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ABSTRACT

Objective: To evaluate whether M2 macrophage-derived 
exosomes protect against MI/R injury and reveal the protec-
tive mechanism of exosomes [Kourembanas 2015].

Methods: I/R model injury was induced by temporary left 
anterior descending coronary artery occlusion in Sprague-
Dawley (SD) rats, macrophages isolated from bone marrow-
derived macrophages (BMDMs) were induced to M2 polar-
ization, and H9C2 cells subjected to hypoxia/reperfusion 
(H/R) were used to establish an in vitro model. I/R-induced 
rats and H/R-induced H9C2 cells were treated with M2-exos 
in vivo and in vitro, respectively. Masson staining was per-
formed to observe myocardial fibrosis in rats. Immunohis-
tochemical (IHC) staining of myocardial tissues showed the 
expression of NLRP3 inflammasome activation and pyrolysis. 
Exosomes derived from IL-4-treated macrophages (M2-exos) 
were detected by transmission electron microscopy (TEM), 
nanoparticle tracking analysis (NTA) and western bolt. West-
ern bolt was performed to determine the protein level, includ-
ing NLRP3, pro-caspase-1, cleaved caspase-1, pro-IL-1β, 
cleaved IL-1β, gasdermin D (GSDMD), and N-terminus of 
gasdermin D (GSDMD-N).

Results: Activity of NLRP3 inflammasome and existence 
of pyroptosis in the rats subjected to MI/R were significantly 
higher than those in the control (P < 0.05). Moreover, we 
confirmed the accumulation of ROS during I/R injury in 
cardiomyocytes. M2-exos protected against I/R injury and 
reduced activity of NLRP3 inflammasome and existence of 
pyroptosis, accompanied with attenuating oxidative stress. In 
vitro studies showed similar effects, H9c2 cells co-cultured 
with M2-exos could attenuated H/R-induced cell injury, 
while M2-exos suppressed the expression of NLRP3 inflam-
masome and pyroptosis (P < 0.05).

Conclusion: MI/R leads to NLRP3 inflammasome and 
pyroptosis. M2-exos protect against I/R injury in a NLRP3-
GSDMD-dependent manner.

INTRODUCTION

Acute myocardial infarction (AMI) is one of the leading 
global causes of morbidity and mortality [Anderson 2017]. 
Restoration of perfusion, including thrombolytic therapy, 
percutaneous coronary intervention (PCI) and coronary 
artery bypass graft (CABG) surgery after AMI, is the most 
frequent and effective medical treatment, but the process 
may inflict massive ischemia/reperfusion (I/R) injury [Merz 
2019]. I/R injury can induce the death of cardiac fibrosis or 
even cardiomyocytes and is estimated to occur in up to 60% 
of patients [Moon 2020]. The pathogenesis of MI/R, which 
involves many signaling pathways, is multi-faceted and com-
plicated, including oxidative stress, pyroptosis, and proin-
flammatory programmed cell death. An effective alternative 
therapy urgently is required for the reperfusion period and 
the development of new treatment for attenuating oxidative 
stress, mitigation of an inflammatory response, and alleviat-
ing cellular damage.

Macrophages, as central players of the inflammatory 
response in the heart, play an important role on repair and 
remodeling of the infarcted heart by regulating the delicate 
balance between pro-inflammatory reactions and the sup-
pression of inflammation [Frangogiannis 2015; van der Vorst 
2019; Jung 2018]. As a key component of innate immunity, 
macrophages can be detected in the heart microenvironment 
time after infarction. According to their polarization state, 
macrophages are categorized into two main subtypes: classi-
cally activated macrophages (M1), also referred to as ‘killer’ 
macrophages, and alternatively activated macrophages (M2), 
also referred to as “repair” macrophage [Grivennikov 2010; 
Sica 2008]. It is well known that M2 macrophages mediate 
the resolution of inflammation and promote injured tissue 
repair/remodeling [Cheng 2018; Ma 2018; Martinez 2014]. 
As effective functioning of macrophages in a cardiac micro-
environment could be the result of interactions between mac-
rophages and other types of immune cells as well as additional 
cell types, there is an urgent need to conduct a more in-depth 
exploration of interaction network construction.
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Exosomes are small membrane vesicles, ranging from 
30-150 nm ubiquitously present in nearly all body fluid 
[Zhang 2019; Xu 2018]. Exosomes transfer plenty of types 
of nucleic acids and proteins to recipient cell as mediators of 
intercellular communication [Denzer 2000]. Previous study 
has reported that exosomes play a critical role in cardio-
protection, including the regeneration and reconstruction 
of blood vessels and alleviation of the inflammatory response 
[Teng 2015]. Recent studies have revealed that macrophages 
-derived exosomes constitute a large proportion of circulating 
microvesicles in blood [McDonald 2014], which involved in 
the progression in various diseases [Xiong 2020]. So far, how-
ever, there has been little discussion about whether M2-exos 
have an effect on repair and remodeling of the infarcted heart 
following I/R.

