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Abstract: Acute myocardial infarction (AMI) is one of the major leading causes of death in humans
globally. Recently, increased levels of recruited macrophages and AGE-albumin were observed in
the hearts of humans and animals with acute myocardial infarction. Thus, the purposes of this
study were to investigate whether the elevated levels of AGE-albumin from activated macrophage
cells are implicated in ischemia-induced cardiomyocyte death and to develop therapeutic strategies
for AMI based on its underlying molecular mechanisms with respect to AGEs. The present study
demonstrated that activated macrophages and AGE-albumin were observed in heart tissues obtained
from humans and rats with AMI incidences. In the cellular model of AMI, it was found that
increased expression of AGE-albumin was shown to be co-localized with macrophages, and the
presence of AGE-albumin led to increased expression of RAGE through the mitogen-activated protein
kinase pathway. After revealing cardiomyocyte apoptosis induced by toxicity of the AGE-RAGE
system, sRAGE-secreting MSCs were generated using the CRISPR/Cas9 platform to investigate the
therapeutic effects of sRAGE-MSCs in an AMI rat model. Gene-edited sRAGE-MSCs showed greater
therapeutic effects against AMI pathogenesis in rat models compared to mock MSCs, and promising
results of the functional improvement of stem cells could result in significant improvements in the
clinical management of cardiovascular diseases.

Keywords: acute myocardial ischemia; macrophage; AGE-albumin; cardiomyocyte death; soluble
RAGE; MSCs; gene editing

1. Introduction

Rapidly increased progress in stem cell science and advances in gene engineering
are bringing together a wide range of evolutions in biomedical sciences. Consistent study
results have shown tremendously positive effects against numerous intractable diseases,
and many of them are promoted to the clinical stage in human cases [1]. Among these
intractable diseases, cardiovascular disorders, especially myocardial infraction, has a rela-
tively high mortality rate compared to others. According to global estimates, 13 million
people died from cardiovascular diseases (CVD) in 2010, with ischemic heart disease and
stroke accounting for the majority of deaths [2]. The most effective and necessary therapy
for acute myocardial infarction (AMI) is reducing ischemic injury and limiting the size of
myocardial infarction using either thrombolytic therapy or primary percutaneous coronary
intervention. However, the process of restoring blood flow can itself induce cardiomyocyte
death, which is known as myocardial reperfusion injury [3–5]. In addition to traditional
postconditioning approaches, stem-cell-based methods are also considered extensively
for ischemic and reperfusion-induced damages. As an example, mesenchymal stem cells
(MSCs), bone-marrow-derived mononuclear cells, peripheral blood stem cells, endothelial
progenitor cells, and neuronal stem cells have been examined for their therapeutic potential
against stroke-induced damage, due to their capacity to release endogenous substances
and paracrine factors as cardiomyocyte repair and protection agents [6–8]. Although some
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systemic analyses found stem cell transplantations to be limited or modest in terms of
their effectiveness and ethical issues, improvements are still necessary for their use in
clinical practice [9,10].

After myocardial reperfusion injury, damaged cardiomyocytes secrete danger sig-
nals such as HIF1α, MCP-1, and IL1-β, and then those cytokines induce activation and
accumulation of macrophages in the infarcted area. In fact, this region of ischemic reper-
fusion heart injury also displays a highly elevated appearance of activated macrophage
cells, which leads to the induction of further inflammation and left ventricular remod-
eling by secreting cytokines and proteins [11–16]. Macrophages, Kupffer cells, and mi-
croglial cells are derived from hematopoietic monocytes, and recent studies have demon-
strated that activated microglial cells can secrete/synthesize advanced glycation end
products (AGEs) with the presence of their receptor (RAGE) and promote cell death and
inflammatory reactions [17,18].

AGEs play a central role in biomarkers for a variety of diseases, including neurode-
generative disorders, diabetes and diabetes-induced organ failures, alcoholic liver and
brain damages, and others [19–21]. In addition, AGEs were observed in the hearts of
humans and animals with acute myocardial infarction, and the increased activation of
RAGE by AGEs showed increases in cell apoptosis through different biochemical path-
ways such as oxidative stress and hyper responsiveness to the macrophages during
inflammation [22–25]. RAGE is a member of the immunoglobulins, and AGE–RAGE
bindings stimulate the activation of diverse signaling cascades—for example, mitogen-
activated protein kinases and phosphoinositol-3 kinase/Akt to Jak/Stat pathways—and
finally lead to the apoptotic pathway [26–29].

The present study aimed to study whether the AGEs from activated macrophage cells
are a key inducer of cardiomyocyte death in human and rat AMI-IR.

