI injury in vitro. Consistent
with our findings in MI mice, hypoxia treatment signifi-
cantly increased iron content in NRVCs and their culture
medium (Fig. 3a-c). However, co-incubation with mac-
rophage-derived EVs, but not PBS, significantly reduced
the iron levels in both NRCVs and culturing medium,
suggesting that macrophage-derived EVs could alleviate
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Fig. 1 Iron overload and cell ferroptosis contributes to MI-induced cardiac injury. a Quantitative analysis of serum iron level in sham and MI mice. b
Quantitative analysis of cardiac iron level in sham and MI mice. ¢, d Representative western blotting images and quantitative analysis of transferrin and
FTH1 expression in sham and MI mice. e Quantitative analysis of MDA level in sham and MI mice. f Quantitative analysis of GSH in sham and MI mice. g,
h Representative western blotting images and quantitative analysis of GPX4 expression in sham and MI mice. i, j Representative immunohistochemical
images and quantitative analysis of 4-HNE expression in sham and MI mice. Scale bar =30 um. N=6 each group. Data are expressed as Mean + SEM

hypoxia-induced iron overload in and around cardiomy-
ocytes. Iron overload induced ferroptosis by triggering
oxidative stress. As shown in Fig. 3d-f, hypoxia treatment
significantly elevated the MDA and cellular ROS levels,
both of which are indicators of oxidative stress. Contrast-
ingly, the level of GSH, a crucial antioxidant enzyme, was
significantly decreased (Fig. 3g). Moreover, decreased
GPX4 combined with increased cell death are strong
indicators of ferroptosis. As shown in Fig. 3h-l, GPX4
suppression, extensive LDH release and deceased overall
cell survival were observed in hypoxia-treated NRVCs,
all indicative of ferroptosis induced by iron overload
in NRCVs exposed to hypoxia. Notably, macrophage-
derived EVs significantly ameliorated oxidative stress and
ferroptosis in hypoxia-treated NRCVs, as evidenced by
decreased MDA content (Fig. 3d), reduced ROS levels
(Fig. 3e-f), restored GSH level (Fig. 3g), elevated GPX4
expression (Fig. 3h-i), reduced LDH release (Fig. 3j) and
improved cell survival rates (Fig. 3k-1). These results
demonstrate that macrophage-derived EVs can chelate
and remove excess intracellular and extracellular iron,

thereby protecting cardiomyocytes against iron overload-
induced oxidative stress and ferroptosis.

Macrophage-derived EVs attenuated myocardial injury by

preventing iron overload in post-MI hearts

To validate the in vitro findings, macrophage-derived
EVs or PBS were intramyocardially injected into mice
immediately after LAD ligation, and mice were subjected
to iron metabolism and cardiac function detection 24 h
post operation (Fig. 4a). As shown in Fig. 4b-c, the iron
levels of both serum and myocardium were increased
post MI, which was consistent with our in vitro results.
Meanwhile, the levels of transferrin and FTH1 were also
significantly increased in the heart post MI (Fig. 4d-e).
Injection of EVs reduced serum and cardiac iron levels
and iron-binding protein expression in mice post-MI
(Fig. 4b-e), demonstrating the ability of macrophage-
derived EVs to alleviate iron overload in vivo. Moreover,
indicators of oxidative stress and ferroptosis induced by
MI were reversed by EV administration, as evidenced
by decreased MDA content (Fig. 4f), reduced DHE
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fluorescence density (Fig. 4g), restored GSH expression
(Fig.S2a), increased GPX4 expression (Fig. 4h-i) and
reduced 4-HNE levels (Fig. 4j). Finally, we evaluated the
effect of macrophage-derived EVs on salvaging ischemic
myocardium and improving cardiac function. TTC stain-
ing illustrated that EV treatment significantly decreased
the percentage of infarcted myocardium (Fig. 4k-1). Addi-
tionally, echocardiographic results showed restored car-
diac function in EV-treated post-MI mice, as indicated by
increased LVEF and LVFS compared with those injected
with PBS (Fig. 4m-o). The enlarged right ventricle post
MI was also mitigated by EV treatment, as evidenced
by decreased LVESV and LVEDV (Fig.S2 b-c). To avoid
the potential interference of the cardioprotective effect
of isoflurane on ischemia myocardium [16, 17], mice
were also anesthetized with pentobarbital sodium. Echo-
cardiographic results demonstrated that macrophages
derived EVs showed reliable effect in improving cardiac
function of MI mice regardless of the anesthetics type
(Fig.S2 d-f). Furthermore, MI-induced elevation of myo-
cardial injury biomarkers, including CK, CKMB, LDH
and LDH1, was reversed by EVs injection (Fig. 4p-q, Fig.
S2g-h). These data confirmed the in vivo capacity of mac-
rophage-derived EVs in mitigating cardiac iron overload
and related cardiac injury, identifying them as a highly
promising candidate for endogenous biological iron che-
lation therapy after MI.

