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ABSTRACT 

 
Inhibitory effect of microRNA-762 on pyroptotic cell death of 

mesenchymal stem cell after transplantation in ischemic heart 

 

 

Chang Youn Lee 

 

 

Department of Integrated Omics for Biomedical Sciences 

The Graduate School, Yonsei University 

 

 

(Directed by Professor Gyoonhee Han) 

 

 

The high death rate of cells transplanted into damaged hearts due to 

exposure to harsh conditions, such as hypoxia and high reactive oxygen species 

(ROS) concentrations, hampers the efficacy of stem cell-based therapy. 

Preventing cell death after transplantation is an essential requirement for using 

cell therapy to treat damaged hearts. Thus, the long-term survival of 

transplanted cells is a major goal in optimizing cell therapeutic applications. 
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In addition to necrosis, apoptosis, and anoikis, pyroptosis has recently been 

recognized as a form of programmed cell death in the myocardium. Pyroptosis 

is mediated by cell lysis and the release of inflammatory cytokines, such as 

interleukin (IL)-1β and IL-18. Furthermore, cysteine-dependent aspartate-

specific proteases 1 (caspases 1) are sequentially cleaved by pyroptosis-

mediated cell death. Suppressing pyroptosis to improve transplanted stem cell 

survival in the infarcted myocardium has not been well studied. Thus, we 

inhibited pyroptosis to increase the survival rate of transplanted cells in the 

damaged myocardium. In the present study, IL-1β staining demonstrated that 

pyroptosis occurred in hearts with ischemia-reperfusion (I/R) injury. In addition, 

the expression of F4/80, a specific macrophage marker, was increased in the 

damaged myocardium, thus indicating macrophage recruitment. Next, 

increased pyroptosis-specific gene expression levels were found in RAW264.7 

cells treated with lipopolysaccharides (LPS) and interferon (IFN)-γ. These data 

show that M1 macrophages are specifically involved in pyroptosis in hearts 

with I/R injury. Furthermore, specific microRNAs (miRs) have been identified 

to inhibit pyroptosis as well as improve the survival of stem cells transplanted 

into damaged hearts. miRs were screened by differentially expressed gene 

(DEG) analysis, and miRNA-762, which inhibits IL-1β expression by binding 

to its 3’ untranslated region (UTR), was identified. Significantly decreased 
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pyroptosis-related gene and protein expression levels were detected in 

mesenchymal stem cells (MSCs) transfected with miR-762. Finally, cardiac 

fibrosis was ameliorated by transplanting miR-762-transfected MSCs into 

hearts with I/R injury. In conclusion, pyroptosis is an essential mechanism that 

induces inflammation and cell death. In addition, inhibiting the pyroptosis 

factor IL-1β by transfecting miR-762 into MSCs could be used in cell therapy 

for treating damaged hearts. 

 

 

 

 

 

 

 

 

Key words: Macrophage, Mesenchymal stem cells, Pyroptosis, MicroRNA-

762, Ischemia-reperfusion injury, Heart disease 
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I. INTRODUCTION 

Cardiovascular diseases (CVDs) are the number one cause of death 

globally: 17.7 million people died from CVDs in 2015; this number represents 

31% of all global death reported by the World Health Organization (WHO) in 

2015 (http://www.who.int/mediacentre/factsheets/fs317/en/). Despite 
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continuous improvements in preventing and treating heart disease, myocardial 

infarction, a common presentation of ischemic heart disease, is one of the major 

causes of mortality in the world, and it imposes a heavy economic burden on 

modern society 1-3. Because regeneration is limited in damaged hearts, various 

new therapeutic strategies, such as gene-, growth factor-, and cell-based 

therapies, for treating damaged hearts have been investigated 4-6. New 

alternative therapies have shown considerable beneficial effects in animal 

studies 7-10, but unsolved problems, such as stability and clinical treatment 

efficacy, remain. 

 Stem cell-based cell therapy has been reported as safe and efficacious in 

many clinical trials and has begun to be applied for clinical treatment 11. 

Because stem cells have unlimited self-renewal and because multipotent stem 

cells can differentiate into specific cell types, such as osteocytes, adipocytes 

and chondrocytes, as well as into ectodermal (neurocytes) and endodermal 

lineages (hepatocytes), they are currently being used as treatments or adjunct 

therapy for various heart and brain diseases, cartilage regeneration and skin 

aging prevention 11-14. Stem cells are categorized as embryonic stem cells 

(ESCs), induced pluripotent stem cells (iPSCs) and mesenchymal stem cells 

(MSCs). ESCs are isolated from the inner cell mass of the blastocyst. ESCs are 

pluripotent, meaning they can give rise to every cell type in the fully formed 
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body. These cells are incredibly valuable because they provide a renewable 

resource for studying normal development and disease and for testing drugs and 

other therapies. Despite the aforementioned benefits of using ESCs, there are 

limitations, such as patient rejection because they are not from themselves and 

ethical dilemmas regarding human embryonics. iPSCs have been reported by 

several investigators to behave very similarly to ESCs in terms of pluripotency 

and in generating patient-specific iPSC lines by various reprogramming 

techniques, such as integrating vectors, non-integrating vectors, excisable 

integrating vectors, and non-vector systems, that could induce differentiation 

into several cell types for autologous transplantation 15,16. While previous 

studies have been performed completely in vitro, some obstacles remain for 

therapeutic approaches to treating damaged areas using iPSCs, including 

teratoma formation and polymorphic major histocompatibility complex class I 

molecule formation 16-18. MSCs were first discovered in bone marrow, but they 

have since been isolated from various tissues, including amniotic fluid and 

adipose, endometrial, dental, and umbilical cord tissues, from human and 

animal sources. MSCs are characterized phenotypically by the expression of 

several cell surface markers, including cluster of differentiation (CD)29, CD44, 

CD73, CD90 and CD105, and the lack of CD14, CD34, CD45 or human 

leucocyte antigen (HLA)-DR expression 19-23. MSCs have been cultured long-
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term in specific media without any severe abnormalities. Furthermore, MSCs 

can regulate immune activity by secreting anti-inflammatory molecules and 

cytokines, which have immune receptors that regulate the host tissue 

microenvironment. These reasons make MSCs an effective tool for treating 

chronic diseases 24-28. MSCs also have several advantages: they are easy to 

isolate from several organs, such as adipocytes, cartilage, bone marrow, muscle, 

skin, and tendons; they are capable of renewing themselves through cell 

division; they can differentiate into multi-lineage cells, including 

cardiomyocytes, endothelium, chondrocytes, and adipocytes; and they have 

paracrine effects 29-33. Among the aforementioned types of stem cells, MSCs 

have been suggested as an attractive candidate for cell-based therapy for 

multiple diseases, such as heart disease 29. Although MSCs have beneficial 

therapeutic effects, strategies for increasing cell viability after stem cell 

transplantation into damaged hearts are still needed.  

Pyroptosis is different from other types of cell death, including apoptosis, 

necrosis, and autophagy, which have unique morphological and biochemical 

characteristics 34-36. Pyroptosis is a recently identified necrotic and 

inflammatory form of programmed cell death 36. Pyroptosis is induced by 

several steps: 1) pyroptosis is activated by caspase-1; 2) caspase-1 activation 

stimulates inflammatory cytokines, including interleukin (IL)-1β and IL-18; 3) 
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stimulated cytokines, especially IL-1β and IL-18, are cleaved and secreted from 

the cell membrane, thus causing cell membrane rupture and the release of 

cytoplasmic cell contents, including pro-inflammatory cytokines, endogenous 

ligands, alarmins, and other danger-associated molecular patterns; 4) finally, 

cell death occurs 35-37. Thus, the term pyroptosis (from the Greek ‘pyro’, 

meaning fire or fever, and ‘ptosis’, meaning a fall) is used to describe the 

inflammatory process of caspase-1-dependent programmed cell death 38. 

Caspase-1, a known IL-1β-converting enzyme, was first recognized as a 

cysteine protease. Caspase-1 cleaves the biologically inactive precursors of IL-

1β and IL-18 into mature inflammatory cytokines 39-41.  Pyroptosis can occur 

through canonical (caspase-1-dependent mechanisms) or non-canonical 

(caspase-11-dependent mechanisms; caspase-11 is a homolog of caspase-4 and 

caspase-5 in humans) pathways 42. The morphological characteristics of the 

canonical and non-canonical pyroptosis mechanisms are similar; however, 

there are notable differences. For example, canonical activation of the NLRP3 

inflammasome, which is a non-canonical caspase-11-dependent NLRP3, has 

been described 43. In addition to the differences between canonical and non-

canonical pyroptosis mechanisms, caspase-1 in the canonical pathway is 

activated by inflammasome formation upon pathogen-associated molecular 

pattern or danger-associated molecular pattern recognition, which can be 



9 

 

stimulated by microbial infection, and pro-inflammatory cytokines, such as IL-

1β and IL-18, to induce pyroptosis 44,45. The non-canonical pyroptosis pathway 

is induced by the direct binding of caspase-11 to cytoplasmic LPS 44-46. 

Caspase-11 cannot cleave pro-IL-1β or pro-IL-18 directly, but it can induce 

pyroptosis independently of caspase-1 47. 