Recent studies have revealed that NLRP3-related pyrop-
tosis plays an important role in MI/R injury [An 2019]. Accu-
mulation of NLRP3 inflammasomes always has been consid-
ered an important catalyst for pyroptosis. I/R can result in 
the activation of NLRP3 inflammasome, briefly, NOD-like 
receptors located in the cytoplasm can recruit pro-Caspase-1 
in the cell directly or through ASC to form a multi-protein 
complex. As the local concentration of pro-Caspase-1 is ele-
vated, self-shearing occurs to generate activated Caspase-1, 
which in turn cleaves the Gasdermin D into GSDMD N ter-
minus [Liu 2016; Shi 2014]. The gasdermin pores, formed by 
the previously cleaved GSDMD N terminus, lead to release 
of mature IL-1β which results in cell membrane swelling, 
rupture and typically a type of necrotic cell death [Ding 
2016]; this process is defined as pyroptosis classical activa-
tion. Pyroptosis, newly discovered pattern of programmed 
cell death, occurs in a variety of tissues. Moreover, pyrop-
tosis not only leads to cell death, but it also induces exces-
sive inflammatory damage [Wang 2021]. However, whether 
M2-exos protect against MI/R injury in a NLRP3-GSDMD-
dependent manner remains largely understudied.

In the present study, we demonstrated the existence of 
NLRP3 inflammasomes and pyroptosis during MI/R injury. 
Additionally, the aim of this study was to reveal the protec-
tive effect of M2-exos that occurs during MI/R injury and to 
elucidate the underlying mechanism.

MATERIALS AND METHODS

Animals and experimental groups: Experiments were 
performed on 8-week-old Sprague-Dawley rats (240-250 
g; Vitalriver Co.; Beijing, China). The rats were raised in 
an animal facility at a constant temperature of 25±5°C and 
relative humidity of 70%±20% with a 12 h light/dark cycle. 
All animal procedures undertaken in this study were strictly 
according to the Animal Care Committee of the Shandong 
Qianfoshan Hospital, Cheeloo College of Medicine, Shan-
dong University. Rats were acclimatized for 7 days in their 
new environment before initiation of the experiment.

The rat MI/R model was established as previously 
described [Xue 2016; Liu 2013]. In short, all rats were anes-
thetized with intraperitoneal 3% 1 ml/kg pentobarbital 

sodium after weighed individually, and then mechanically 
ventilated with a rodent ventilator (RWD Life Science, Shen-
zhen, China). Subcutaneous needle electrodes were placed 
and electrocardiogram (ECG) was continuously monitored 
and recorded during the experiment. Following the skin inci-
sion, the heart was exposed after pericardiotomy through a 
left-sided thoracotomy in the fourth intercostal space. MI/R 
model was induced by ligation of the left anterior descending 
coronary artery (LAD) for 30 min and then reperfused for 2 
h. The control groups were subjected to the same procedures 
but without LAD ligation.

The successful establishment of myocardial ischemia 
are as follows: An ischemic ECG was defined as a widened 
QRS complex, elevation of the ST segment, height and 
pointed of T wave, as well as the apical and anterior wall 
of the left ventricle (LV) turned pale with abnormalities in 
regional ventricular wall motion. The successful reperfusion 
of myocardial ischemia is defined as the color changing from 
pale to red in the apex and anterior wall of the left ventricle, 
and ECG showing a ventricular arrhythmia and a decline in 
ST-segment.

In vivo experiment, to verify whether exosomes can be 
absorbed by myocardial tissues, exosomes were labeled with 
DiR dye and injected into rats via the tail vein. The rats in the 
control group were injected with an equal amount of PBS. 
Myocardial tissues were removed, and DiR dye signals were 
quantified after injection, then, images were observed by fluo-
rescence microscopy.

Experimental design – Three independent experiments 
were performed

Protocol 1: M2 polarization of primary macrophages 
isolated from bone marrow of SD rats via IL-4 treatment, 
which immunophenotypic characterization was performed 
by flow cytometry and qRT-PCR. Exosomes isolated from 
M2 macrophages identified using TEM, NTA and Western 
blotting assay.

Protocol 2: Exosomes were utilized for vivo experiments. 
N rats were randomized into the following four groups (N = 
30 in each): control, MI, MI+PBS, and MI+exos. MI models 
were established as previously described. Experiments were 
designed to evaluate activation of NLRP3 inflammasome and 
pyroptosis of myocardial tissues. The plasma and heart tissues 
were collected and used for Western blotting, immunohisto-
chemistry, immunofluorescent and ELISA.