In addition, to investigate whether intravenous injec-
tion of EVs would achieve the therapeutic effect identi-
cal to intramyocardial injection, mice were injected with

macrophage-derived EVs via the tail vein immediately
after LAD ligation. Considering the non-cardiac unspe-
cific uptake of EVs, mice with intravenous administration
were injected with same amount (60—-80uL each mouse)
or higher amount (120-150puL each mouse) of EVs. As
shown in Fig.S3, intravenous administration of EVs could
not mitigate the cardiac function impairment in post-MI
mice even at a higher dosage, as evidenced by compa-
rable function indicators between MI+PBS group and
intravenous injection group (Fig.S3 a-c). These data sug-
gested that intravenous injection of EVs was not a viable
option to protect against cardiac injury.

TfR was responsible for the iron-chelating capacity of
macrophage-derived EVs

To elucidate the mechanism by which macrophage-
derived EVs captured iron and alleviated cardiac iron
overload, we examined whether EVs preferred protein-
bound or labile iron. The iron in biological samples was
categorized into protein-bound iron and labile iron. EVs
were co-incubated with solution of iron ions (20puM).
Interestingly, EV incubation failed to remove iron from
the solution of iron ions (Fig. 5a), indicating that the
iron-binding capacity of EVs relied on iron-binding pro-
teins. Considering the wide distribution of receptors for
iron-binding proteins on the surface of macrophages,
we speculated that EVs could also inherit one or more
receptors from macrophages. Hence, we performed mass
spectrometry analysis on macrophage-derived EVs and
results revealed the presence of TfR, a critical receptor
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for transferrin-mediated cellular iron uptake, on macro-
phage-derived EVs. Western blotting and immunogold
staining confirmed the presence and enrichment of TfR
on macrophage-derived EVs (Fig. 5b-c).

Next, we investigated the origin of TfR on the sur-
face of EVs by transfecting macrophages with a plasmid
expressing EGFP-labelled TfR. Fluorescence intensity
was significantly increased in the culture medium of TfR-
EGFP plasmid-transfected macrophages compared to
those transfected with an empty EGFP plasmid. (Fig. 5e).
Moreover, EVs released by TfR-EGFG plasmid-trans-
fected macrophages exhibited significant enrichment
of EGFP fluorescence (Fig. 5f-g), suggesting that EGFP-
labelled TfR was secreted by macrophages in the form of
EVs. Furthermore, we constructed a plasmid expressing

mCherry labelled transferrin to confirm whether mac-
rophage-derived EVs could bind transferrin. The experi-
mental design is illustrated in Fig. 5h. Briefly, lysate of
cells transfected with transferrin-mCherry plasmid or
empty-mCherry plasmid were collected and EVs with
TfR-EGFP were incubated with either lysate. As shown
in Fig. 5i, the mCherry fluorescence intensity of EVs
incubated with transferrin-mCherry lysate was signifi-
cantly increased compared to EVs incubated with empty-
mCherry lysate, demonstrating the TfR on the surface of
EVs could bind to transferrin. To further determine the
biological function of the TfR-transferrin binding, we
determined the transferrin level in myocardium lysate,
serum, cardiomyocyte lysate and cardiomyocyte culture
medium post incubation with EVs or PBS. Compared to
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PBS incubation, EV incubation significantly reduced the
transferrin level in all these samples (Fig. 5j-m), illustrat-
ing that the macrophage-derived EVs could capture and
remove excess transferrin by binding with it. Collectively,
these results demonstrated that the interaction between
EV-resident TfR and transferrin provides a molecu-
lar basis for the iron chelating capacity of macrophage-
derived EVs, thereby alleviating iron overload.