Pyroptosis is mediated by a range of microbial infections and non-

infectious stimuli, including host factors produced during myocardial infarction 

48. Cytokines released from damaged tissue during pyroptosis are caused by 

additional pyroptosis in the surrounding cells 49. 

MicroRNAs (miRNAs), small and endogenous non-coding RNAs, 

regulate various cellular processes, including survival, proliferation, and 

angiogenesis 50-53. miRNAs can act post-transcriptionally to either degrade 

specific mRNAs or suppress their translation by recognizing the 

3’untranslational region (UTR) of the target mRNA 54. Recently, several 

therapeutic approaches using specific miRNAs have been suggested; the 

suggested miRNAs modulate several genes to improve the survival of stem cell 

transplanted into damaged hearts 55-57. Nevertheless, how to regulate pyroptosis 

in MSCs and the therapeutic effects of transplanted MSCs, in which pyroptosis-

related genes are modulated by specific miRNAs, remain largely unknown. 

Thus, it is important to screen specific miRNAs that regulate pyroptosis 
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signaling cascades, particularly by inhibiting IL-1β expression. This study 

investigates whether the survival of IL-1β-targeted miRNA-762-transfected 

MSCs effectively improves after exposure to hypoxic conditions and after 

transplantation into damaged areas in vitro and in vivo. Moreover, priming 

MSCs with miRNA-762 significantly improved survival in transplanted hearts 

and improved cardiac function in vivo. Finally, this study strongly suggests that 

pyroptosis contributes to cell death in MSCs after transplantation. Thus, 

inhibiting IL-1β through miRNA transfection in MSCs could be a potential 

pyroptosis target for improving transplanted cell survival, especially in the 

infarcted myocardium. 
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II. MATERIALS AND METHODS 

1. Culture of Human adipose derived stem cells  

Human adipose derived stem cells (hASCs) were purchased from 

Invitrogen (Waltham, MA, USA). hASCs were cultured according to the 

manufacturer’s instructions. hASCs were grown in low glucose-Dulbecco’s 

modified Eagle’s medium (DMEM; Gibco, Waltham, MA, USA) 

supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-

streptomycin (Gibco). The medium was replaced with fresh medium every two 

to three days, and cells were passaged using 0.25% trypsin-EDTA (Gibco) 

when they reached about 80% confluency. Cells from passages 6 to 10 were 

used for experiments. 

2. Raw264.7 cells culture and Culture medium preparation 

The murine macrophage cell line RAW264.7 (korean Cell Line Bank, 

Seoul, Korea) was cultured in DMEM (Gibco) supplemented with 10% 

inactivated FBS (Gibco) and 25mM HEPES buffer (Gibco) with 1% penicillin-

Streptomycin (Gibco). Cells were cultured in 5% CO2/95% humidified air at 

37 °C. The medium was replaced with every day. 

For collecting macrophage-conditioned media (CM), the cell culture 

medium was replaced with DMEM with LPS (100ng/ml; R&D Systems, Inc., 
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Minneapolis, MN, USA) and IFN-γ (20ng/ml; R&D Systems, Inc.) for 24 hours 

then the media is changed serum free-DMEM for 24 hours. Then the 

macrophage cultured medium was collected and centrifuged at 2000 x g for 10 

minutes. The supernatant was sterilized by filtrating through a 0.22 μm filter 

(Merck Millipore, Burlington, MA, USA), which is used as CM. The collected 

CM were kept in – 80 °C until used. 

3. Experimental induction of Hypoxia 

To induce hypoxia, hASCs were plated in cell culture dishes at 80% 

confluency. The serum-free low glucose DMEM were degassed. The hASCs 

were cultured in hypoxic chamber (Thermo Fisher Scientific, Waltham, MA, 

USA) maintained below 1% O2 concentration at 37 °C after 2 times washes 

with the degassed DMEM. 

4. MiRNA transfection  

Transfection with miRNA-762 mimics or miRNA-762 inhibitors was 

performed by the TransIT-X2 system (Mirus Bio, Madison, WI, USA). Mature 

miRNA-762 mimics (Genolution Pharmaceuticals, Seoul, Korea) and miRNA-

762 inhibitors (Integrated DNA Technologies, Coralville, IA, USA) were used 

at final concentrations of 20 nM. After the cells were incubated for 24 hours, 
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the media were replaced with fresh DMEM contained with 10% FBS for 

stabilization. 

5. Transient knockdown of IL-1β  

Transfection of siRNA was performed using the TransIT-X2 system 

(Mirus Bio). Commercial AccuTarget siRNAs, (Bioneer, Daejeon, Korea) 

which are mouse IL-1β siRNA (sense 5′-CAGGCUCCGAGAUGAACAA 

(dTdT)-3′; antisense 5′-UUGUUCAUCUCGGAGCCUG (dTdT)-3′), were 

designed to knockdown mouse IL-1β gene expression. siRNA was used at final 

concentrations of 50 nM. 

6. Cell Viability Assay 

To measure cell viability, 5 × 103 hASCs cells were plated in a 96-well 

plate. The cells were transfected with 20 nM miRNA mimics and incubated for 

24 hours. The plate was exposed to hypoxic conditions or Macrophage-CM for 

24 hours. Then, EZ-CYTOX reagent (Dogen, Seoul, Korea) was added to each 

well to 10% of the total volume, and the cells were incubated for 2 hours. After 

that, the absorbance at 450 nm was measured according to the manufacturer's 

method using a microplate reader (Thermo Fisher Scientific). 
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7. Reverse Transcription Polymerase Chain Reaction (RT-PCR)  

Total RNA was extracted using TRIzol (Ambion, Waltham, MA, USA) 

according to the manufacturer’s instructions. Briefly, Chloroform (Sigma 

Aldrich, St. Louis, MO, USA) was added to the extract and was vortexed for 

15 seconds. Next, centrifugation at 12000 x g at 4 °C for 15 minutes, caused 

three layers to appear, and the transparent upper layer was collected into a new 

tube. Each sample next received 2-propanol (Sigma Aldrich), and gently mixed 

for 10 seconds. Centrifugation at 12000 x g at 4 °C for 10 minutes. The 

supernatant was discarded and the pellet washed by 75% (v/v) ethanol admixed 

with 1% diethylpyrocarbonate (DEPC; Sigma Aldrich) contained water. 

Centrifugation at about 12000 x g at 4 °C for 5 minutes, followed. The 

supernatant was again discarded and the pellet dried at room temperature for 

one to two minutes. Finally, each pellet was dissolved in 30 μL nuclease-free 

water (NFW). The total RNA quality and concentration were measured using 

Nano-Drop Lite (Thermo Fisher Scientific). Complementary DNA (cDNA) 

was synthesized using a Maxime RT Premix kit (iNtRON Biotechnology, 

Seongnam, Korea) by manufacture’s methods. Briefly, one microgram of RNA 

was added to NFW. Each sample was incubated at 42 °C for 1 hour then 

incubated at 95 °C for 5 minutes. One hundred nanogram of cDNA, 10 pM of 

each primer (forward and backward; Table 1), and EmeraldAmp GT PCR 
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Master Mix (Takara Bio Inc., Shiga, Japan) were mixed with NFW to give a 

final volume of 25 μL. PCR conditions were as follows. A cycle of denaturation 

at 95 °C for 3 minutes was followed by 25~30 elongation cycles each featuring 

denaturation at 95 °C for 15 seconds, annealing at 48 to 60 °C for 15 seconds, 

and elongation at 72 °C for 15 seconds. The reaction was next held at 72 °C for 

10 minutes. PCR products were separated by electrophoresis in 1.2% (w/v) 

agarose gels (BioRad, California, USA) and Gel-Doc (Bio-Rad, Hercules, CA, 

USA) was used to visualize bands after staining with RedSafe TM (Intron 

biotechnology, Korea). 

8. Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR) 

The cDNA was obtained in the same way as above. Amplification and 

detection of specific products were performed on a StepOnePlus Real-time 

PCR System (Applied Biosystems, Waltham, MA, USA) using SYBR Premix 

Ex Taq II (Takara Bio Inc.) at 95 °C for 30 seconds, followed by 40 cycles of 

95 °C for 5 seconds and 60 °C for 30 seconds. The threshold cycle (Ct) of each 

target gene was automatically defined and normalized to control GAPDH (ΔCt 

value). The relative difference in expression levels of each mRNA in hASCs 

(ΔΔCt) was calculated and presented as fold induction (2−ΔΔCt).  
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Table 1. Sequences of primers used for quantitative real-time RT-PCRs 

Gene Sequence 

Mouse Caspase1 

5’ – GCTCTGGAGATGGTGAAAGA – 3’ 

5’ – CCACATATTCCCTCCTGGATAC – 3’ 

Mouse Caspase4 

5’ – GAAGTCCTTACGGAGTACCTAGA – 3’ 

5’ – TGGTTCCTCCATTTCCAGATTAG – 3’ 

Mouse GSDMD 

5’ – CCCAACTGCTTATTGGCTCTA – 3’ 

5’ – GAAGTCTGCCGCCTCAATTA – 3’ 

Mouse IL-1β 

5’ – GGAGAACCAAGCAACGACAAAATA – 3’ 

5’ – TGGGGAACTCTGCAGACTCAAAC – 3’ 

Mouse IL-18 

5’ – AGACTCTTGCGTCAACTTCAA – 3’ 

5’ – ATTCCGTATTACTGCGGTTGT – 3’ 

Mouse ARG 

5’ – ATGGAAGAGACCTTCAGCTA – 3’ 

5’ – GCTGTCTTCCCAAGAGTTGG – 3’ 

Mouse NOS2 5’ – TGCTGTTCTCAGCCAACAA – 3’ 
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5’ – GAACTCAATGGCATGAGGCA – 3’ 

Mouse CD86 

5’ – TCCTGTAGACGTGTTCCAGA – 3’ 

5’ – TGCTTAGACGTGCAGGTCAA – 3’ 

Mouse GAPDH 

5’ – GGGTGTGAACCACGAGAAATA – 3’ 

5’ – GTCATGAGCCCTTCCACAAT – 3’ 

Rat Caspase1 

5’ – GGGCAAAGAGGAAGCAATTTATC – 3’ 

5’ – GCCAGGTAGCAGTCTTCATTAC – 3’ 

Rat Caspase11 

5’ – GTGTGGATCAGAGAGTCTTCAG – 3’ 

5’ – GGTGTGGTGTTGTAGAGTAGAG – 3’ 

Rat GSDMD 

5’ – TTTAGTCTGCTTGCCGTACTC – 3’ 

5’ – GCTGTTGTCTCAACTCCATTTC – 3’ 

Rat IL-1β 

5’ – GAGGACATGAGCACCTTCTTT – 3’ 

5’ – GCCTGTAGTGCAGTTGTCTAA – 3’ 

Rat IL-18 

5’ – AATGGAGACTTGGAATCAGACC – 3’ 

5’ – GCCAGTCCTCTTACTTCACTATC – 3’ 
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Rat GAPDH 

5’ – ATGGAGAAGGCTGGGGCTCACCT – 3’ 

5’ – AGCCCTTCCACGATGCCAAAGTTGT – 3’ 

Human Caspase1 

5’ – GGAAACAAAAGTCGGCAGAG – 3’ 

5’ – ACGCTGTACCCCAGATTTTG – 3’ 

Human Caspase4 

5’ – AAGAGAAGCAACGTATGGCAGGAC – 3’ 

5’ – GGACAAAGCTTGAGGGCATCTGTA – 3’ 

Human GSDMD 

5’ – AGTGTGTCAACCTGTCTATCAAG – 3’ 

5’ – ACACTCAGCGAGTACACATTC – 3’ 

Human IL-1β 

5’ – TGAGCTCGCCAGTGAAATGA – 3’ 

5’ – AGATTCGTAGCTGGATGCCG – 3’ 

Human IL-18 

5’ – TGCAGTCTACACAGCTTCGG – 3’ 

5’ – ACTGGTTCAGCAGCCATCTT – 3’ 

Human GAPDH 

5’ – CATGGGTGTGAACCATGAGA – 3’ 

5’ – GGTCATGAGTCCTTCCACGA – 3’ 
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9. MicroRNA Quantification  

Total RNA was extracted using TRIzol (Ambion) according to the 

manufacturer’s instructions. Then, 100 ng purified total RNA was used for 

reverse transcription (TaqMan®  MicroRNA Reverse Transcriptase Kit, Applied 

Biosystems) in combination with TaqMan MicroRNA Assays to quantify 

miRNAs and U6 control transcripts according to the manufacturer’s conditions. 

The threshold cycle (Ct) of miR-762 and U6 expression was automatically 

defined, located in the linear amplification phase of the PCR, and normalized 

to the control U6 (ΔCt value). The relative difference in the expression level of 

miRNAs in the sorted cells (ΔΔCt) was calculated and presented as the fold 

induction (2–ΔΔCt). 

10. Immunoblot Analysis 

The hASCs transfected with mir-762 were incubated in hypoxic chamber 

with or without macrophage CM for 24 hours after stabilization. The cells were 

washed with PBS and then lysed by RIPA buffer (Thermo Fisher Scientific) 

containing 1% phosphatase inhibitors (Roche, Basel, Switzerland) and 1% 

protease inhibitors (Roche). Protein concentrations were determined by the 

BCA Protein Assay kit (Thermo Fisher Scientific). 15 µg protein was loaded to 

10% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
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PAGE) and then transferred to a polyvinylidene difluoride membrane (PVDF, 

Millipore, Billerica, MA, USA). The membrane was blocked with 5% skim 

milk diluted intris-buffered saline with0.05% tween 20 (TBS-T for one hour at 

room temperature and then incubated with the primary antibodies overnight at 

4 °C. The following antibodies were used in these experiments: anti-caspase1 

(ab1872, Abcam), anti-caspase4 (sc-56056, Santa Cruz Biotechnology, Dallas, 

TX, USA), anti-caspase11 (sc-374615, Santa Cruz Biotechnology), anti-

GSDMD (sc-393581, Santa Cruz Biotechnology), anti- IL-1β (NB600-633, 

Novusbio), anti-F4/80 (sc-377009, Santa Cruz Biotechnology), and anti-β-actin 

(A5316, Sigma Aldrich). The membrane was washed with 0.01% TBS-T for 

five minutes three times and then incubated with 5% skim milk and horseradish 

peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) for 

one hour at room temperature. After the membrane was washed six times for 

five minutes, the bands were detected with an enhanced chemiluminescence 

(ECL) reagent (Abclon Inc, Seoul, Korea). The band intensities were quantified 

using a Davinch-Western imagine system (Davinch K, Seoul, Korea) and NIH 

ImageJ version 1.44p software (National Institutes of Health, New York, NY, 

USA). 
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11. Luciferase Assay 

The UTR sequences of human IL-1β, including the XhoI (forward) and 

Xba1 (reverse transcriptase) endonuclease sites at both ends, were purchased 

from Integrated DNA Technologies (IDT). The 3′ UTR fragment was then 

cloned into the pMIR GLO vector (Promega Corporation, Fitchburg, WI, USA). 

HeLa cells were plated at a density of 1 × 105 cells/well in 12-well plate and 

then transfected with either pMIR GLO control vector or pMIR GLO vector 

with IL-1β 3′ UTR using Lipofectamine 2000 (Thermo Fisher Scientific). 

Luciferase activity was measured in th transfected cells 48 hours later using a 

luminometer and Dual Luciferase Assay Kit (Promega Corporation) according 

to the manufacturer’s instructions. Cell number and transfection efficiency 

were normalized with Renilla luciferase assay. 

12. Induction of I/R injury and Cell Transplantation 

All experimental procedures for animal studies were approved by the 

Committee for the Care and Use of Laboratory Animals of Catholic Kwandong 

University College of Medicine (CKU01-2017-002) and performed in 

accordance with the Committee’s Guidelines and Regulations for Animal Care.  

The ischemic myocardial infarction rat model was obtained as described 

previously 58. Seven -weeks-old Sprague-Dawley male rats (220 ± 30 g) were 
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assigned into five groups (Sham, I/R control, I/R with ASC, I/R with ASC + 

miR-762, and I/R with ASC + miR-762 inhibitor). Briefly, under general 

anesthesia with Zoletil (0.8ml/kg; Virbac, Frances) and Rompun (0.2ml/kg; 

Bayelkorea CO, Korea), rats were intubated, and positive-pressure ventilation 

(12 ml/kg) was maintained with room air supplemented with oxygen (70 

strokes/min, tidal volume: 8-10 ml/kg) using Harvard ventilator (Harvard 

Apparatus, Holliston, MA, USA). Then, the third and fourth were cut ribs to 

open the chest, and heart was exteriorized through the intercostal space. The 

heart was exposed through a 2-cm left lasteral thoracotomy. The pericardium 

was incised and a 7-0 silk suture (Johnson & Johnson, Langhome, PA) was 

placed around the proximal portion of the left coronary artery, beneath the left 

atrial appendage. Ligature ends were passed through a small length of plastic 

tube to form a snare. For coronary artery occlusion, the snare was pressed onto 

the surface of the heart directly above the coronary artery and a hemostat 

applied to the snare. Ischemia was confirmed by the blanching of the 

myocardium and dyskinesis of the ischemic region. After 60 minutes of 

occlusion, the hemostat was removed and the snare released for reperfusion, 

with the ligature left loose on the surface of the heart. Restoration of normal 

rubor indicated successful reperfusion. 

For cell transplantation, PKH26-labelled cells were suspended in 30 µL of 
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PBS (1 × 106 cells) and transplanted into the viable myocardium bordering the 

infarction at three injection sites using an insulin syringe (BD Ultra-Fine II, 0.3 

mL) with a 30-gauge needle. Wounds were sutured and the thorax was closed 

under negative pressure. Rats were weaned from mechanical ventilation and 

returned to cages to recover. In sham-operated rats, the same procedure was 

executed without tightening the snare. 