2. Results
2.1. AGE-Albumin Synthesis and Secretion in AMI Hearts of Humans and Rats

Localized distribution of activated macrophages and AGE-albumin in the ischemic
reperfusion injured tissues of human and rat hearts were studied to investigate their
correlation in the pathogenesis of AMI using triple-labeled immunostaining. Interestingly,
most of the AGEs were detected within activated macrophage cells and co-localized with
albumin. This result demonstrates that AGE-albumin could be a major AGE product
in activated macrophage cells in the hearts of AMI patients (Figure 1A). Furthermore,
AGE-albumin levels were dramatically higher in the heart tissue samples of AMI subjects
(n = 3) than in healthy subjects (N = 3), as shown in Figure 1B. Similar experiments were
performed on heart tissues of rats collected from healthy subjects and post 28 days of AMI,
and the results showed that most of AGE-albumin co-localized with activated macrophages
in damaged hearts following ischemic reperfusion (Figure 1C,D).

In advance, LAD coronary artery ligations on rats were performed to determine
whether AMI-induced cardiomyocytes were correlated with macrophage activation. Ac-
cording to the study, there were no significant differences in the numbers of activated
macrophages in heart tissues of sham and AMI-induced rats within the first hour of
surgery; however, the number increased dramatically within 3 h to several days of surgery
in the AMI-induced rats’ hearts. Based on immunostaining results and the number of
detected activated macrophages per 0.35 mm2 area of the ischemic heart area in rats, the
highest levels of activated macrophages were observed on day 3 post surgery, and then they
were decreased over the following days (Figure 2A,B). The TUNEL analysis was conducted
in conjunction with immunostaining for monitoring the apoptosis rate of cardiomyocytes
in this study. With respect to the time intervals after ischemic reperfusion procedures, a
statistically significant positive correlation (p < 0.05) was found between the number of
activated macrophages and apoptotic cardiomyocytes in rats, as shown in Figure 2C,D.
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Figure 1. Co-localization of AGE-albumin and activated macrophage cells in the ischemic reperfu-
sion injured heart of human and rat. (A) Triple-labeled immunostaining of AGE (blue), albumin 
(green), and Iba1 (red, activated microglial cell marker) in the left ventricle of human (A) and rat 
(C). Merged image shows that AGE (blue), albumin (green), and Iba1 (red, activated microglial cell 
marker) were co-localized mostly in infarcted area of heart. Fluorescence expression level (B,D) and 
co-localization coefficient analyzed by densitometry analysis software using Zen software (Zeiss). 
Scale bar = 50 μm; ***, p < 0.001. 
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Figure 1. Co-localization of AGE-albumin and activated macrophage cells in the ischemic reperfusion
injured heart of human and rat. (A) Triple-labeled immunostaining of AGE (blue), albumin (green),
and Iba1 (red, activated microglial cell marker) in the left ventricle of human (A) and rat (C). Merged
image shows that AGE (blue), albumin (green), and Iba1 (red, activated microglial cell marker) were
co-localized mostly in infarcted area of heart. Fluorescence expression level (B,D) and co-localization
coefficient analyzed by densitometry analysis software using Zen software (Zeiss). Scale bar = 50 µm;
***, p < 0.001.

As shown in Figure 1, activated macrophages and AGE-albumin are co-localized in
ischemic heart tissues. Accordingly, a further objective of this study was to determine
whether activated macrophages synthesize and release AGE-albumin, aimed at under-
standing the mechanism underlying this coexistence between activated macrophages and
AGEs during pathogenesis of AMI using hypoxia-induced cardiomyocytes (H9C2 cell
line) to mimic the ischemic process at the cellular level. Consequently, 1 × 106 number
of cardiomyocytes (H9C2 cell line) were exposed to hypoxia damage for 1, 6, 12, and
24 h, and corresponding media were collected and transferred to the rat macrophage cells
(RAW 267.4) to activate them by hypoxia-associated cytokines and biomolecules [17]. The
level of the AGE-albumin was controlled by ICC, Western blot, and ELISA analysis, and
the result was that AGE-albumin levels were dramatically increased due to rat macrophage
cell activation (Iba-1 positive) by hypoxic damage in vitro. The co-localizations of AGE-
albumin and activated macrophages in Figures 1 and 3A indicate that macrophages are
capable to synthesize and secrete AGEs under ischemic reperfusion injury. Furthermore,
co-immunoprecipitation and ELISA measurement on the cell supernatant and total lysate
showed that rat macrophage cells contributed to the synthesis and increased level of AGEs
under the AMI mimicked environment. In the cellular model, intracellular (cell lysates)
and extracellular (culture supernatant) levels of AGE-albumin in RAW cells treated with
1 to 24 h of hypoxia-exposed cardiomyocyte conditioned medium for 48 h were increased
up to 2.5–3 times (Figure 3B,C). Moreover, ANOVA followed by Tukey’s post hoc test
indicated a significant difference between the 6th hour and 24th hour results of the cell
lysate sample. As opposed to these results, the results of the supernatant samples at six,
twelve, and twenty-four hours were not significantly different. In the supernatant, the AGE
level stabilized after 6 h, while in the cell lysate, it increased significantly for the first hour
before slowly increasing from the sixth hour (Figure 3C).
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Figure 2. Time-dependent distribution of activated macrophages and apoptotic cardiomyocytes in 
the left ventricle of the sham and ischemic reperfusion injured heart of rats. (A) Iba-1-positive mac-
rophage cells were measured by immunohistochemical staining in control or ischemic reperfusion 
injured rat hearts at different time periods. (B) A number of Iba-1-positive cells in the heart of control 
and ischemic reperfusion injured rats. (C) TUNEL staining used to detect apoptotic cardiomyocytes 
in control or ischemic reperfusion injured rat hearts at different time periods. (D) A percent of 
TUNEL-positive cells in the heart of control and ischemic reperfusion injured rats. Scale bar = 50μm. 
In the statistical analysis, a one-way ANOVA was performed, and Tukey’s test was used to compare 
means: *, p < 0.05; **, p < 0.01. 