Protocol 3: Exosomes were utilized for vitro experiments. 
Cell lines were randomly divided into 4 groups: control 
group, MI group, MI+PBS, MI+exos. Cells were subjected to 
establishment of hypoxia-reoxygenation model. In this pro-
tocol, CCK-8 assay, TUNEL assay, Caspase-1 activity assay, 
LDH release assay, immunofluorescent, Western blot and 
qRT-PCR were performed.

BMDMs preparation and polarization: We obtained 
BMDMs from bone marrow cells from the femur and tibia of 
SD rats. The primary macrophages cells were resuspended in 
RPMI medium supplemented with 10% heat-inactivated fetal 
bovine serum (FBS, Invitrogen, Carlsbad, CA, USA), 1%(v/v) 
penicillin/streptomycin (Gibco, Thermo Fisher Scientific, 
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Inc.). To induce the polarization of macrophages, macro-
phages were treated with 20 ng/mL of IL-4 (Rocky Hill, NJ, 
USA). After the 24 h polarization, the supernatant was col-
lected for further analysis.

Cell culture and Hypoxia-Reoxygenation Model (H/R): 
H9c2 embryonic rat cardioblastic cells, purchased from 
Wuhan Pu-nuo-sai Life Technology Co. Ltd. (Wuhan, 
China), were incubated in DMEM (Invitrogen, Thermo 
Fisher Scientific, Inc.) filled with 10% FBS, 1%(v/v) penicil-
lin/streptomycin and 2mM glutamine in an atmosphere with 
5% CO2 at 37°C. H9c2 cells were exposed to H/R to mimic 
an ischemic-like microenvironment in vitro. H9c2 cells were 
cultured in serum-free and glucose-free medium, incubated 
at 37°C in an anaerobic glove box (MBRAUN, Garching, 
Germany) gassed with 95% N2 and 5% CO2 at 37°C lasted 
for 6 h. Then H9c2 cells were removed to the regular incu-
bator with the medium replaced by fresh complete culture 
medium for 12 h to simulated reperfusion.

Isolation and identification of cellular exosomes: Exo-
somes were isolated from 500 μL of plasma using the exoEasy 
Maxi Kit (Qiagen, Hilden, Germany), following the manu-
facturer's instructions. Briefly, plasma samples were used 
pre-filtered with 0.8-μm filter to remove cells and cell debris, 
followed by mixing with the same volume of XBP buffer, the 
mixture was added to the exoEasy centrifugal column and 
centrifuged. The bound exosomes were washed with XWP 
buffer through a centrifuged, then was eluted used XE buffer. 
Final exosomes were dissolved in PBS and stored at −80°C 
until analysis. Transmission electron microscopy (TEM, Hit-
achi HT-7800, Japan), nanoparticle tracking analysis (NTA, 
NanoSight, Amesbury, UK) were used to observe the isolated 
exosomes. The expression of the typical exosomal markers 
CD63, TSG101 was detected by Western blot.

Exosome uptake assay: Exosomal suspension and 
PKH67 dye diluted 1:1000 was mixed and incubated at 37°C 
for 15 min and protected from light. The PKH67-labeled 
exosomes preparation was completed after ultracentrifuga-
tion at 120,000xg for 70 min. The PKH67-labeled exosomes 
were cocultured with H9c2 cells for 30 min after being 
washed with PBS. Treated H9C2 cells were fixed using 4% 
paraformaldehyde for 15 min, nuclei were counterstained 
with DAPI (1:500, Invitrogen, Carlsbad, CA, USA). Images 
were acquired using confocal microscopy at 6 h, 12h and 24 h.

Masson trichrome staining and infarct size measure-
ments: Masson’s trichrome staining was performed with the 
Masson Stain Kit (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) following standard protocols. Hearts 
were removed from the chest cavity and sliced into 3 trans-
verse sections along the top and bottom edges of the infarc-
tion. The mesial-most myocardial tissues were fixed in 10% 
formalin for 24 hours and processed in paraffin and embed-
ded. The sections were cut into 10μm appropriate thickness 
followed by Masson trichrome staining. Infarct size (%) was 
calculated as mean percentage of the endocardial+ epicardial 
circumferences of infarcted area versus the total endocardial+ 
epicardial circumferences of LV.