13. Immunohistochemistry 

The heart tissues were fixed in 10% (v/v) neutral-buffered formaldehyde, 

overnight at 4 °C. After washing with PBS for three times, the tissues 

were incubated with 30% sucrose and PBS overnight. Then tissues were 

embedded in OCT compound 4583 (Tissu-Tek; Miles Inc., Elkhart, IN, USA). 

Cryosections of 5 μm of thickness were mounted on gelatin coated glass slides 

to ensure that different stains could be used on successive sections of tissue cut 

through the areas of I/R injury. After tissue sections were rehydrate in PBS for 

5 minutes, then treated with PBS containing 1% SDS for 4 minutes. To remove 

flavin coenzyme auto fluorescence, tissue sections were treated with 0.1 % 

sodium borohydride for 30 min. After blocking with bovine serum albumin 

(BSA)/PBS for 20 minutes, slides were incubated with primary antibodies at 

4 °C overnight. FITC-conjugated goat anti-rabbit IgG and rhodamine-

conjugated rabbit anti-mouse IgG were used as secondary antibodies. The 
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sections with DAPI staining for nuclei were analyzed by confocal laser 

scanning microscope (LSM 700, Zeiss) and transferred to a computer equipped 

with ZEN2012 software. The areas are expressed as percentages of the total left 

ventricle. For quantification, five slices of each group were prepared and three 

different regions per slice were chosen for observation. 

14. Hematoxylin-Eosin (H&E) Staining 

The tissue was fixed in 4% formaldehyde and embedded in paraffin. 

Tissue sections (5 μm thickness) were deparaffinized, dehydrated, and rinsed 

with PBS. Tissue was stained by ematoxylin-Eosin (H&E) stain kit (Sigma-

Aldrich), following the manufacturer’s protocol. Briefly, after incubation in 

Hematoxylin Solution for 5 minutes, the slides were washed and stained with 

Eosin for 5 minutes and dehydrated in ethanol and xylene. Cell infiltration and 

morphology was investigated on H&E staining. 

15. Left ventricular Catheterization 

Left ventricular catheterization was performed as described previously 59. 

Briefly, for invasive hemodynamics, left ventricular catheterization was 

performed at 3 weeks after operation. A Millar Micro-tip 2 F pressure 

transducer (model SPR-838, Millar Instruments, USA) was introduced into the 

left ventricle via the right carotid artery under Zoletil (0.8ml/kg; Virbac) and 
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Rompun (0.2ml/kg; Bayelkorea CO) anesthesia. Real time pressure volume 

loops were recorded by a blinded investigator and all data were analyzed with 

PVAN 3.5 software (Millar). 

16. Statistical Analysis 

The data are expressed as the mean ± standard error of the mean of at least 

three independent experiments. Comparisons between more than two groups 

were performed by one-way ANOVA analysis of variance using Bonferroni’s 

correction. p < 0.05 was considered significant. 
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III. RESULTS  

1. Macrophage are recruited in hearts with ischemia-reperfusion (I/R) 

injury 

It has been demonstrated that cardiomyocyte death occurs through various 

mechanisms in myocardial I/R injury models 60-62. Apoptosis and necrosis are 

the most common types of cell death in animals with cardiac I/R injury. In 

addition, various researchers have recently reported that pyroptosis, a new type 

of cell death, occurs in heart disease. Thus, the inflammatory response in hearts 

with I/R injury was determined with immunohistochemical staining for 

macrophages as a marker of pyroptosis-mediated cell death. I/R injury in hearts 

was induced by left anterior decending (LAD) coronary artery ligation for one 

hour, followed by reperfusion for one week. A week after I/R injury, the hearts 

were examined to determine the fibrosis area by Masson’s trichrome assay and 

to identify the damaged areas as follows: remote zone, border zone, and infarct 

zone. As shown in Figure 1A, I/R injury caused left ventricle (LV) damage. A 

week after I/R injury in the rats, cardiomyocytes and macrophages were 

respectively stained with anti-cardiac muscle troponin T (cTnT) and anti-EGF-

like module-containing mucin-like hormone receptor-like 1 (F4/80) antibodies 

(Figure 1B). These data suggest that F4/80-positive cells in the damaged hearts 

were significantly increased in the interstitial tissue of the heart, particularly in 
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the infarct zone compared to the remote zone. 
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Figure 1. Macrophages are recruited to hearts with I/R injury. (A) Cardiac 

fibrosis occurred in the hearts with I/R injury after a week. Cardiac fibrosis was 

measured by Masson’s trichrome staining. Blue indicates that collagen 

expression is increased in the infarct zones of the hearts with I/R injury. (B) 

Recruited macrophages are revealed by double immunofluorescence staining 

in the hearts with I/R injury. Antibodies indicate the following: red: cTnT, a 

specific cardiomyocyte marker; green: F4/80, a specific macrophage marker; 

and blue: DAPI, a nuclear marker. Bar = 50 µm, n = 3. 
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2. Macrophage recruitment is increased in hearts with early stage I/R 

injury 

A cardiac inflammatory response occurs in the early stage of I/R injury. 

Excessive inflammation leads to cardiac cell death, ECM synthesis and 

deposition, and cardiac fibroblast activation. To investigate macrophage-

induced pyroptosis in I/R hearts in the early stage, various areas of the hearts 

were stained with F4/80 antibody at one day after I/R injury induction. In the 

representative figure, F4/80-positive cells were increased in the border zone 

and infarct zone of the hearts with I/R injury (Figure 2A). Quantitative analysis 

was performed by measuring the F4/80-positive cells in various sections of the 

hearts. F4/80-positive cells were significantly increased in the border zone and 

infarct zone of the hearts one day after I/R injury (Figure 2B). These results 

reveal that macrophages were recruited early into the hearts with I/R injury.
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Figure 2. Macrophage expression in hearts with early stage I/R injury. (A) 

F4/80 expression was increased in the hearts one day after I/R injury. The heart 

sections from the acute I/R injury areas were analyzed by immunofluorescence 

staining with F4/80 (red: macrophages). DAPI indicates nuclear staining. Bar 

= 100 μm (B) Quantitative analysis was performed for F4/80-positive cells in 

the heart sections. F4/80-positive cells in the border zone and infarct zone were 

significantly increased. * p < 0.05 vs remote zone. 
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3. Analysis of differentially expressed genes (DEGs) in hearts with I/R 

injury 

Our results showed that macrophage recruitment was increased in the early 

stage of I/R injury in an animal model. Next, we investigated changes in early 

gene expression one day after I/R injury with a DEG analysis. The DEG method 

is a total RNA sequencing analysis for investigating gene expression due to 

ischemic injury. Gene expression was compared and analyzed between the I/R 

injury group (n = 5) and the sham group (n = 5). The results of the DEG analysis 

are expressed as a volcano plot. The genes with a standard deviation of p < 0.05 

and more than a 1.5-fold difference in expression are shown in green (down-

regulated genes) and red (up-regulated genes). To investigate the effects of 

increased macrophage infiltration into the ischemic hearts, inflammation-

related genes were selected based on a database analysis (QuickGO; 

GO:006954). Many genes that have been screened are involved in pyroptosis, 

which can also induce inflammation (QuickGO; GO:0070269). In particular, 

the expression of IL-1β, NLRC4, and CASP4 was increased according to two 

gene lists. Among them, IL-1β was increased by approximately 6-fold in hearts 

with early I/R injury. 
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Figure 3. Analysis of DEGs in hearts with I/R injury. The differences in gene 

expression between the I/R and sham groups were represented by a volcano 

plot. Effective genes were selected based on the DEG analysis and a gene list 

according to specific conditions in I/R-injured hearts. N = 5 in each group. 
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4. IL-1β expression is increased in hearts with early I/R injury 

Previous results have shown that inflammatory and pyroptosis-related 

gene expression is increased in hearts with I/R injury. Because IL-1β expression 

was significantly increased according to the total RNA sequence analysis, 

further experiments to analyze gene expression, particularly IL-1β, were 

performed. Quantitative analysis showed significantly higher IL-1β expression 

in the hearts of the I/R group than in the hearts of the sham group (Figure 4A). 

Next, immunohistochemistry staining for IL-1β was performed on heart 

sections with/without I/R. IL-1β expression was higher in heart sections one 

day after I/R injury than in control heart sections. These results show that IL-

1β is significantly increased in hearts with I/R injury. 
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Figure 4. IL-1β expression in the in vivo I/R-injured hearts. (A) IL-1β 

expression levels were further analyzed by DEG analysis in sham and I/R-

injured hearts. (B) IL-1β expression was determined by immunohistochemistry 

at one day after the induction of I/R injury in the hearts. 
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5. Pyroptosis-related gene expression is increased in hearts with I/R 

injury 

Increased expression of the pyroptosis-related gene IL-1β was revealed in 

hearts with I/R injury by DEG and immunohistochemistry staining. To further 

determine whether pyroptosis is stimulated in hearts with I/R, pyroptosis-

related genes were measured by real-time PCR. Initially, mRNA levels of the 

pyroptosis-related genes caspase-1, caspase-11, GSDMD, IL-1β, and IL-18 

were analyzed in hearts with I/R injury. mRNA was extracted from the infarct 

zones of the hearts. Caspase-1 is an upstream molecule of IL-1β and IL-18 and 

is related to canonical pyroptosis. The mRNA levels of genes that control 

pyroptosis increased with time. Caspase-1, caspase-11 and GSDMD were 

increased by 3-fold, 2-fold, and 1.8-fold in I/R-injured hearts, respectively. 