As shown in Figure 1, activated macrophages and AGE-albumin are co-localized in 
ischemic heart tissues. Accordingly, a further objective of this study was to determine 

Figure 2. Time-dependent distribution of activated macrophages and apoptotic cardiomyocytes
in the left ventricle of the sham and ischemic reperfusion injured heart of rats. (A) Iba-1-positive
macrophage cells were measured by immunohistochemical staining in control or ischemic reperfusion
injured rat hearts at different time periods. (B) A number of Iba-1-positive cells in the heart of control
and ischemic reperfusion injured rats. (C) TUNEL staining used to detect apoptotic cardiomyocytes
in control or ischemic reperfusion injured rat hearts at different time periods. (D) A percent of
TUNEL-positive cells in the heart of control and ischemic reperfusion injured rats. Scale bar = 50 µm.
In the statistical analysis, a one-way ANOVA was performed, and Tukey’s test was used to compare
means: *, p < 0.05; **, p < 0.01.
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ple-labeled confocal microscopic image analyses were used to study the distribution and relative 

Figure 3. Increased synthesis and secretion of AGE-albumin in activated macrophage cells. (A) Triple-
labeled confocal microscopic image analyses were used to study the distribution and relative levels
of AGE (blue), albumin (green), and Iba-1 (red) in rat macrophage cells after treated with hypoxia-
exposed cardiomyocyte conditioned medium. Scale bar = 50 µm. (B) The dose-dependent increases
in AGE-albumin in total lysates of RAW cells treated with 0, 1, 6, 12, or 24 h hypoxia-exposed
cardiomyocyte conditioned medium for 48 h were determined by co-immunoprecipitation. (C) A
graph illustrating the dose-dependent changes in intracellular (cell lysates) and extracellular (culture
supernatant) levels of AGE-albumin in RAW cells treated with 0, 1, 6, 12, or 24 h hypoxia-exposed
cardiomyocyte conditioned medium for 48 h, as determined by ELISA.

2.2. Post-Ischemic Reperfusion Injury Increases RAGE in AGE-Dependent Manner

There is growing evidence that the AGE-RAGE axis plays a major role in the patho-
genesis of ischemia reperfusion injury, and this study shows that AGE-albumin induces
significant changes in the expression of RAGE in rats with AMI compared to controls
(Figure 4A). We examined changes in the relative levels of RAGE and mitogen-activated
protein kinases (MAPKs) in heart tissues collected from rats induced with AMI and sham,
since stress-activated MAPKs and increased mitochondrial calcium influx are critical for
initiating apoptosis [30,31]. In rats with ischemic reperfusion injury, immunoblot anal-
ysis revealed significant increases in RAGE and phosphorylated extracellular regulated
kinases, including pSAPK/JNK, pERK1/2, and pp38 (Figure 4B–F). Overall, the results
show that post-ischemic reperfusion injury promotes the secretion of AGE-albumin through
macrophage activation, and furthermore, increases in AGE-albumin lead to increased ex-
pression of RAGE, which promotes cell apoptosis through AGE-RAGE signaling pathways.
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the left ventricle of sham and ischemic reperfusion injured hearts of rats at day 3, 5, 7, 10, and 14 in 
the border area. (B) Immunoblot analysis was performed to determine the expressed levels of 
RAGE, ERK1/2, p38, SAPK/JNK, pERK1/2, pp38, pSAPK/JNK, and β-actin, used as internal controls 
for equal protein loading of each lane. (C–F) Densitometry analyses of MAPK proteins were evalu-
ated using the Image-J software. Scale bar = 50μm; **, p < 0.01; ***, p < 0.001. 