Immunohistochemistry: Apical halves from par-
tially resected LV were collected and washed in PBS for 

immunohistochemistry analysis. Tissue samples were fixed 
in 10% formaldehyde, dehydrated, and embedded in paraf-
fin. The sections were cut into 5 μm then incubated with the 
primary antibodies for NLRP3 antibody (1:100; CST, USA), 
Caspase-1 antibody (1:100; NOVUS, USA), IL-1β antibody 
(1:100; Abcam, USA), and GSDMD antibody (1:100; Abcam, 
USA) overnight at 4°C. After three washes with PBS, tissue 
samples were incubated with secondary antibody for a horse-
radish peroxidase-labeled anti-rabbit/mouse IgG (1:1000, 
Sigma Aldrich, USA) for 2 hours. The tissue samples were 
observed using a microscope (IX71, Olympus, Tokyo, Japan), 
and five visual fields were randomly taken for taking photos, 
the results of which were determined with ImageJ analysis 
software (MediaCybernetics, Inc., Bethesda, MD, USA). The 
average percentage of positive cells in each specimen was 
obtained from five random visual fields.

Determination of reactive oxygen species (ROS): The 
ROS in myocardial tissues level were performed by the dihy-
droethidium (D11347, Thermo Fisher Scientific, Waltham, 
MA, USA) staining following the manufacturer’s instructions. 
After collection, tissues were rinsed in cold (4°C) PBS and 
frozen in embedded in OCT (Tissue-Tek) at -80°C. The LV 
myocardium was cut into 10-µm-thick sections in a cryostat, 
which was incubated with 10μL of DHE probefor 30 min at 
37°C in the dark. Fluorescence images were examined under 
a confocal microscope (BX53; Olympus Optical, Tokyo, 
Japan). The fluorescent density in the cardiomyocytes within 
five random optical sections was determined with ImageJ 
analysis software.

The intracellular ROS was measured using dichlorodi-
hydro-fluorescein diacetate (DCFH-DA, Molecular Probes, 
Life Technologies, Invitrogen, Eugene, OR, USA), according 
to the manufacturer’s protocol. The cells in each group were 
incubated in 5μM DCFH-DA at 37°C for 20 min. The intra-
cellular ROS was captured by confocal microscope equipped 
with UltraVIEW VoX Confocal Imaging System (Perki-
nElmer, Wellesley, MA) at excitation wavelength of 485 nm 
and emission wavelength of 530 nm.

Flow cytometry: Stimulated cells were collected and 
incubated with rabbit anti-CD206 (ab64693, Abcam, USA) 
at 4°C for 30 min. After washing with PBS twice, cells were 
analyzed using flow cytometry (Beckman Coulter Cytoflex; 
Beckman, USA), then data were analyzed with FlowJo soft-
ware (FlowJo, Ashland, OR, USA).

Cell viability assay: Cell viability assay was evaluated 
through Cell Counting Kit-8 (CCK-8). According to exper-
imental setting, 3000 cells per well were seeded in 96 well 
plates and were incubated with 10 μl CCK8 solution for 
2 hours at 37°C. The absorbance at 450 nm was detected with 
a microplate reader (Thermo Scientific, USA).

Measurement of lactate dehydrogenase (LDH) 
release: The LDH release was measured by the colorimetric 
assay, cells belonging to different experimental groups were 
seeded in 96-well plates, incubated at 37°C for 24 h. After 
centrifugation, 120 μl cell supernatant was added to a new 
96-well plate added 60 μL of LDH detection work solution 
per well of a 96-well plate. The absorbance was read at 490 
nm detected with a microplate fluorescence reader (Synergy 



M2 Macrophage-Derived Exosomes Regulate Myocardial Ischemia-Reperfusion And Pyroptosis Via ROS/NLRP3 Pathway – Hu et al

E701© 2022 Forum Multimedia Publishing, LLC

H1 microplate reader, BioTek, Winooski, VT, USA).
Caspase-1 Activity Assays: The activity of Caspase-1 

from cell lysates was determined using a commercial Cas-
pase-1 Activity Assay Kit (C1101, Beyotime Biotechnology, 
Shanghai, China). Cell lysates were incubated with 5 μL of 
acetyl-Tyr-Val-Ala-Asp p-nitroaniline (Ac-YVAD-pNA) at 
37°C for 1h. The absorbance values of p-nitroaniline (pNA) 
were detected at a wavelength of 405 nm using a microplate 
reader, which was to assess the activity of the Caspase-1.

Biochemistry indicators measurement: After reper-
fusion, the arterial blood samples were collected. The level 
of serum creatine kinase-MB (CK-MB) was measured with 
CK-MB isoenzyme assay kits (Roche, Indianapolis, IN, USA) 
and serum LDH by LDH assay kit (Roche, Indianapolis, IN, 
USA), according to the manufacturer’s instructions. The level 
of malondialdehyde (MDA), superoxide dismutase (SOD) was 
measured by enzyme-linked immunosorbent assay (ELISA), 
according to the manufacturer’s instructions. The absorbance 
was measured using a microplate reader (Varioskan® Flash; 
Thermo Fisher Scientifc, Waltham, MA, USA).