Among the inflammatory cytokines, IL-1β and IL-18 expression levels were 

significantly increased by approximately 60-fold and 20-fold, respectively, in 

the hearts three days after I/R injury. These results show that pyroptosis-related 

gene expression was increased in hearts with early I/R injury. 
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Figure 5. Pyroptosis-related gene expression is increased in hearts with I/R 

injury. Pyroptosis-related gene expression was measured by real-time PCR. 

The expression of pyroptosis-related genes, including caspase-1, caspase-11, 

GSDMD, IL-1β and IL-18, was significantly increased in the early I/R-injured 

hearts. CASP1 indicates caspase-1. CASP11 indicates caspase-11. # p < 0.05 

vs. normal, ** p < 0.01 vs. normal, * p < 0.001 vs. normal. 
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6. Pyroptosis-related protein expression is increased in hearts with I/R 

injury 

Next, the expression of pyroptosis-related proteins, including caspase-1, 

caspase-11, GSDMD and IL-1β, in the infarcted areas of the I/R-injured hearts 

was measured. Similar to the mRNA expression results, pyroptosis-related 

protein expression was increased in the infarct zone one day after I/R injury. 

Normalized caspase-1, caspase-11, GSDMD and IL-1β expression was 

significantly increased in the I/R hearts. In particular, caspase-1 expression was 

increased by approximately 3-fold, and caspase 11, GSDMD and IL-1β 

expression was increased by approximately 10-fold one day after I/R injury.  
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Figure 6. Pyroptosis-related protein expression is increased in hearts with 

I/R injury. (A) Caspase-1, caspase-11, GSDMD and IL-1β expression levels 

in normal and I/R-injured hearts were detected by western blotting. (B) 

Pyroptosis-related proteins expression was normalized to β-actin. **p < 0.01 

vs. normal, *p < 0.001 vs. normal. 
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7. Pyroptosis-related gene and protein expression is increased in the 

infarct zones of hearts with I/R injury 

Ischemic hearts can be distinguished into three zones: the infarct zone, 

border zone and remote zone. Each location differs in the degree of injury and 

pathological condition. We next used real-time PCR to measure the expression 

levels of pysoptosis-related genes in each region of the hearts one day after I/R 

injury. Pyroptosis-related gene expression was significantly higher in the 

infarct area than in the remote area in the hearts with I/R injury (Figure 7A). 

In addition, the expression of pyroptosis-related proteins was also significantly 

higher in the infarct zone than in the remote zone. The border zone expression 

level was between those of the remote zone and the infarct zone (Figure 7B). 

Thus, the results revealed that the expression of pyroptosis-related molecules 

is increased differently depending on the damaged area of the heart. 
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Figure 7. Pyroptosis-related mRNA and protein expression levels were 

increased in the infarct zones of I/R hearts. (A) Caspase-1, caspase-11, 

GSDMD and IL-1β mRNA expression levels were higher in the border zone 

and infarct zone compared than in the remote zone a day after I/R injury in the 

hearts. Pyroptosis-related gene expression was normalized to GAPDH. #p < 

0.05 vs. normal, **p < 0.01 vs. normal, *p < 0.001 vs. normal. (B) Caspase-1, 

caspase-11, GSDMD, pro-IL-1β, and cleaved IL-1β protein expression levels 

were higher in the border zone and infarct zone than in the remote zone a day 

after I/R injury in the heart. 
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8. IL-1β expression is increased in M1-like macrophages  

Our results revealed that the expression of pyroptosis-related factors is 

increased in hearts with I/R injury. In addition, the number of macrophages 

increased in the infarct areas of the hearts with I/R injury (Figure 1B and Figure 

2). Next, we investigated macrophage-induced pyroptosis during I/R injury. 

Initially, macrophages were polarized to the M1 and M2 phenotypes through 

established methods. RAW264.7 macrophages were co-treated with LPS and 

IFN-ɣ (LPS/IFN-ɣ), which are M1 macrophage inducers, or with IL-4, which 

is an M2 macrophage inducer. As a result, the expression of NOS2 and CD86, 

M1-specific markers, was increased in the LPS/IFN-ɣ-treated cells. In addition, 

the expression of ARG, an M2-specific marker, was increased in the IL-4-

treated cells compared with that in the control cells (Figure 8A). Next, the 

expression of IL-1β in the two different types of macrophages was measured 

by real-time PCR. Compared to the that in the control group, the mRNA 

expression of IL-1β was increased significantly by approximately 8-fold in M1 

macrophages, but not in M2 macrophages.  
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Figure 8. IL-1β expression is increased in M1-like macrophages. (A) 

RAW264.7 cells were incubated with LPS/IFNɣ and IL-4 to induce 

differentiation into M1 and M2 macrophages. RT-PCR was performed to 

determine macrophage polarization. (B) ARG, NOS2, CD86, and IL-1β 

expression was normalized to GAPDH. #p < 0.05 vs. Control, **p < 0.01 vs. 

Control, *p < 0.001 vs. Control. 
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9. Pyroptosis-related gene expression is increased in hASCs by M1 

macrophage-conditioned media (CM) 

Next, we focused on the effects of macrophage-mediated pyroptosis on 

stem cells transplanted into damaged hearts. Culture medium from RAW264.7 

M1-polarized cells was added to hASCs for 24 hours. Afterward, the expression 

of pyroptosis-related genes (Figure 9A) and proteins (Figure 9B) was increased 

in the hASCs. In contrast, the expression of pyroptosis-related genes and 

proteins in hASCs exposed to a hypoxic environment was similar to that in the 

control group. Based on these results, M1 macrophage-CM induces pyroptosis 

in hASCs. 
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Figure 9. Effect of macrophage culture medium on pyroptosis in hASCs. 

hASCs were incubated with M1-like macrophage-CM for 24 hours. (A) 

mRNA and (B) protein expression levels were measured by real-time PCR and 

western blotting, respectively. #p < 0.05 vs. Control, **p < 0.01 vs. Control, 

*p < 0.001 vs. Control. 
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10. hASC viability is decreased by macrophages 

To determine whether macrophage-CM can negatively regulate hASC 

survival, Cell Counting Kit-8 assays were performed. hASCs were cultured in 

a hypoxic environment and with macrophage-CM for 24 hours. The number of 

cells was reduced by approximately 40% by the hypoxic environment 

compared with the number of cells in the control group. In addition, the 

macrophage-CM reduced the number of cells by approximately 25%. These 

results revealed that M1 macrophage-CM contributes to decreased stem cell 

viability in culture conditions. 
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Figure 10. Effect of M1 macrophage-CM on hASC death. hASCs were 

incubated with M1-like macrophage-CM for 24 hours. Cell counting assays 

were used to determine survival regulation by macrophage-CM in hASCs. *p 

< 0.001 vs. Control. 
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11.  Pyroptosis is induced by macrophage-CM in hASCs 

Next, immunostaining was performed to visualize intracellular 

pyroptosis-related proteins, including CASP1, CASP4, GSDMD, and IL-1β. 

Expression of CASP4, GSDMD, and IL-1β was not detected under hypoxic 

conditions but was increased in hASCs after treatment with M1-macrophage-

CM. 
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Figure 11. Caspase-1, GSDMD and IL-1β expression is increased in hASCs 

cultured with M1-macrophage-CM. hASCs were incubated with M1-like 

macrophage-CM for 24 hours. (A) Caspase-1 and GSDMD and (B) Caspase-1 

and IL-1β expression levels were detected by immunofluorescence. Blue 

indicates the nuclei. 
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12. Myocardial cell pyroptosis is induced by macrophage-CM  

The heart is composed of various cells, including fibroblasts and 

cardiomyocytes. Among them, myocardial cells and fibroblasts are the major 

cell types present after ischemic injury. Cell death occurs during ischemic 

damage due to the hypoxic environment, inflammation, and ROS. First, 

cardiomyocytes were used to investigate pyroptosis-related genes and proteins 

in various environments, including hypoxic conditions and macrophage-

derived inflammatory pyroptosis, in cardiomyocytes. The expression of 

pyroptosis-related mRNAs and proteins were measured by PCR and 

immunostaining, respectively. The expression of pyroptosis-related mRNAs 

and proteins, including caspase 1, caspase 11, GSDMD and IL-1β, was 

increased in cardiomyocytes treated with M1 macrophage-CM for 24 hours. On 

the other hand, the expression levels of pyroptosis-related factors were not 

different between cardiomyocytes under hypoxic conditions and control 

cardiomyocytes. Macrophage-CM increased not only pyroptosis-related 

mRNA levels (Figure 12A) but also pyroptosis-related protein levels (Figure 

12B). These results show that proptosis contributes to myocardial cell death 

during ischemic injury. 
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Figure 12. Increased pyroptosis-related gene and protein levels in 

cardiomyocytes cultured with macrophage-CM. Cardiomyocytes were 

cultured for 24 hours with macrophage-CM. Then, pyroptosis-related genes 

and proteins were detected by real-time PCR (A) and western blot analysis (B). 