The immunostaining results of AGE-albumin-treated rat cardiomyocytes with or 
without the co-treatment of sRAGE demonstrated that the level of RAGE expression in 
cardiomyocytes treated with AGEs was higher than in those exposed to co-treatment of 
AGEs and sRAGE (Figure 5A). It was found that apoptosis in cells dependent on AGEs 
can be drastically reduced by sRAGE, which is regarded as a competitive inhibitor of 

Figure 4. The relative level of RAGE and MAPKs in ischemic reperfusion injured rat heart. (A) RAGE
expression is shown in double-labeled confocal images: RAGE (green) and DAPI (blue) in the left
ventricle of sham and ischemic reperfusion injured hearts of rats at day 3, 5, 7, 10, and 14 in the
border area. (B) Immunoblot analysis was performed to determine the expressed levels of RAGE,
ERK1/2, p38, SAPK/JNK, pERK1/2, pp38, pSAPK/JNK, and β-actin, used as internal controls for
equal protein loading of each lane. (C–F) Densitometry analyses of MAPK proteins were evaluated
using the Image-J software. Scale bar = 50 µm; **, p < 0.01; ***, p < 0.001.

The immunostaining results of AGE-albumin-treated rat cardiomyocytes with or
without the co-treatment of sRAGE demonstrated that the level of RAGE expression in
cardiomyocytes treated with AGEs was higher than in those exposed to co-treatment of
AGEs and sRAGE (Figure 5A). It was found that apoptosis in cells dependent on AGEs can
be drastically reduced by sRAGE, which is regarded as a competitive inhibitor of RAGE
(Figure 5B). A comparison of cardiomyocytes treated with and without AGEs revealed that
phosphorylated and non-phosphorylated MAPK proteins were more likely to be expressed
in AGEs alone but were decreased when combined with AGEs and sRAGE (Figure 5C–F).

2.3. The sRAGE-Secreting MSC Is a Novel Therapy for AMI

In our next step, we developed sRAGE-secreting MSCs as a novel therapy for acute-
myocardial-infarction-induced ischemic reperfusion injury (AMI-IR), and the effectiveness
of the gene-edited cell line was confirmed on the AMI-IR rat models. The cell line was
obtained from umbilical cord blood driven using the CRISPR/Cas9 (Figure 6A,B) technique
in the NEON transfection system, and efficiency of the gene editing was confirmed by junc-
tion PCR (Figure 6C). Additionally, sRAGE secretion and synthesis of the gene-edited cell
line was measured by Western blotting with a selective antibody (Flag), in which the Flag
is expressed by only sRAGE-MSC with pzDonor transfection (Figure 6D). However, almost
no sRAGE secretion was found for wild-type mock-MSCs (0.3 ng/mL), but after the gene
modification, the sRAGE secretion level was tremendously increased up to 471.6 ng/mL in
the cell culture medium (Figure 6E).
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Figure 5. Protective effect of sRAGE on AGE-albumin-induced cardiomyocyte death by decreasing
RAGE level. (A) RAGE expression is shown in double-labeled confocal images: RAGE (red) and DAPI
(blue) using H9C2 cell before and after exposing AGE-albumin or co-treated with AGE-albumin and
sRAGE. Cardiomyocyte cell death was evaluated by double staining with TUNEL (red) and DAPI
(blue). (B) Immunoblot analysis of cardiomyocytes lysates after AGE-albumin or AGE-albumin with
sRAGE co-treatment. RAGE expression was increased after AGE-albumin treatment but decreased
after co-treatment with sRAGE. In MAPK analysis, pp38 and pSAPK/JNK were increased after
AGE-albumin treatment but decreased after co-treatment. (C–F) Densitometry analyses of MAPK
proteins were evaluated using the Image-J software. Scale bar = 50 µm; **, p < 0.01; ***, p < 0.001.

After validating the integration of sRAGEs in MSCs, their therapeutic effect was exam-
ined on AMI-developed rat models as described in the Section 4. Fibrosis of the heart is one
of the most well-known pathological processes implicated in post-AMI reactions [32]. AMI-
induced fibrosis in cardiac tissues was investigated in this study by Masson’s trichrome
staining on rat cardiac tissues obtained 28 days after the AMI-inducing procedure to detect
the protective effect of sRAGE, which is secreted from MSCs. In the present study, the
results demonstrate that the size of the infarcted area in heart tissue was reduced in the
sRAGE-MSC-treated group compared to the PBS- and GFP-MSC-treated groups (Figure 7A).
Image J software was also used to calculate the percentage of fibrosis and wall thickness
in the LV cross-sectional area (Figure 7B,C). The results showed that the percentage of the
cardiac infarct size of the LV cross-section was highest for AMI-inducing procedures with
PBS and lowest for AMI-inducing surgery in conjunction with transplantation of sRAGE-
MSCs. Analysis of LV wall thickness after AMI-inducing procedures revealed that the
thickness was highest for sham and lowest for PBS injection. However, both wild-type and
sRAGE-secreting MSCs protected against AMI-induced decreases in cardiac wall thickness,
but functionally improved MSCs showed greater activity. In other words, the therapeutic
and protective capacities of sRAGE-secreting MSCs were much higher than wild-type
MSCs against cardiac fibrosis. This implies that the functional improvement of the stem
cells could bring promising beneficial effects in the clinical management of AMI patients.
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The illustration of sRAGE insertion coding sequence. (C) Genome integration was confirmed with 
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area (C) and as the length of wall thickness; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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3. Discussion

Our previous studies reported that microglial cells secret AGE-albumin during several
neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease, and
alcoholic dementia brain damage, and explained how the immune cells stimulate the
disease progression under the hyperactivated condition [33–35]. Through this study, we
extended our previous knowledge with two main pathways. The results presented in this
study contribute to understanding how macrophage activation is involved in AMI-induced
cardiomyocyte apoptosis and illustrate the therapeutic effectiveness of sRAGE-secreting
stem cells for curing and reducing the severity of AMI incidences.