EVs released by TfR-deficient macrophages lost their iron-

chelating capacity and cardiac protective effect against Ml

To further confirm the essential role of TfR in the car-
dioprotective effect of macrophage-derived EVs, we con-
structed small interfering RNA targeting TfR (siTfR) and
transfected it into macrophages. As shown in Fig. 6a,
transfection of siTfR significantly reduced TfR expression

in macrophages. Moreover, the knockdown of TfR in
macrophages resulted in a deficiency of TfR in macro-
phage-derived EVs (Fig. 6a). Then, EVs released by mac-
rophages transfected with negative control (EVs-siNC)
or si-TfR (EVs-siTfR) were collected and intramyocardi-
ally injected into post-MI hearts. Similar to our in vivo
results of normal macrophage-derived EVs, the injec-
tion of EVs-siNC alleviated MI-induced iron overload
in the serum and myocardium (Fig. 6b-c). However, this
iron-chelating effect was lost in mice injected with EVs-
siTfR, as evidenced by comparable iron levels in serum
and myocardium between mice injected with PBS and
EVs-siTfR (Fig. 6b-c). Further detection of iron-binding
protein also revealed that EV-siTfR failed in suppress-
ing the upregulation of iron-binding proteins induced
by MI (Fig. 6d-e), suggesting that TfR was essential for
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Fig. 6 EVs released by macrophages with TfR deficiency exhibited reduced cardiac protective effect against MI. a Representative western blotting im-
ages of TfR expression in macrophages transfected with siTfR and EVs released by such macrophages. b Quantitative analysis of serum iron level of
mice. ¢ Quantitative analysis of cardiac iron level of mice. d, e Representative western blotting images and quantitative analysis of transferrin and FTH1
expression in hearts of mice. f Quantitative analysis of MDA level of mice. g Representative DHE staining images of hearts of mice. Scale bar =50 um. h,
i Representative western blotting images and quantitative analysis of GPX4 expression in hearts of mice. j Representative immunohistochemical images
of 4-HNE expression in hearts of mice. Scale bar =50 um. k, | Representative TTC staining images and quantitative analysis of infarcted area of hearts. m
Representative M-mode echocardiography images. n, o Quantitative analysis of LVEF and LVFS. p, q Quantitative analysis of serum CKMB and LDH1 in

mice. N=6 each group. Data are expressed as Mean + SEM

the ability of macrophage-derived EVs in chelating iron
and preventing iron overload. Moreover, EVs-siTfR also
failed to protect against MI-induced oxidative stress and
cardiomyocytes ferroptosis, as indicated by no significant
difference in indicators such as MDA levels (Fig. 6f), DHE
fluorescence density (Fig. 6g), GPX4 expression (Fig. 6h-
i) and 4-HNE levels (Fig. 6j) between mice injected with
PBS and EVs-siTfR. Cardiac infarcted size and cardiac
function were further determined. TTC staining revealed
that injection of EVs-siNC significantly reduced the per-
centage of TTC-negative area in post-MI mice, which was
abolished in MI mice injected with EVs-siTfR (Fig. 6k-1).
Additionally, echocardiographic results demonstrated
that EVs-siTfR treatment could not mitigate the cardiac
function impairment in post-MI mice, as evidenced by
comparable function indicators including LVEF, LVES,
LVESV and LVEDV between mice injected with PBS and
EVs-siTfR (Fig. 6m-o and Fig.S4a-b). Besides, the exces-
sively elevated myocardial injury markers, including CK,
CKMB, LDH and LDH]1, showed no significant reduction
after the administration of EVs-siTfR (Fig. 6p-q and Fig.
S4c-d). Collectively, these results demonstrated that EVs
released by TfR-deficient macrophages could not allevi-
ate cardiac iron overload, relieve ferroptosis and restore
cardiac function, highlighting the indispensable role of
TfR on macrophage-derived EVs in their protective effect
against MI-induced myocardial injury.

Iron-chelating EVs were captured and further processed by
macrophages in the liver

To further identify the temporal and spatial distribution
of macrophages derived EVs post intramyocardial injec-
tion and iron chelation, we labelled EVs with fluorescent
dye Dil and then performed in vivo imaging and immu-
nofluorescence detection. As shown in Fig. 7a, the Dil
signal maintained at a high level in heart for 3 h post
injection, and gradually reduced and nearly disappeared
until 6 h post injection. Further immunofluorescence
results demonstrated that the majority of Dil labelled
EVs were present in extracellular space of the heart (Fig.
S5a, indicated by solid arrow), while a small fraction of
EVs were captured by cardiomyocytes (labelled by ¢cTnT),
fibroblasts (labelled by aSMA), and endothelial cells
(labelled by CD31) (Fig.S5a, indicated by dotted arrow).
Then we investigated which organ was responsible for
processing the iron-chelating EVs released from the