#p < 0.05 vs. Control, **p < 0.01 vs. Control, *p < 0.001 vs. Control. 
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13. Pyroptosis is induced by M1 macrophage-CM in cardiac fibroblasts 

Next, the expression of pyroptosis-related genes and proteins was 

examined in cardiac fibroblasts cultured in M1 macrophage-CM and hypoxic 

conditions. Pyroptosis-related gene (Figure 13A) and protein (Figure 13B) 

expression was higher in M1 macrophage-CM-treated cardiac fibroblasts than 

in the other two groups. On the other hand, the hypoxic environment did not 

affect the expression of pyroptosis-related factors in cardiac fibroblasts. These 

results indicate that M1 macrophage-CM contributes to pyroptosis in cardiac 

fibroblasts. 
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Figure 13. Increased pyroptosis-related mRNA and protein levels in 

cardiac fibroblasts cultured with M1 macrophage-CM. Cardiac fibroblasts 

were cultured for 24 hours under hypoxic conditions or with M1 macrophage-

CM. Then, pyroptosis-related mRNA and protein levels were measured by (A) 

real-time PCR and (B) western blotting, respectively. #p < 0.05 vs. Control, **p 

< 0.01 vs. Control, *p < 0.001 vs. Control. 
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14. hASC pyroptosis is ameliorated by IL-1β siRNA-transfected 

macrophage-CM treatment 

M1 macrophage-CM induced pyroptosis in cardiac myoblasts, cardiac 

fibroblasts and hASCs. IL-1β mRNA and protein levels were also increased in 

M1 macrophages. Previously, high expression levels of IL-1β mRNA were 

shown in ischemic hearts through DEG analysis. To further study the role of 

IL-1β in pyroptosis, siRNA was used to knock down IL-1β expression in M1 

macrophages. To determine an appropriate siRNA treatment concentration, 

experiments were performed on cells stimulated with LPS/IFN-γ. IL-1β 

expression was significantly decreased in 50 nM IL-1β siRNA-treated cells and 

in 20 nM and 50 nM siRNA-treated cell lysates (Figure 14A). Next, pyroptosis-

related gene and protein expression levels were measured in hASCs treated with 

siRNA IL-1β-transfected M1 macrophage-CM (si-IL-1β macrophage-CM). In 

this study, both pyroptosis-related mRNA and protein expression levels were 

significantly lower in hASCs cultured with si-IL-1β macrophage-CM than in 

cells cultured with M1 macrophage-CM (Figure 14B). These results showed 

that secreted IL-1β secreted from M1 macrophages is a major contributor to 

pyroptosis. 
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Figure 14. Pyroptosis-related molecules in hASCs are decreased by IL-1β 

siRNA-treated M1 macrophage-CM. (A) Different doses of IL-1β siRNA 

were used for macrophages treated with LPS/IFN-ɣ. IL-1β expression was 

decreased in IL-1β siRNA-cultured media and cell lysates. IL-1β expression 

was measured by western blotting. (B) hASCs were cultured for 24 hours with 

IL-1β siRNA-transfected macrophage-CM. Then, pyroptosis-related mRNA 

and protein levels were detected by real-time PCR and western blotting, 

respectively. #p < 0.05 vs. M1 CM, **p < 0.01 vs. M1 CM, *p < 0.001 vs. M1 CM. 



55 

 

15. Pyroptosis is induced by recombinant IL-1β in hASCs 

Previous results showed that IL-1β secreted from M1-polarized 

macrophages is a major contributor to pyroptosis. Next, we confirmed IL-1β-

mediated pyroptosis by treating hASCs with IL-1β recombinant protein. 

Different amounts of recombinant IL-1β protein were used to treat hASCs. 

Pyroptosis-related gene and protein expression levels were increased in a 

concentration-dependent manner by recombinant IL-1β protein. In particular, 

pyroptosis-related genes were significantly increased in hASCs treated with 10 

ng/ml IL-1β recombinant protein (Figure 15A). Similar to mRNA, pyroptosis-

related protein expression was significantly increased in IL-1β recombinant 

protein-treated hASCs compared with that in the control group (Figure 15B). 

In the previous results, M1 macrophage-CM temporarily inhibited IL-1β 

expression and decreased cell viability. Further studies with M1 macrophage-

CM were conducted to confirm the effects of IL-1β recombinant protein on 

hASC viability. IL-1β recombinant protein was used to treat hASCs, and cell 

viability was measured. The results revealed that 10 ng/ml IL-1β recombinant 

protein affected hASC viability, which was significantly lower than that in the 

control cells (Figure 15C). This result shows that IL-1β is a major component 

that induces pyroptosis and regulates cell viability.  
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Figure 15. Pyroptosis is induced by IL-1β recombinant protein in hASCs. 

IL-1β recombinant protein at concentrations of 1 ng/ml and 10 ng/ml was used 

to treat hASCs for 24 hours. Then, mRNA and protein levels were detected by 

(A) real-time PCR and (B) western blotting. (C) Cell viability was detected 

using the CCK-8 assays. #p < 0.05 vs. Control, **p < 0.01 vs. Control, *p < 

0.001 vs. Control. 
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16. IL-1β-targeting miRNA screening 

We next screened for miRNAs that could potentially inhibit IL-1β, a major 

contributor to pyroptosis. To screen putative miRNAs, four databases and a 

DEG analysis were used. The miRNA predicted target database is a 

comprehensive database that provides information about candidate miRNAs 

from various species regarding the predicted/validated binding sites for their 

target genes. Five miRNAs, miRNA-34, miRNA-135, miRNA-185, miRNA-

761 and miRNA-762, were selected and retrieved from the DEG analysis 

(Figure 16A) and four databases (Figure 16B). 
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Figure 16. Screening miRNAs predicted to target IL-1β. miRNAs were 

selected based on (A) DEG analysis and (B) 4 databases, miRanda, RNA22, 

miRwalk and TargetScan. 
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17. IL-1β regulation by the selected miRNAs 

To select a specific miRNA, five miRNAs, including miRNA-34, miRNA-

135, miRNA-185, miRNA-761 and miRNA-762, were transfected into hASCs. 

After transfection, IL-1β expression was detected by western blotting. IL-1β 

expression was slightly increased in miRNA-34- and miRNA-135-transfected 

hASCs treated with M1 macrophage-CM; however, IL-1β expression was 

significantly lower in miRNA-761- and miRNA-762-transfected hASCs treated 

with M1 macrophage-CM than in cells treated with M1 macrophage-CM 

(Figure 17A). These data suggest that miRNA-761 and miRNA-762 suppressed 

IL-1β expression. Next, DEG analysis was used to determine miR-762 

expression in hearts with I/R because IL-1β expression was decreased the most 

in miR-762-transfected cells. miR-762 expression was reduced by 

approximately 50% in ischemic hearts compared with that in control hearts 

(Figure 17B). As such, miR-762 inhibits IL-1β, which is decreased in hearts 

with I/R. Thus, an inverse relationship between miR-762 and IL-1β expression 

was established. 
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Figure 17. miRNA-762 selection as a possible target of IL-1β. (A) Five 

miRNAs were transfected into hASCs, which were then incubated with M1 

macrophage-CM for 24 hours. IL-1β expression was analyzed by western 

blotting. The results were normalized to β-actin. (*p < 0.001, **p < 0.01). (B) 

miR-762 levels were quantified by DEG analysis for the normal group and the 

ischemic heart group. 
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18. miR-762 targets the 3’ UTR of IL-1β mRNA 

Based on previous screening data, miR-762 was selected as an IL-1β 

inhibitor. Thus, whether miR-762 binds to the 3’UTR of IL-1β was confirmed 

by luciferase assays. A schematic shows the location of the binding site of miR-

762 to the human IL-1β 3’ UTR (Figure 18A). To investigate the specific 

expression of IL-1β after miR-762 transfection, a firefly luciferase reporter 

vector containing the 3’ untranslated regions (3’-UTRs) of IL-1β was used. 

miR-762 has a target site in the 3’ UTR of IL-1β. HeLa cells were transfected 

with the vector containing the 3’ UTR of IL-1β and miRNA-762. The reporter 

assay indicated that miRNA-762 suppressed luciferase expression (Figure 18B). 

Thus, the IL-1β protein level was decreased by miR-762 transfection (Figure 

18C). These data show that miR-762 plays a critical role in inhibiting IL-1β 

expression in hASCs to repress cell death under conditions of pyroptotic stress. 
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Figure 18. IL-1β inhibition by miRNA-762.  