Firstly, we predicted the mechanism for AMI-induced cell apoptosis via AGE and
RAGE interaction in the heart using human and rat tissues. According to our hypothesis,
this process consists of three steps: (i) macrophage activation through AMI signaling,
(ii) AGE-albumin secretion by activated macrophages, and (iii) RAGE-AGE stress-induced
cardiomyocyte death. It has been interpreted that in healthy humans, macrophage levels
are relatively low, but that after myocardial infarction, macrophage subtypes and numbers
increase, which leads to fibrosis through chemokine-dependent pathways [36]. Moreover,
many studies on AMI demonstrated that myocardial cells release certain cytokines and
cytotoxic agents under ischemic conditions, which recruit macrophages and induce its con-
stative activation [11–16]. The interesting question is whether AGEs are secreted through
resident or recruited macrophages. The recent review summarized that non-resident
macrophages replace resident macrophages in the heart and promote cardiac fibrosis in
response to inflammation [37] Along with these findings, our study demonstrates that
macrophage cells are recruited to cardiac damaged areas and secrete/synthesize AGE-
albumin in both human and rat subjects with AMI incidences. As one of the most binding
cellular receptors, RAGE is highly selective for AGEs, and AGE-RAGE-induced stress
was linked to the pathogenesis of a wide range of diseases by stimulating the uptake of
certain toxicants into macrophages, which may increase the risk of cardiovascular dis-
orders [38]. To decrease the toxicity of the AGE-RAGE system several approaches were
developed, including the application of gene engineering technologies to knock out the
cellular RAGE receptor and the utilization of anti-AGE/RAGE strategies, including those
with an AGE cross-link breaker (i.e., alagebrium), those with an AGE production blocker
(i.e, aminoguanidine), those blocking AGE-RAGE signaling with antibodies and antioxi-
dants, or those introducing RAGE antagonists [39–41]. The soluble form of RAGE, known
as sRAGE, acts as a natural antagonist of RAGE by decoying RAGE ligands and inhibiting
RAGE-dependent cellular responses [42]. As demonstrated in other studies, sRAGE levels
are dynamically changing with the time intervals of AMI. In STEMI patients, it was found
that sRAGE levels were high in the first day of AMI and, starting from the following day,
reduced significantly, and the reduced levels were associated with long-term cardiac dys-
function and infarct size [43]. Decreases in plasma sRAGE were demonstrated by another
research group as well [44]. The therapeutic effects of sRAGE have been demonstrated for
various disorders related to AGE-RAGE, including inflammatory disorders, atherosclerosis,
myocardial ischemia reperfusion, neutrophilic asthma, atrial fibrillation, and others [45–48].
There are different strategies that can indirectly lower AGEs, despite the application of
sRAGE. For instance, a statin therapy may inhibit AGE-RAGE-mediated pathogenesis by
lowering cholesterol levels and increasing levels of sRAGE, as suggested by in-vitro experi-
ments [49]. However, Falcone and colleagues surveyed 330 patients with acute coronary
syndromes, including MI and unstable angina, and found that sRAGE plasma levels were
significantly lower in these patients, and that statin therapy did not affect sRAGE level [50].

In conjunction with recent advances in genome engineering technologies, stem-cell-
based strategies have been introduced into the clinical management of cardiovascular
disorders as a safe and efficient therapeutic approach. For example, MSCs integrated with
sRAGE via the CRISPR/Cas9 system have been shown to protect neurons from apoptosis
during neurodegenerative disorders and enhance immunoregulatory functions during
autoimmune arthritis [51,52]. In this study, we introduced sRAGE-secreting MSCs as
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a potential therapeutic approach against myocardial infarction using the CRISPR/Cas9
platform and a rodent model. It was found that functionally improved sRAGE-MSCs show
higher protection from cardiac wall thickening and fibrosis during the pathogenesis of
myocardial infarction than wild-type MSCs. The advantages of integrating sRAGE into
MSCs could be explained by several factors. As a first point, MSCs are known for their
safety and effectiveness in cardiac regeneration [53]. They are capable of interacting with the
immune system to decrease inflammatory reactions and to promote the healing process and
capable of differentiating into cardiomyocytes, vascular smooth muscle cells, or vascular
endothelial cells. In addition, human clinical studies have shown that MSC transplantation
after AMI significantly improves left ventricular systolic function [54–56]. Secondly, sRAGE
shows an inhibiting role for the toxicity of the AGE-RAGE system and possesses a very
short half-life in in vivo, approximately 2,98 h, while pathogenesis followed by AMI takes
a longer time [57].