Quantitative real-time PCR (qRT-PCR) detection: 
RNAs were extracted using TRIzol reagent (Invitrogen, CA, 
USA) from myocardial tissues. For reverse transcription, a 
PrimeScript™ RT kit (Vazyme Biotech Co., Nanjing, China) 
was used. The following primers were used: GAPDH: forward 
5' -GGTCGGAGTCAACGGATTTGGTCG-3',reverse5'-

CCTCCGACGCCTGCTTCACCAC-3'; Arg1: forward5'-
GGCAGAAGTCAAGAAGAACGGA-3',reverse5'-GTGAG-
CATCCACCCAGATGA-3'; The 2-△△CT method was 
utilized for calculating the relative targeted gene expression.

Western blot analysis: The protein expression in myocar-
dial tissues (N = 10) was assessed by Western blot as previously 
described [He 2018]. In short, RIPA lysis buffer was used to 
extract the total protein, then the proteins were transferred 
onto polyvinylidene difluoride (PVDF) membranes after 
being separated using sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE). The resulting blots were 
blocked with 8% skim milk and incubated with anti-NLRP3 
antibody (1:1000; Cell Signaling Technology, USA), anti-
Caspase1 antibody (1:1000; Proteintech, China), anti-IL-1β 
antibody (1:1000; Abcam, USA), anti-N-terminal of GSDMD 
(1:1000; Abcam, USA), anti-GAPDH rabbit monoclonal 
(1:1000; Cell Signaling Technology, USA) overnight at 4°C. 
Then, the membrane was incubated with horseradish peroxi-
dase-conjugated secondary antibodies (1:10000; Abcam, USA) 
at room temperature for 2 h. Proteins were detected with 
using ECL chromogenic substrate (Millipore, MA, USA).

Statistical analysis: The measurement data are presented 
as mean ± standard deviation (SD). All statistical data were 
analyzed with the SPSS 22.0 (SPSS, Inc. Chicago, IL, USA). 
Two-tailed unpaired Student's t tests and one-way analysis 
of variance (ANOVA) were used for the comparison among 

Figure 1. Isolation and identification of M2 macrophage-derived exosomes. A) Representative flow cytometry plots and summary data showing M2 macro-
phages using CD206 as the markers (N = 4 in each group). B) The relative mRNA expression of arginase 1 (Arg1) was evaluated by reverse-transcriptase 
polymerase chain reaction. C) Observation of exosome morphological characteristics by TEM (scale bar=100 nm). D) Western blot analysis of the expression 
of exosome markers (TSG101, CD63, Calenxin). E) detection of exosome diameter by Nano Sight particle-tracking analysis. The values are shown as mean 
± SEM (N = 6). **P < 0.01 vs. the M0 group; the experiment was repeated three times.
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the two and three groups, respectively. The figure was made 
by GraphPad Prism 8.0 (GraphPad Software, USA). All tests 
were two-sided, and P < 0.05 was considered to be statisti-
cally different.

RESULTS

Identification of polarized BMDMs and exosomes: We 
cultured BMDMs from bone marrow precursor cells of SD 
rats with M-CSF, and then treated with LPS to obtain M2 
phenotypes. Polarized M2 macrophages were confirmed by 
examining the expression of CD206, one of typical M2 sur-
face marker, by using flow cytometry (Figure 1A), Western 

blot was performing to observe the expression production of 
arginase 1 (Arg1) (Figure 1B). (Figure 1)

After optimization of the exosome isolation from plasma, 
we verified the successful exosome harvesting through TEM, 
western blot of exosome markers, and NTA. TEM images 
were used to show the size and shape of particles of exosomes 
and revealed that the exosomes had circular-like, bilayer 
membrane vesicle structure (Figure 1C). Western blot anal-
ysis confirmed the low expression of non-exosomal marker 
Calnexin and high levels of specific exosomal membrane 
markers, CD63 and TSG1(Figure 1D). In order to detect the 
size range of cellular exosome diameters NTA was used, and 
it confirmed the average size of the exosomes to be 80-100nm 
(Figure 1E).