(A) Schematic representation of the matched miRNA-762 and 3’ UTR of IL-1β 

mRNA. (B) Luciferase activity of miRNA-762-transfected cells was measured 

in response to the 3’UTR of IL-1β. miRNA-762 or negative control (NC) was 

co-transfected into HeLa cells with the pmiR-GLO vector or pmiR-GLO 

containing the 3’ UTR of IL-1β as an miRNA-762 binding site. Luciferase 

activity was normalized to the renilla activity. (**p < 0.01 vs. Control). (C) IL-

1β protein levels in hASCs treated with miRNA-762 mimic, NC or anti-

miRNA-762 (#p < 0.05, **p < 0.01 vs. Normal). 
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19. miR-762 enhances cell survival in hASCs under inflammatory 

stimulation 

Luciferase assays demonstrated that miR-762 inhibited IL-1β via binding 

to the 3’UTR of IL-1β, and western blots indicated that miR-762 inhibited IL-

1β expression levels. Thus, we investigated whether cell viability was increased 

in miR-762-transfected hASCs. A miR-762 mimic was transfected into hASCs, 

which were then incubated with M1 macrophage-CM for 24 hours. Cell 

viability was lower in hASCs treated with M1 macrophage-CM and higher in 

miR-762-transfected hASCs than in control cells. In addition, the function of 

miR-762 was inhibited by anti-miR-762. These results suggest that miR-762 

contributes to increased hASC survival in pyroptosis-inducing environments. 
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Figure 19. The effect of miR-762 on cell survival under inflammatory 

stimulation. hASCs were transfected with miR-762, NC, and anti-miR-762 

(Anti-762) and then incubated with M1 macrophage-CM for 24 hr. Cell 

viability was measured by CCK-8 assays. **p < 0.01 vs. Control, #p < 0.05. 
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20. Survival of ASCsmiR762 transplanted into hearts with I/R injury is 

increased 

To determine whether miRNA-762-transfected hASCs (hASCsmiR-762) 

have therapeutic effects on hearts with I/R injury, survival of the transplanted 

ASCsmiR762 was determined by PKH26 staining (Figure 20A). PKH26-positive 

staining indicates surviving cells. PKH26-positive staining was significantly 

higher in hASCsmiR-762 in hearts with I/R injury than in hASC-transplanted 

hearts (Figure 20B). Figure 20 shows that transplanted hASCsmiR-762 had greater 

survival rates than hASCs without transfection at the injection site in hearts one 

week after I/R injury.  
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Figure 20. Increased survival after ASCmiR762 transplantation into I/R-

injured hearts. (A) Seven days after hASC or hASCmiR-762 transplantation, 

PKH26-stained ASCs were detected in the I/R-injured heart myocardium. Scale 

bar = 100 μm; (B) PKH26-positive cells were quantified by counting stained 

cells and averaged. 
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21. miR-762 from hASCsmiR762 is transferred into cells near the damaged 

cardiac cells 

Many researchers have reported the positive effects of stem cells on 

damaged tissues, as well as on stem cell-derived secretomes. Various functions 

of stem cell-derived extracellular vesicles, which can induce differentiation, 

proliferation and migration and regulate cell function, have been reported. 

Based on data from previous studies, the effect of hASC transfection with miR-

762 on resident cardiac cells was investigated. ASCs transfected with Cy3-

labeled miR-762 were stained with PKH67, which stains cell membranes. As a 

result, Cy3-positive (red; miR-762) and PKH67-positive (green; hASC 

membrane) transplanted hASCsmiR762 were detected in resident cardiac cells. 

These results suggest that miR-762 inhibits pyroptosis in not only stem cells 

but also resident heart cells. 
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Figure 21. miR-762 from ASCs is transferred into resident cardiac cells. 

Stem cells were transfected with Cy3-labeled miR-762 and stained with PKH67. 

Then, the ASCsmiR762stained with PKH67 were transplanted into ischemic 

damaged hearts. Seven days after transplantation, Cy3 and PKH67 in the heart 

sections were observed under a fluorescence microscope. Red: Cy3-labeled 

miR-762; Green: PKH67-stained ASCs, Orange; green and red overlap. 
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22. hASCmiR-762 ameliorates the reduction in fibrosis and wall thickness in 

hearts with I/R injury 

After I/R injury, nutrient and oxygen deficiency in cardiomyocytes 

contribute to cardiac dysfunction, wall thickness and myocardial fibrosis. Of 

several aberrant events, increased myocardial fibrosis is maladaptive, and 

collagen-rich extracellular matrix accumulates due to fibroblast-like cells 

within the heart 63. To simulate the poor performance of the I/R injury model, 

histophysiology recovery in the hASCmiR-762-transplanted I/R injury model is 

shown. Histologic and morphometric analyses of hearts with I/R injury and 

transplanted with/without hASCsmiR-762 indicated extensive ventricular fibrosis 

and scarring localized to the LV wall. These effects are typical cardiac 

histological features in end-stage I/R injury. Increased infarct size was induced 

by I/R injury; however, hASCmiR-762-transplanted hearts with I/R injury showed 

significant reductions in infarct size compared with the hASC-transplanted 

group. This result suggests that the hASCsmiR-762 transplanted into ischemic 

hearts suppresses cardiac fibrosis and poor remodeling. 
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Figure 22. hASCmiR-762 affects the reduction in fibrosis in I/R-injured hearts. 

Fibrosis was detected by Masson’s trichrome staining in three hearts of rats per 

group at one week after I/R injury. #p < 0.05 vs I/R group, **p < 0.01. 
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23. hASCmiR-762 contributes to improved cardiac function after I/R injury 

Cardiac function is destroyed by ischemic heart disease, which causes 

myocardial cell death due to the pathological environment and decreases the 

relaxation-contraction capacity of the heart due to fibrosis. To evaluate the 

recovery of cardiac function by hASCsmiR-762, cardiac function was measured 3 

weeks after stem cell implantation into ischemia-damaged hearts. Stroke 

volume, ejection fraction and stroke work were significantly higher in the 

hASCmiR-762-transplanted group than in the I/R group. Of these outputs, the 

ejection fraction was increased by approximately 20% compared to that of the 

control group. In addition, the ejection fraction and stroke work were 

significantly increased compared to those in the hASC-transplanted group. 

Based on these results, hASCsmiR-762 contribute to increased cardiac function in 

hearts with I/R injury. 
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Figure 23. hASCmiR-762 contributes to cardiac function recovery. Left 

ventricular function was measured at 3 weeks after I/R injury and hASCmiR-762 

transplantation. Each component of cardiac function was quantified as follows. 

A; stroke volume, B; ejection fraction, C; stroke work. Each experimental 

group was measured five times. #p < 0.05, **p < 0.01, *p < 0.001. 
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IV. DISCUSSION 

To increase the therapeutic efficacy of transplanted hASCs, this study 

investigated a new type of cell death, pyroptosis, in MSCs in ischemic hearts. 

And pyroptosis-induced MSC death was attenuated using miRNA in vitro and 

in vivo. This study showed that pyroptosis can induce cell death in transplanted 

ASCs, in which IL-1β secreted by type 1 macrophages was one of the major 

causes of pyroptosis-induced ASC death in ischemic hearts (Figure 9). The 

importance of IL-1β secretion from type 1 macrophages was confirmed in 

various ways in ASCs, such as IL-1β silencing with siRNA and recombinant 

IL-1β protein treatment. When type 1 macrophage-derived media was used to 

create an IL-1β-rich environment, mRNA and protein levels of IL-1β, as well 

as caspase-1, caspase-11, and GSDMD, were increased in ASCs. These levels 

were attenuated in type 1 macrophage-derived media with specific IL-1β down-

regulation. Single recombinant IL-1β protein was also sufficient to increase 

pyroptosis-induced signaling molecules in other cardiac cell types, such as 

cardiomyocytes and fibroblasts. In particular, because cardiomyocytes occupy 

approximately 70-80% of the total cardiac volume and because fibroblasts are 

the most abundant cell type in the heart 64, targeting IL-1β and its related 

signaling molecules as common factors could be an effective therapeutic 

strategy in heart disease, such as ischemia. 
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Moreover, DEG analysis showed that ischemic rat hearts had significantly 

higher IL-1β mRNA expression (Figure 3). At the same time, ischemic rat 

hearts also had significantly lower expression levels of miRNA-762, which can 

target IL-1β, and these results were also confirmed in ASCs. ASCs with 

miRNA-762 overexpression had better cell viability in IL-1β-rich 

environments, which was confirmed using in vitro and in vivo ischemic heart 

sections.  

In this study, type 1 macrophage-derived media was used to mimic the 

pathological cardiac environment of I/R injury, which can cause cell death, 

especially pyroptosis. In the heart, macrophages exist abundantly, even in 

healthy conditions where they present M2 macrophage markers and are present 

with cardiomyocytes and endothelial cells 65. However, after myocardial 

infarction, endothelial cells overexpress adhesion molecules, such as selectins 

and VCAM1, which can recruit inflammatory macrophages. It has been shown 

that macrophages accumulate near the border zone because of vascular access 

and then migrate into the infarct core, especially shortly after reperfusion 66,67. 

Many researchers have studied the immune regulatory function of stem cells; 

the results indicate that homing MSCs can switch macrophages to the M2 

phenotype and that intravenously injected MSCs exerted positive inflammatory 

cytokine regulation in the spinal cord 68. These immune regulatory effects of 
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stem cells have been considered a powerful benefit in tissue repair and 

regeneration 69. However, the poor survival of transplanted stem cells due to 

their transplant environment, which has intensive inflammatory and oxidative 

stress at the injured sites, interrupts the therapeutic efficacy of stem cells 70. 