4. Materials and Methods
4.1. Human Heart Tissue

Heart tissues from normal and acute myocardial infarction subjects were obtained from
the Korean National Forensic Centre. Tissues were collected from the left ventricle and
directly fixed in 10% formalin buffer overnight and transferred to dehydration procedure.
Dehydration steps consist of 70% ethanol—overnight at 4 ◦C, 80% ethanol—1 h at room
temperature, 90% ethanol—1 h at room temperature, and 100% ethanol—2 times each for 1 h
at room temperature. After dehydration, tissues were cleared with xylene—2 times each for
1.5 h and embedded in paraffin at 60 ◦C. The heart tissue collection and usage were approved
by the Ethics Committee of the Gil Hospital, Incheon, and Korea (LCDI-2017-0093).

4.2. Cell Culture

Rat cardio myoblast cells (H9C2) and rat leukemic monocyte macrophage cells (RAW264.7)
were used for the in vitro studies. RL4, H9C2, and RAW264.7 cells were grown in Dul-
becco’s modified Eagle’s medium (Hyclone, SH30243.01; Logan, Utah, USA) contain-
ing high glucose concentration and supplemented with 10% fetal bovine serum (Gibco,
16000-044, New York, NY, USA) and 1% penicillin-streptomycin (Thermo Fisher, 15070063;
New York, NY, USA) at 37 ◦C under 5% CO2.

To treat stem cells in the AMI-IR animal model, umbilical cord blood MSCs (UCB-MSC;
obtained from Medi-post) were chosen. UCB-MSCs were grown in α-MEM medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco, 16000-044; New York, NY, USA) and
1% penicillin-streptomycin (ThermoFisher, 15070063; New York, NY, USA) at 37 ◦C under
5% CO2.

To analyze the AGE-dependent activity of RAGE, we treated the H9C2 rat cardiomy-
ocytes with 800 ug/mL AGE-albumin (Sigma, A8301; Saint Louis, MO, USA) with and
without the co-treatment of 400 ng/mL soluble RAGE (sRAGE; obtained from Sigma,
BioVender R&D, RD172116100; Mokrá Hora, Czech Republic) and monitored the RAGE
expression level.

4.3. Generation and Characterization of sRAGE-Secreting MSC

To generate sRAGE-secreting UCB-MSCs, transfection was conducted with CRISPR/Cas9
and gRNA, which target the safe harbor site of adeno-associated virus integration site 1
(AAVS1). The nucleofection was performed once in 10 µL each in conditions of a voltage
of 1000 pulse width 30 two times. Cells were seeded in 6-well plates, and each contained
8 × 105 cells. The transfected cells were incubated at 37 ◦C for 4 days for cell maintenance,
followed by 5 days of 1 µg/mL puromycin treatment to select cells with genome integration.
Media were changed every two days and maintained for further experiments.
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4.4. Myocardial Infarction Modeling and sRAGE-MSC Transplantation

Male Sprague-Dawley rats weighing 290–330 g (8–9 weeks of age) were induced
in the MI/R procedure as previously described [58]. Briefly, rats were intubated and
ventilated with a volume-cycled small-animal ventilator. Anesthesia was maintained
during the operation with 5% isoflurane. The left anterior descending coronary artery
(LAD) was identified and then the vessel was ligated by 6-0 polypropylene for 40 min.
After reperfusion, three separate intramyocardial injections of 10 µL of phosphate buffered
saline (PBS) with or without GFP-MSC and sRAGE-MSC cells (1 × 106) were delivered
into the peri-infarct and infarcted zone using Hamilton syringe. The muscle layer and skin
were closed and allowed to recover. A sham-operated group of animals underwent the
same experimental procedure but without ligation and cell transplantation. To prevent
graft rejection, rats receiving cell transplantation were administrated with cyclosporine
A (10 mg/kg/day). All animal experiments were approved by the Institute Animal Care
and Use Committee of Lee Gil Ya Cancer and Diabetes Institute of Gachon University
(#LCDI-2014-0020).

4.5. Animal Heart Tissue Preparation

Animals were sacrificed at sham point and 1 h, 3 h, 6 h, 12 h, 1 day, 3 days, 5 days,
7 days, 10 days, and 14 days after surgery and at 28 days following cell transplantation.
Hearts were harvested and perfused through the right carotid artery with PBS and ice-cold
4% paraformaldehyde. Tissues were fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich,
158127) at 4 ◦C overnight then transferred to dehydration procedure. After dehydration,
tissues were cleared with xylene—2 times each for 1.5 h and embedded in paraffin at 60 ◦C.
Paraffin-embedded heart tissues were sectioned at 7 µm thicknesses.