heart. In vivo imaging results showed that the Dil-fluo-
rescent signal was significantly enriched in the liver (Fig.
S5b), while other organs, including spleen, skeletal mus-
cle, lung and kidney, showed a minimal fluorescent signal
24 h post the EVs injection (Fig.S5b). Further immuno-
fluorescence detection also revealed that Dil signals were
present in the liver of mice intramyocardially injected
with Dil-labelled EVs (Fig.S5c). Next, we detected time-
dependent change of Dil-fluorescent signal in the liver.
As shown in Fig. 7b, the Dil fluorescence signal in the
liver tissue reached its peak 6 h after intramyocardial EVs
injection. The increase of fluorescent signal in liver was
coordinated with the decrease of that in heart, indicating
that the iron-chelating EVs released from myocardium
were further processed by the liver. Moreover, when
compared to MI mice injected with PBS, administration
of macrophages derived EVs increased the iron content in
the liver (Fig. 7c), further suggesting the liver as the main
target organ for EV processing. Finally, we elucidate the
specific liver-resident cell in charge of processing iron-
chelating EVs. As shown in Fig. 7d, fluorescence staining
showed that EVs (labelled by Dil, red) exhibited co-local-
ization with macrophages (labelled by F4/801, green).
These results demonstrated that liver-resident macro-
phages were the primary cell type involved in capturing
and processing iron-chelating EVs in post-MI mice.

Discussion

In this study, we identified macrophage-derived EVs as
a novel endogenous biological chelator for excess iron
(Fig. 8). The application of macrophage-derived EVs in
hypoxic cardiomyocytes and post-MI hearts showed
significant effects in preventing oxidative stress and fer-
roptosis induced by iron overload. Moreover, we also
identified TfR on EVs as the key player responsible for
binding with transferrin and removing protein-bound
iron. EVs with TfR deficiency lost their iron-chelating
capacity and cardioprotective effect in post-MI hearts.
Additionally, we discovered that iron-chelating EVs were
ultimately captured and processed by macrophages in
the liver. Our work provides in vitro and in vivo evidence
for macrophage-derived EVs as a powerful endogenous
tool for iron chelation therapy, which reveals a novel and
promising therapeutic approach for protecting against
iron overload-induced injury in the pathogenesis of MI
and other cardiovascular diseases.
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Fig. 7 Macrophages-derived EVs were captured by macrophages in liver. a Representative live imaging results of distribution of Dil-labeled EVs in the
heart. b Representative live imaging results of distribution of Dil-labeled EVs in the liver. ¢ Quantitative analysis of liver iron level of mice. d Representative
fluorescent images of the liver. EVs were labeled with Dil and macrophages were labeled with F4/80. Scale bar =50 um
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Fig. 8 Schematic figure illustrating the mechanism underlying the therapeutic effect of macrophage-derived EVs on MI. Myocardial iron overload,
cardiomyocytes ferroptosis, and cardiac function impairment were detected in the hearts post MI, which contributed to the poor prognosis of MI. This
work identified that macrophage-derived EVs exhibited protective effect on reducing myocardial iron overload, alleviating cardiomyocytes ferroptosis,
and improving cardiac function post MI. Mechanistically, TfR on macrophage-derived EVs was the key player responsible for binding with transferrin and
removing protein-bound iron. These iron-chelating EVs were ultimately captured and processed by macrophages in the liver

Many studies have reported the existence of iron over-
load in ischemic myocardium. Using cardiac magnetic
resonance imaging, researchers observed the iron depo-
sition in the myocardium of patients with ST-elevation
myocardial infarction (STEMI), both at the early stage
(within a week) and the late stage (approximately 5-6
months) post STEMI [2, 6]. Animal experiments fur-
ther demonstrated that both labile and protein-bound
iron exhibited a significant increase in infarcted hearts,
accompanied by a significant upregulation of proteins
responsible for iron binding, including ferritin light chain
(FLC), FTH1 and haemoglobin [18]. In this study, we also
observed an increase in the total iron and the upregula-
tion of FTH1 in MI hearts. Besides, we also confirmed
that transferrin, another iron-binding protein, was
increased post MI. These findings suggested that multiple

forms of iron are deposited in the heart during the devel-
opment of MI, with protein-bound iron accounting for a
significant portion. Under normal conditions, transferrin
binding of iron maintains an extremely low concentra-
tion of free iron, thus avoiding free-iron-induced oxida-
tive damage. However, during cardiac ischemia, iron
released by ruptured and damaged cardiomyocytes are
further oxidized by ceruloplasmin and bound to trans-
ferrin [19, 20], leading to the deposition of both free iron
and protein-bound iron. Our study further demonstrated
that the removal of transferrin-bound iron by EVs could
significantly prevent MI-induced iron overload and pro-
tect against cardiac injury, indicating the detrimental
role of excess transferrin-bound iron in the pathogenesis
of ML Although free iron (non-transferrin-bound iron)
has been considered to be harmful, our study revealed
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that the deposition of transferrin-bound iron in a locally
injured organ has deleterious effects.