Figure 2. A rat model of myocardium ischemia-reperfusion was successfully generated. A) Masson’s trichrome-stained myocardial infarcted sections at 3 days 
after MI in rats, red, myocardium; blue, scarred fibrosis. B) Corresponding ECG. The values are shown as the mean ± SEM (N = 6). The experiment was 
repeated three times

Figure 3. M2-exos protected against cell injury. A) Representative images of DIR-labeled exosomes from rats and DAPI-stained cardiomyocytes. The myo-
cardial injury was evaluated with the serum CK-MB (B) and LDH (C) levels. D) Masson’s trichrome-stained myocardial infarcted sections on the third day, 
following MI in rats. The values are shown as the mean ± SEM (N = 6). ***P < 0.001, **P < 0.01 compared with the control group; #P < 0.05 compared with 
I/R+PBS group. The experiment was repeated three times.
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Figure 4. M2-exos induced activation of the NLRP3, pyroptosis and myocardial oxidative stress in vivo. A) IHC staining of the NLRP3 inflammasome and 
pyroptosis in myocardial tissues. B) ROS production was measured by DHE staining in fresh frozen section of left ventricle. The concentration of MDA (C) 
and SOD (D) in myocardial tissue were detected by ELISA. The values are shown as the mean ± SEM (N = 6). **P < 0.01, *P < 0.05 compared with control 
group. #P < 0.05 compared with I/R＋PBS group. The experiment was repeated three times.
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Model of MI/R injury in rats was established: Model 
of MI/R injury in rats was established for the next research. 
The successful performance of reperfusion was confirmed 
by inspection of color in the apical part of the left ventricle. 
Masson staining was utilized to observe the histopathologi-
cal features of the myocardial tissue of rats with MI/R injury 
(Figure 2A). (Figure 2) Myocardial cells in the sham group 

were intact and arranged in order. However, in the I/R group, 
myocardial cells were disordered and swollen, myofibrils were 
contractured, and sarcolemma was disrupted. Typical ECG 
changes, including decline of the ST-segment and the occur-
rence of reperfusion-induced ventricular premature contrac-
tions (PVC) and ventricular tachycardia (V Tach) (Figure 2B), 
were performed. The data above showed that the model of 

ischemia-reperfusion injury in vitro. A) Uptake of PKH-67-labelled M2-exos by H9C2 cells (scale bar=20 µm). B and C) Cell viability was measured with 
CCK-8 assay. D) Caspase-1 activity was measured. E) The releasing levels of LDH were detected. The values are shown as the mean ± SEM (N = 6). *P < 0.05 
compared with the control group; #P < 0.05 compared with the H/R＋PBS group. The experiment was repeated three times.
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MI/R successfully was established.
M2-exos alleviated myocardial tissues injury after I/R 

injury: To determine the exosomes could uptake by cardio-
myocyte, we treated the rats with the Diol-labeled (green) 
exosomes by tail vein injections before reperfusion and 
observed the frozen myocardial sections using immunoflu-
orescence microscope. As shown in (Figure 3A), the green 
fluorescent markers were clustered around the blue nucleus 
in the myocardial tissue, which proved that M2-exos could 
access myocardial tissues through the systemic circulation. 
(Figure 3)

We verified that M2-exos protect against I/R-induced 
myocardial injury. The ELISA results demonstrated that the 
concentrations of CK-MB (Figure 3B) and LDH (Figure 
3C) in serum were significantly increased in I/R group when 
compared with control group, while suppressed by M2-exos 
treatment. As shown in (Figure 3D), M2-exos reduced the 
myocardial infract size and significantly decreased the levels 
of CK-MB in rats subjected to MI/R injury. We affirmed that 
M2-exos suppress myocardial tissues injury in MI/R rats.

M2-exos suppresses I/R-induced NLRP3 inflamma-
some activation, pyroptosis and oxidative stress in vivo: 
Given GSDMD-N is the executor of pyroptosis, the cleavage 
of GSDMD is used as an index for assessing pyroptosis [Shi 
2015]. To determine the presence of NLRP3 inflammasome 
activation and pyroptosis, myocardial specimens collected 
from MI/R injury model accessed by immunohistochemistry. 
As shown in Figure 4A, I/R-induced myocardial damage were 
associated to NLRP3 inflammasome activation and pyropto-
sis, which were evidenced by increased expression of NLRP3, 
enhanced cleavage of caspase-1, IL-1β, IL- 18 and GSDMD 
in the myocardial tissues compared with control. (Figure 4) 
It also is evident that the expression of NLRP3, Caspase-1, 
IL-1β and GSDMD in myocardial tissues were suppressed 
after M2-exos treatment. Given that ROS plays a central 
role in NLRP3 inflammasome activation [Abderrazak 2015], 
we observed the expression of ROS level by DHE staining. 
As shown in Figure 4B, rats were subjected to MI/R and 

exhibited significant increased level of the ROS in myocar-
dial tissues compared with the control group, while decreased 
after M2-exos treatment. To estimate the effect of M2-exos 
on myocardial oxidative stress subject to I/R injury, we evalu-
ated the levels of MDA and SOD in myocardial tissues, which 
were detected by ELISA. MDA (Figure 4C) and SOD (Figure 
4D) were significantly increased in I/R group, while all were 
decreased by M2-exos treatment. To sum up, M2-exos treat-
ment inhibited NLRP3 inflammasome activation, pyroptosis 
and myocardial oxidative stress after I/R injury.