4.6. Evaluation of Infarct Size

Masson’s trichrome staining was performed to detect the infarction size, anterior wall
thickness, and percent of fibrosis. Masson’s trichrome-stained sections were captured by
light microscopy and the collagen-delegated infarction percentage was calculated and
analyzed by a blinded investigator. The size of the infarct area and other parameters were
measured on the middle horizontal sections between the point of ligation and the apex of
the heart. The calculation formula used for the infarct size was the following [59]:

% infarct size = (infarct areas/total left ventricle (LV area)) × 100

4.7. Immunostaining

Tissues were deparaffinized in xylene for 10 min at room temperature and washed in
PBS five times at the same time and incubated with the primary antibody (Table 1) specific to
each target protein. After overnight incubation at 4 ◦C, the excess antibodies were washed
with PBS, followed by incubation with a secondary fluorescent antibody (Table 1) at room
temperature for 1 h. Nuclei were counterstained with DAPI (4′6-diamino-2-phenylindole;
1 µg/mL, Invitrogen, D1306) for 20 s at room temperature. After washing with PBS, cover
slides were mounted using Vectashield mounting media (Vector Laboratories, H-1000;
Newark, CA, USA) and images were analyzed using an LSM 710 confocal microscope at
the same setting and same time (Carl Zeiss, Jena, Germany).

4.8. DAB (3,3′-Diaminobenzidine) Staining and Cell Counting

Tissues were deparaffinized in xylene at room temperature for 10 min, followed
by dehydration in a graded ethanol series (100% ethanol, 3 min; 90% ethanol, 1 min;
80% ethanol, 1 min; 70% ethanol, 3 min; and water, 30 s). The heat-induced antigen retrieval
step was performed in Tris-EDTA (Sigma-Aldrich, E9884; Saint Louis, MO, USA) buffer
by boiling at 100 ◦C. Tissues were rinsed with cold distilled water and 0.1% Tween-PBS
for 5 min and washed in 1X PBS five times. All tissue slides were immersed into 3% H2O2
(Sigma-Aldrich, 216763) for 20 min at room temperature to reduce endogenous peroxidase
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activity and blocked by 5% bovine serum albumin (BSA, MP Biomedicals, 160069; Solon,
OH, USA) for 1 h at room temperature. Tissues were washed in 1X PBS three times and
incubated with primary antibody (Iba-1, Abcam, ab5076) at 4 ◦C overnight. The tissues were
washed again with PBS. ABC solution (Vector laboratories, PK6101; Newark, CA, USA) was
added to tissues, and they were incubated at room temperature for 1 h. After washing with
1X PBS, the biotinylated secondary antibody was incubated for 1 h at room temperature.
Tissues were washed again in PBS three times and incubated with DAB (Sigma-Aldrich,
D5637; Saint Louis, MO, USA) solution at room temperature for 1 min. Finally, tissues were
washed in a graded ethanol series (70%, 30 s; 80%, 30 s; 95% 30 s; 100% 30 s; and 100%
Xylene 5 min). The stained slides were mounted with DPX mounting medium (Sigma-
Aldrich, 06522; Saint Louis, MO, USA) for microscopic image analysis. Three replicates of
the number of activated macrophages were counted under 200X magnification, and the
average number was used for further analysis.

Table 1. List of antibodies used in this study.

Antigen Host Company (Cat No) Working Dilution

Albumin Mouse Abcam (ab10241) IF-1:100, WB-1:1000
AGE Rabbit Abcam (ab23722) IF-1:200, WB-1:3000
Iba-1 Goat Abcam (ab5076) IF-1:100
RAGE Goat Abcam (ab7764) IF-1:400, WB-1:4000
FLAG Rabbit Sigma-aldrich (F7425) WB-1:1000
p38 Rabbit Cell signaling (9212L) WB-1:1000
pp38 Rabbit Cell signaling (9211S) WB-1:1000
ERK1/2 Rabbit Cell signaling (9102S) WB-1:1000
pERK1/2 Rabbit Cell signaling (4377S) WB-1:1000
SAPK/JNK Rabbit Cell signaling (9252S) WB-1:1000
pSAPK/JNK Rabbit Cell signaling (9251S) WB-1:1000
B-Actin Rabbit Abcam (ab8227) WB-1:1000
Peroxidase-labeled anti-mouse IgG Mouse Vector (PI2000) WB-1:5000
Peroxidase labeled anti-rabbit IgG Rabbit Vector (PI 1000) WB-1:5000
Peroxidase-labeled anti-goat IgG Goat Vector (PI9500) WB-1:5000
Alexa Fluor 555 donkey anti-rabbit IgG Rabbit Invitrogen (A31572) IF-1:500
Alexa Fluor 633 goat anti-rabbit IgG Rabbit Invitrogen (A21070) IF-1:500
Alexa Fluor 555 donkey anti-goat IgG Goat Invitrogen (A21432) IF-1:500
Alexa Fluor 488 donkey anti mouse Mouse Invitrogen (A11001) IF-1:500

IF—immunofluorescence, WB—Western blot.