Therefore, reducing inflammation has been suggested in stem cell therapy as 

one strategy for overcoming this significant hurdle. To date, Geesala et al. 

reported that anti-inflammatory molecules repair wound tissue by increasing 

transplanted stem cell survival 71. These experimental data support the 

hypothesis that inflammation-related pyroptosis regulation in MSCs may 

increase the therapeutic efficacy of stem cell therapy for I/R-injured hearts.  

Regarding regenerative medicine using MSCs, recent studies have 

suggested paracrine effects as a key factor, in addition to their classical 

mechanisms, such as differentiation 72. In various studies relating to paracrine-

mediated cardiac repair using adult stem cells, key regulatory molecules have 

been reported to play critical roles, such as survival, contractility, 

neovascularization, differentiation, and remodeling. It has been reported that 

the major types and amounts of paracrine factors secreted from MSCs are 

different from their surrounding environments. In particular, our previous study 

using a proteomic analysis suggested that secreting paracrine factors from 

MSCs was different depending on whether they were pretreated with hypoxic 
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conditions or normoxic conditions, in which basic fibroblast growth factor 

(bFGF), insulin-like growth factor (IGF)-1, and hepatocyte growth factor (HGF) 

were abundant in the hypoxic preconditioned media from MSCs. These factors 

from specifically modified transplanted MSCs can reduce cardiac fibrosis and 

cardiac cell death by regulating calcium homeostasis and thus modulate 

electrophysiological alterations 73. Therefore, in addition to improving the 

survival of transplanted stem cells, enhancing or modulating paracrine ability 

using various methods has also been considered important. 

In these experiments, overexpressed miRNA-762 was secreted from 

ASCsmiR-762 and migrated into other types of cardiac cells, such as 

cardiomyocytes and fibroblasts, in ASCmiR-762-transplanted hearts. As described 

earlier in this section, various factors were secreted from MSCs. Related to this 

phenomenon, recent studies have reported that extracellular vesicles (e.g., 

exosomes and microvesicles) can transport selective molecules, such as 

proteins, RNAs, and small non-coding RNAs, and may be transferred to target 

cells 74. In a recent article, Pegtel et al. demonstrated that ASCs and bone 

marrow-derived stem cells have similar small RNA expression profiles, in 

which over 150 miRNAs are present at physiological levels; the authors 

suggested that primary MSCs communicate through release of small RNAs 

from exosomes 75 Alexander et al. demonstrated that exosome-delivered 
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miRNAs from bone marrow-derived dendritic cells can modulate inflammatory 

response 76.   

However, numerous studies have reported that extracellular vesicles 

represent heterogeneity, which means having various sizes and components 77, 

and the specific regulatory mechanisms of extracellular vesicles remain largely 

unknown. Moreover, separating pure populations remains challenging to 

achieve. Nevertheless, despite the previous limitations, microvesicle use as 

therapeutic tools seems to be increasing for various diseases, especially cardiac 

diseases. In this study, compared to ASC transplantation, ASCsmiR-762 ultimately 

improved cardiac function by reducing fibrosis and maintaining LV wall 

thickness. miR-762 significantly reduced pyroptosis-induced cell death in 

hASCs, as well as other cardiac cell types, through intracellular and 

extracellular mechanisms. 
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Ⅴ. CONCLUSION  

In this study, various models were used to prove pyroptosis cell death in 

transplanted stem cells. Initially, pyroptosis due to recruited macrophages in 

hearts with I/R injury was revealed (Figure 1 and Figure 2). In addition to the 

model of pyroptosis, various cell types were used to prove our hypothesis in 

vitro; the models included cardiomyocytes and macrophages as well as hASCs 

co-cultured with M1-specific macrophage-CM and in vivo cardiac injury 

models. Next, hASC pyroptosis was determined with M1 macrophages and 

conditioned media. Furthermore, IL-1β expression was increased in hearts with 

I/R injury, M1 macrophages, and hASCs. Thus, increased IL-1β expression 

induced pyroptosis; so, further experiments were focused on inhibiting IL-1β 

expression by miRNA transfection. The specific miRNA-762 was screened 

using DEG analysis and five databases in which specific miRNAs are selected 

based on target molecules. IL-1β expression was inhibited in hASCs 

transplanted with miR-762, and cardiac fibrosis was ameliorated after these 

cells were transplanted into hearts with I/R injury. In summary, this study 

suggests that pyroptosis is essential for improving the survival of stem cells 

transplanted into hearts with I/R injury and that miRNA-762 transfection into 

hASCs to inhibit IL-1β expression may yield therapeutic benefits when using 

stem cells to treat I/R injury. 
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ABSTRACT (IN KOREAN) 

 

허혈성 심장에 이식된 중간엽 줄기세포의 파이롭토시스 

세포사멸에 대한 microRNA-762의 억제효과 

 

<지도교수 한균희 교수님> 

 

연세대학교 대학원 융합오믹스의생명과학과 

 

이창연 

 

허혈성 심장질환은 전 세계적으로 주요 사망원인 중 하나이다. 

허혈성 심장질환은 심장내 혈액을 공급하는 관상동맥의 폐쇄로 

인해 심장조직 내 허혈성 손상이 유발되어 세포사멸 및 섬유화를 

유발한다. 허혈성 심장질환에 의한 심장기능 저하는 현대의학 

기술의 다양한 치료기술 개발에도 불구하고 완치 및 기능 회복에 

한계가 있어, 줄기세포를 기반으로 한 세포치료는 허혈성 심장질환 

치료를 위한 유망한 대체치료법으로 제시되고 있다. 그러나 이식된 
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줄기세포의 생체 내 높은 사멸율로 인해 치료효과는 미미한 

수준이다. 따라서 최적화된 세포치료 전략을 개발하기 위해서는 

생체내 이식된 줄기세포의 안정적인 생존이 요구된다.  

심근에서 관찰되는 다양한 세포사멸 기전 중 파이롭토시스는 

프로그램된 세포사멸의 한 형태로 최근 발표되었다. 파이롭토시스는 

세포용해, 인터루킨 1-베타 (IL-1β)및 인터루킨 18 (IL-18) 과 

같은 염증성 사이토카인의 방출을 특징으로 한다. 또한 

파이롭토시스에서 세포의 분해를 조율하는 시스테인 의존성 

아스파테이트-특이적-프로테아제 (Caspase)의 유형은 

Caspae1이다. 하지만 파이롭토시스를 억제해 심장내 이식된 

줄기세포의 생존율을 향상시키는 연구는 거의 진행되지 않았다.   

따라서 본 연구는 허혈성 심장에 이식된 줄기세포와 

파이롭토시스의 연관성을 밝히고, 줄기세포 생존력 향상을 위한 

파이롭토시스 조절에 초점을 맞추었다. 

허혈성 심장질환 동물모델에서 허혈-재관류 손상 1일째 

대식세포의 특이적 항체인 F4/80를 염색한 결과, F4/80 양성인 

세포가 증가했다. 또한 IL-1β 조직면역염색을 통해 허혈-재관류 

손상 후 1일째 조직내 IL-1β 단백질 증가를 확인했다. 다음으로, 
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LPS/IFN-ɣ를 처리한 대식세포에서 파이롭토시스 관련 유전자 

발현증가를 실시간 유전자 증폭기법을 통해 조사한 결과, LPS/IFN-

ɣ처리 군에서 파이롭토시스 관련 유전자인 CASP1, CASP10, GSDMD, 

IL-1β가 대조군과 비교하여 증가되었다. 이는 M1-유형의 

대식세포가 허혈성 심장내 발생하는 파이롭토시스와 관련이 있음을 

시사한다. 이후 파이롭토시스를 억제할 뿐만 아니라 허혈성 손상 

심장에 이식된 지방 유래 중간엽 줄기세포의 생존율을 개선하기 

위해 특정 마이크로RNA (miRNA)를 찾는데 더욱 초점을 맞췄다. 

mRNA의 3’ 비번역 영역 (untranslated region) 과 결합함으로써 

IL-1β 단백질 발현을 억제할 수 있는 miRNA는 DEG 

(Differentially Expressed Gene) 분석 결과 및 miRNA 

데이터베이스 결과 통해 선정되었다. miR-762가 형질도입된 지방 

유래 중간엽 줄기세포는 대식세포-배양배지에 의해 유도된 

파이롭토시스 관련 유전자 및 단백질 발현이 대조군과 비교하여 

감소되었다. 그리고 허혈성 심장 손상으로 인한 심장 섬유화는 

miR-762 형질도입된 지방 유래 중간엽 줄기세포를 이식한 

실험군에서 감소되었다. 게다가 심장 기능평가를 통해 miR-762 

형질도입된 지방 유래 중간엽 줄기세포를 이식한 실험군에서 1회 
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박출량 (stroke volume), 박출분율 (Ejection Fraction), 박출작업량 

(Stroke work)이 대조군과 비교하여 향상되었다. 따라서 허혈성 

심장 질환 내 발생되는 파이롭토시스는 환부내 염증 및 세포사멸을 

유도하는 주요한 기전 중 하나이며, miR-762에 의한 IL-1β 표적은 

손상된 심장 치료 및 줄기세포 사멸 억제를 위한 새로운 전략으로 

제안한다. 
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