M2-exos alleviated injury in H9c2 cells after H/R: To 
explore whether M2-exos could suppresses damage in H9c2 
cells after H/R injury, we treated cells with M2-exos. Myo-
cardial cell damage by H/R was confirmed by CCK-8 assay, 
caspase-1 activity and LDH release. To determine whether 
the exosomes could uptake by H9C2 cells, an exosome uptake 
assay was performed. By fluorescence microscopy, we found 
that PKH26-stained M2-exos could be gradually internalized 
by H9c2 cells only at 12 h and later (Figure 5A). (Figure 5) 
As shown in Figure 5B, the activation of cell viability peaked 
at 24h after stimulation. Therefore, 24 h was chosen as the 
optimal stimulation time in the next series of experiments. 
Myocardial cell damage by H/R was confirmed by CCK-8 
assay, caspase-1 activity and LDH release. As an illustration, 
the H/R group showed significantly decreased cell viability 
compared with the control group. The activity of Caspase-1 
(Figure 5D) and LDH release (Figure 5E) were significantly 
increased subject to H/R stimulation. However, M2-exos sig-
nificantly increased cell viability by detecting CCK-8 assay, 
Caspase-1 activity and LDH release in H9C2 cells exposed 
to H/R insult. The above experimental results indicated the 
M2-exos increased cell activity in H9c2 cells after H/R.

M2-exos suppresses NLRP3 inflammasome activation, 
pyroptosis and oxidative stress in H9c2 cells after H/R: To 
evaluate whether M2-exos could suppress NLRP3 inflam-
masome activation and pyroptosis in H9c2 cells after H/R 
injury, we accessed NLRP3 inflammasome-related proteins 
by Western blots. As shown in Figure 6A, compared with the 

Figure 6. M2-exos protected H9c2 cells against H/R‑induced NLRP3 inflammasome activation, pyroptosis and oxidative stress in vitro. A) NLRP3 inflamma-
some and pyroptosis-related proteins in H9c2 cells, were examined by Western blot. B) Intracellular ROS production was determined via DCFH-DA staining. 
The values are shown as the mean ± SEM (N = 6). The experiment was repeated three times.
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control group, M2-exos significantly inhibited the expres-
sion of NLRP3, Caspase-1, IL-1β and GSDMD as executors 
of pyroptosis by Western blot. (Figure 6) We examined the 
changes in ROS in vitro and found that M2-exos suppresses the 
ROS. As shown in Figure 6B, results showed that the expres-
sion of NLRP3 and aggregation of ROS in H9c2 increased in 
H/R-treated cells, whereas were decreased subject to M2-exos 
treatment. The above experimental results indicated the 
M2-exos suppress NLRP3 inflammasome activation, pyrop-
tosis, and oxidative stress in H9c2 cells after H/R.

M2-exos inhibit pyroptosis via the ROS/NLRP3 
inflammasome pathway: The underlying mechanisms are 
unclear, and further investigations are required to expand on 
the current findings. Given that ROS plays a central role in 
NLRP3 inflammasome activation [Wrobel 2015], we sought 
to know whether H/R-induced NLRP3 inflammasome acti-
vation. The primary cardiomyocytes were pretreated with 
MCC950 (NLRP3 inflammasome inhibitor) for 1 hour 
before the H/R treatment. When cells were cultured in the 
presence of MCC950, the expression of GSDMD-N was 
observed by western blot (Figure 7A). (Figure 7) This result 
suggests that the inhibition of the NLRP3. Pretreatment with 
NAC for 1 hour reduced H/R-induced NLRP3 inflamma-
some expression (Figure 7B). All these findings suggest that 
M2-exos inhibited Inhibit pyroptosis via the ROS/NLRP3 
inflammasome pathway.

DISCUSSION

Acute myocardial infarction was infrequent (0.8%) but 
resulted in a high death rate (42%) [Wrobel 2015]. On one 
hand, interventional therapy can improve the symptoms of 
myocardial infarction ischemia; on the other hand, subsequent 

reperfusion aggravates the damage in cardiomyocytes. MI/R 
injury is another piece of the puzzle in clinical practice, called 
‘hidden cardiotoxicity’ [Ferdinandy 2019]. Many studies have 
focused on suppressing oxidative stress and inflammation to 
reduce I/R injury. It has been well-established that exosomes 
can carry lncRNA, miRNAs and proteins for intercellular 
communications, and exosomes form different sources that 
have been identified to reduce MI/R injury [Vicencio 2015; 
Chen 2013; Xiao 2017]. In the present study, the aim of the 
current study was to gain more insight into the mechanisms of 
M2 macrophages-derived exosomes in tissues and cells after 
ischemic and hypoxia reperfusion injury, with a conclusion 
that M2-exos could protect myocardial tissues via suppressing 
oxidative stress and inflammation to reduce I/R injury.