4.9. The Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Paraffin-embedded heart tissues were deparaffinized in xylene for 10 min at room
temperature, washed in 1X PBS five times, then incubated with permeabilization solution
(0.1% Triton X-100 (Amresco, 0694; Solon, OH, USA), 0.1% Sodium citrate (Sigma-Aldrich,
S1804, Saint Louis, MO, USA) for 2 min on ice. After permeabilization, tissues were rinsed
3 times with PBS. TUNEL reaction mixture (Roche, 12156792910; Mannheim, Germany)
was added to tissues and incubated in a humidified atmosphere for 1 h at 37 ◦C in the dark.
Tissues were washed again in PBS 3 times and coverslips were mounted onto glass slides
using the Vectashield mounting medium (Vector Laboratories, H-1000; Newark, CA, USA).

4.10. Co-Immunoprecipitation

Total cell lysates were prepared in lysis buffer (1 M Tris (pH 7.5, Amresco, 0497),
5 M NaCl (Sigma-Aldrich, S5886), 10% NP-40 (Fluka, 56741), 10% sodium deoxycholate
(Sigma-Aldrich, 30970), and protease inhibitor cocktail (Roche, 05892970001)) followed
by sonication. The lysates were centrifuged at 17,000× g for 20 min at 4 ◦C, and the su-
pernatant was incubated overnight with the albumin antibody at 4 ◦C under constant
head-to-tail rotation. Immunoprecipitants were collected with Protein G agarose beads
(Invitrogen, 15918-014). The beads were washed in a lysis buffer (1 M Tris (pH 7.5, Amresco,
0497), 5 M NaCl (Sigma-Aldrich, S5886), 10% NP-40 (Sigma, 56741; Buchs, Switzerland),
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10% sodium deoxycholate (Sigma-Aldrich, 30970; Saint Louis, MO, USA) and protease in-
hibitor cocktail (Roche, 05892970001; Mannheim, Germany)), and the immunoprecipitants
were resuspended in a 1X SDS sample buffer. Equal amounts (10 µL) of protein were sepa-
rated on 10% polyacrylamide gels and transferred to a nitrocellulose membrane (Millipore)
at 200 mA for 2 h. Non-specific antibody binding was blocked by 5% non-fat skim milk
at room temperature for 1 h. Membranes were incubated with primary protein-specific
antibodies at 4 ◦C overnight and a secondary antibody at room temperature for 1 h. After
washing several times, proteins were detected by enhanced chemiluminescence (ECL).

4.11. Enzyme-Linked Immunosorbent Assay (ELISA)

First, 96-well microplates were coated with 1 µg/mL of albumin antibody in 100 mM
carbonate/bicarbonate (Sigma-Aldrich, S2127, S5761) buffer (pH 9.6) overnight at 4 ◦C.
After washing the plates twice with PBS, the remaining protein-binding sites were blocked
by adding 5% skim milk (Sigma, 70166; Buchs, Switzerland) at 4 ◦C overnight. Then, they
were rinsed again with PBS and the samples of different group extracts were added to
the plates and incubated for 90 min at 37 ◦C. Incubation at room temperature for 2 h was
performed with 1 µg/mL of AGE antibody followed by rinsing with PBS. A horseradish
peroxidase-conjugated secondary antibody was incubated with the samples after washing
the plates with PBS. After adding the substrate 3,3′5,5′-tetramethylbenzidiine solution
(Sigma-Aldrich, T0565) and incubating for 30 min, an equal volume of stop solution of
2 N H2SO4 (Sigma-Aldrich, 7664-93-9; Saint Louis, MO, USA) was added, and optical
density at 450 nm was determined.

4.12. Densitometry and Statistical Analysis

The densitometry intensity of each immunoreactivity band was determined using
Image-Pro gel digitizing software. All data shown in this study represent results from at
least three independent experiments. Statistical analyses were performed using the t-test
or ANOVA followed by Tukey’s post hoc test, and p < 0.05 was considered significant
(*, p < 0.05; **, p < 0.001; ***, p < 0.0001).

5. Conclusions

The present study demonstrated that recruited macrophages are capable of secreting
AGE-albumin under AMI conditions, and consequently that AGE-RAGE-dependent cellu-
lar signaling promotes the apoptosis of cardiomyocytes during the pathogenesis of AMI.
Based on the toxicity of the AGE-RAGE system in cardiovascular disorders, AGE-RAGE-
targeted therapeutic approaches are extensively studied, and the application of sRAGE is
considered as one of the most suitable targets due to that it possesses natural features of
the RAGE antagonist and due to promising results in AGE-RAGE-induced disorders. Our
results demonstrate that the application of MSCs as unremitted carriers of sRAGE during
post-AMI incidence could bring increased success in clinical management and treatment
of patients suffering from cardiovascular disorders. However, it is necessary to perform
further research to demonstrate a safe and effective dosage of sRAGE, as well as improve
issues such as cell homing and HLA match.
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