Macrophages not only regulate iron metabolism but
also play a crucial role in regulating post-MI inflamma-
tion. Studies report that pro-inflammatory macrophages
dominate the early stage after MI, triggering inflamma-
tory damage, while the proliferation of anti-inflamma-
tory macrophages drives post-MI repair and long-term
ventricular remodelling at the late stage [21]. Moreover,
it is well-established that the early activation of macro-
phages after MI would exacerbate tissue damage and lead
to the expansion of the infraction area [22], highlighting
that macrophages play a negative role in the early-stage
post MIL. However, our study discovered that the admin-
istration of EVs released by macrophages, which were not
polarised, exerted remarkable iron sequestering capacity
and cardioprotective effect in the early phase post ML
Furthermore, a previous study reported that EVs released
by macrophages post-bacterial infection, which might
exhibit a proinflammatory phenotype, also possessed
iron sequestering capacity [10]. These results suggest that
the cardioprotective iron sequestering mechanism might
exist in the macrophages during the early-stage post MI
but can be overridden by the proinflammatory adverse
role. Moreover, we discovered that liver-resident mac-
rophages were also involved in iron handling after MI
injury, wherein intramyocardial iron-chelated EVs were
further captured and processed by liver-resident macro-
phages. Hepatocellular iron uptake is an important deter-
minant of the overall iron homeostasis of the organism.
Considering the primary role of the liver in systematic
iron regulation, we speculated that liver-recycled iron
was further processed and re-entered the iron cycling.
Collectively, our study revealed a macrophage-based
endogenous mechanism governing the cross-organ iron
transport, which is important to maintain iron homeo-
stasis when encountering acute local iron overload.

Furthermore, we discovered that the iron-chelating
capacity of macrophage-derived EVs relies on the TfR
on their surface. Through the interaction of ligands
and receptors, EV-resident TfR was able to capture and
remove the transferrin-bound iron in serum and isch-
emia myocardium. Conversely, TfR-deficient EVs lost
their capacity to decrease cardiac iron levels and mitigate
ischemia myocardial injury. Previous studies have dem-
onstrated that EVs play a role in cell-cell or cell-extracel-
lular space communication by delivering vesicle content,
including proteins, nucleic acid or even organelles. Our
study provides visible evidence that the protein on the
surface of macrophage-derived EVs, specifically the
receptor protein TfR, plays a crucial role in their function
rather than the vesicle content. In the last decade, EVs,
especially exosomes, were artificially modified to deliver
their content to target organs or cells, wherein EVs
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acquired additional functions. The artificially modified
EVs serve as a potential intervention strategy for targeted
therapy of many diseases. Alternatively, our findings
regarding macrophage-derived EVs inspired a novel
optional strategy for EV modification. By assembling dif-
ferent receptors or ligands on their surface, EVs can act
as a carrier and acquire the bioactivity of target proteins.
Taken together, our study revealed a novel mechanism
by which EVs perform their function, suggesting that the
surface of EVs has the potential for modification. Consid-
ering the important role of macrophages in iron metab-
olism regulation, macrophage was chosen as the source
of EVs in the present study. Other cell types including
adipose-derived mesenchymal stem cells (ADSCs) and
HEK293T cells, which was recently frequently used for
EVs collection, might be also suitable candidate for EVs
collection after appropriate modification.

Despite the important insights, this study has certain
limitations. For instance, the relationship between the
levels of TfR in macrophages and EVs is still unclear. As
we have demonstrated that TfR deletion in macrophages
could significantly decrease the level of EV-resident TfR,
it would be more compelling to see an elevated EV-res-
ident TfR level after TfR overexpression on their parent
cells. Moreover, in this study, the macrophage-derived
EVs were intramyocardially injected, which limits its clin-
ical applicability. Notably, tail vein injection of biologi-
cal agents targeting the heart was reported to have good
efficacy in protecting against multiple cardiac diseases.
Therefore, strategies are required to improve the cardiac
direction of macrophage-derived EVs.

Conclusion

In conclusion, we discovered that macrophages-derived
EVs were an effective and novel endogenous iron chelat-
ing therapy. Administration of macrophages-derived EVs
significantly alleviated MI-induced iron overload, fer-
roptosis, and cardiac function impairment. Moreover, we
illustrated that the TfR, which was inherited from macro-
phages to the surface of EVs, interacted with transferrin
and removed excess transferrin-bound iron, fostering the
cardioprotective effect of macrophages-derived EVs. In
summary, our work identified a novel mechanism of EVs
function, which provides a promising therapeutic candi-
date for treating iron overload-induced injury in MI and
other diseases.
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