A notable finding of the present study is that we deter-
mined the presence of pyroptosis in MI/R injury and M2 
macrophages-derived exosomes had a robust effect against 
pyroptosis. Pyroptosis is a caspase-1-dependent cell death first 
proposed as an active, novel form of programmed cell death 
[Bergsbaken 2009]. Pyroptosis is triggered by various stim-
uli and initiated by the activation of GSDM family proteins 
[Shi 2015]. In this study, we identified activation of NLRP3 
inflammasome during I/R injury. More importantly, we found 
an increased level of N-terminus of GSDMD, suggesting the 
appearance of pyroptosis. It is clear from the results of our 
experiments that pyroptosis is a significant cause of cell death 
during I/R. In summary, we revealed the activation of NLRP3 
inflammasomes and pyroptosis during I/R.

In general, the M1 macrophage phenotype is proinflam-
matory and can induce tissue destruction, whereas, the M2 
macrophage phenotype accounts for anti-inflammatory attri-
butes and are implicated in tissue regeneration, growth, and 
remodeling [Gaspar 2018]. M2 macrophage was shown to be 
have a remission on tissues and other organs I/R injury [Yue 

Figure 7. Inhibition of pyroptosis by M2-exos via the ROS/NLRP3 inflammasome pathway. A) Pyroptosis-related proteins in H9c2 cells, were examined by 
Western blot. B) NLRP3 inflammasome, including NLRP3, cleaved Caspase-1 and IL-1β were examined by Western blot. The values are shown as the mean 
± SEM (N = 6). *P < 0.05 compared with the H/R-PBS group. The experiment was repeated three times.



M2 Macrophage-Derived Exosomes Regulate Myocardial Ischemia-Reperfusion And Pyroptosis Via ROS/NLRP3 Pathway – Hu et al

E707© 2022 Forum Multimedia Publishing, LLC

2014; Ranganathan 2013]. Macrophage-derived exosomes 
have been revealed to play an immune protective role in 
inflammatory pain [McDonald 2014]. M2-exos influence the 
surrounding cells through the paracrine secretion to create 
the desired environment. Exosomes, nanoparticle extracel-
lular vesicles, possess a phospholipid bilayer membrane and 
can transport various kinds of contents to recipient cells [Niu 
2019; Pant 2012]. RNAs encapsulated in exosomes are par-
ticularly stable in body fluids because the RNAs are free from 
degradation by ribonuclease [Cheng 2019]. During the fol-
lowing phase of inflammation in the MI microenvironment, 
increasing evidence has revealed the exosomes as mediators 
denote a key factor in the communication between cardio-
myocytes and macrophages [Liu 2020]. Based on the find-
ings from this study, we found that M2-exos also reduced cell 
death in vitro and in vivo, also found that M2-exos remark-
ably decreased activation of the NLRP3 inflammasome and 
of Caspase-1, notably, GSDMD as a major pyroptosis effec-
tor was also repressed by M2-exos.

Previous study has reported that sarcoplasmic/endoplas-
mic reticulum Ca2+-ATPase overexpression may be an effec-
tive approach to targeting cardiac microvascular I/R injury by 
regulating calcium/xanthine oxidase/ROS signaling and pre-
serving mitochondrial quality control [Tan 2020]. Phospho-
glycerate mutase 5 also was reported to be involved in driving 
cardiomyocyte necroptosis through imposing mitochondrial 
quality control in cardiac I/R injury [Zhu 2021]. Mitochon-
drial quality control could be a target to delay, reverse, or 
repair coronary microvascular damage in MI [Chang 2021].

CONCLUSION

In conclusion, very few studies have reported the protec-
tive effects of M2 macrophage-derived exosomes in MIR 
injury. In this study, we evaluated the effects of macrophage-
derived exosomes on the development of MI/R injury and 
further investigated the potential mechanisms underlying 
focused on suppressing oxidative stress and inflammation to 
reduce I/R injury. In our present work, we found the activa-
tion of NLRP3 inflammasomes and pyroptosis during I/R. 
More importantly, we discovered that M2-exos have a prom-
ising anti-pyroptosis property, which is related to the reduc-
tion of NLRP3 inflammasomes.

There also were some limitations in this study. The total 
mechanisms in regulating myocardial ischemia-reperfusion 
were still not understood. Moreover, further studies are 
needed to identify the specific component in the M2-exos.
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