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Cardiovascular disease remains the leading cause of death worldwide and regenerative 
medicine is a promising therapeutic option for this disease. We have developed various 
techniques to attenuate the cardiac remodeling and to regenerate cardiovascular sys-
tems via stem cell application. Besides cell therapy, we are interested in the modulation 
of pathological inflammation mediated by macrophages in the damaged heart tissue 
to arouse endogenous reparative responses with biocompatible small molecules. 
Certainly, current understanding of mechanisms of tissue regeneration will lead to the 
development of innovative regenerative medicine for cardiovascular disease.
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CARDIOVASCULAR DISEASE

Cardiovascular disease remains the leading cause of 
death. Advances in pharmacological management have re-
sulted in an increasing proportion of patients surviving af-
ter acute myocardial infarction (MI). Unfortunately, this 
decrease in early mortality has resulted in an increased in-
cidence of chronic heart failure (HF) in the survivors. HF 
is the consequence of cardiomyocyte death or dysfunction, 
which is most commonly caused by MI. Over the past deca-
des, HF remains common, and the incidence rate has been 
dramatically increased to almost 300% despite strides for-
ward in the management of acute MI (Fig. 1, Statistics 
Korea, 2016). More importantly, morbidity of HF after MI 
and relapse have consistently increased, and recent demo-
graphics show the mortality of acute HF has reached 44% 
within 3 years of discharge (Korean acute HF registry, 
Korea Centers for Disease Control & Prevention). South 
Korea is one of the most rapidly aging societies and the 
prevalence of HF increases with population aging. Current 
therapies to prevent or delay progression of HF are limited. 
Conventional pharmacotherapy targets the maladaptive 
counter-regulatory mechanism activated by left ven-
tricular dysfunction, and this approach has yielded block-
buster agents. Although these drugs reduce mortality, 
they fail to address the underlying loss of cardiomyocytes 

and vasculature, and are intrinsically non-curative. That 
is why we need to better understand the biology and patho-
physiology of cardiovascular disease with in-depth investi-
gations.

CARDIOVASCULAR REGENERATION WITH STEM 
CELLS

The regenerative capacity of the adult heart is limited 
and insufficient to overcome the massive loss of car-
diomyocytes during acute damage or prolonged remodel-
ing, in which cardiomyocyte death exceeds cardiomyocyte 
renewal. Over the past decade, cell therapy has been devel-
oped as a means to augment myocyte numbers and to im-
prove cardiac function after MI. Stem cells have been iden-
tified as a regeneration therapy for cardiovascular disease. 
Myoblasts, embryonic stem cells (ESC), induced pluri-
potent stem cells (iPSC), or mesenchymal stem cells 
(MSCs) have been developed for regeneration therapy. 
MSCs, a representative adult stem cell type, are widely 
used for tissue regeneration strategies in clinical studies 
with a good safety profile (Fig. 2). 

Stem cells represent a cell population with self-renewal 
properties and the potential to generate daughter cells that 
are capable of differentiation along specific cell lineages.1 
To date, several stem cell types have been considered for 
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TABLE 1. Randomized controlled trials in heart failure

Trial Cell type Cell delivery Main outcome

MAGIC41 SM Transendocardial At 6 months, neutral for LVEF, and reduced LV volumes
POSEIDON42 MSCs Transendocardial At 1 year, improved exercise capacity, reduced LV volumes, and neutral for

LVEF
SCIPIO43 CSC Intracoronary, 

CABG surgery
Improved LVEF at 4 months and 1 year. Decreased infarct size in 

CSC-treated patients
C-CURE44 BM-MSCs NOGA-guided 

endoventricular 
injections

At 6 months: LVEF was improved by approx. 5% with favorable remodeling 
and improved 6% in walk-in cell therapy arm.

CADUCEUS 45 CDC Intracoronary At 1 year, reduced scar size, neutral for LVEF, and neutral for LV volumes
TAC-HFT46 MSCs and 

BM-MNC
Transendocardial At 1 year, improved exercise capacity, reduced scar size, improved regional

LV function, and neutral for LV volumes
PROMETHEUS47 MSCs Transepicardial At 1.5 year, improved regional LV function, improved LVEF, and reduced 

scar size
TOPCARE-DCM48 BM-MNC Intracoronary At 1 year, improved LVEF, improved myocardial perfusion, and neutral for

LV volumes
STAR-Heart49 BMC Transendocardial At 5 years, improved EF by 7.4 %, and decreased Mortality

SM: skeletal muscle cells, MSCs: mesenchymal stem cells, CSC: cardiac stem cells. BM: bone marrow, CDC: cardiac-derived stem cells,
MNC: mononuclear cells, LVEF: left ventricular ejection fraction, LV: left ventricle.

FIG. 2. The sources of stem cells.

FIG. 1. Prevalence of myocardial infarction and the incidence rate
of heart failure in Korea. AMI: acute myocardial infarction, IHD:
ischemic heart disease, HF: heart failure, yr: years, mo: months.

the treatment of patients with ischemic and nonischemic 
chronic HF. An overview of clinical studies according to 
stem cell types and patient selection is presented in Table 1. 
Regeneration of the damaged heart tissue is daunting, 
however, there have been issues considering the massive 
loss of cardiomyocyte and supporting cells have to be res-
cued in scarred myocardium. Stem cells usually induced 
cardiac repair mediated with angiogenesis, cardiomyocyte 
protection, and growth factor release. Although MSCs 
have been shown to be safe in preclinical studies, multiple 
meta-analyses have debated whether functional improve-
ment is significant or not. To enhance the therapeutic effi-
cacy of MSCs, various modifications have been shown suc-
cessful results. Pro-survival enzyme Akt was largely con-
tributed to increase cell survival and intracoronary in-
fusion of Akt-overexpressed MSCs resulted in improved 
cardiac function in the porcine MI model.2 Priming um-
bilical cord blood-derived MSCs with oxytocin for 24 hours 

increased migration activity via metalloproteinase upre-
gulation.3 Moreover, cultured umbilical cord blood-derived 
MSCs with oxytocin for 7 days showed considerable cardiac 
differentiation in the infarcted myocardium.4 In a recent 
study, apicidin, an inhibitor of histone deacetylase, highly 
induced cardiac genes in MSCs (Fig. 3), and a combination 
application with naïve MSCs and apicidin-treated MSCs 
showed both increased cardiomyogenic differentiation and 
angiogenesis.5

Throughout the continuous trials, we found that the de-
livery route for stem cell transplantation is the critical fac-
tor that determines the therapeutic efficacy of cell therapy. 
Unlike in Europe and United States, endocardial injection 
is not clinically approved in Korea. To validate the accessi-
bility of endocardial injection of stem cells into infarcted 
myocardium, we established the protocol of left ventricular 
mapping and endocardial injection in a porcine MI model. 
MSCs were injected into the peri-infarct zone by using 
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FIG. 3. (A) Representative images of immunocytofluorescence staining showed the cardiogenic MSCs expressed cardiac-specific proteins 
GATA4 (green) and cTnI (red). Nuclei were stained with DAPI (blue). (B) Treatment of MSCs with differentiation inducer upregulated 
cardiac marker expressions such as MEF2C, cTnI, and GATA4. MSCs: mesenchymal stem cells, MEF2C: myocyte enhancer factor 2c, 
cTnI: cardiac troponin I.

FIG. 4. Mapping images of left ventricle in a porcine myocardial infarction model. red: infarct zone, yellow: peri-infarct zone, green:
viable myocardium. Stem cells are injected into the myocardium endocardially by using MYOSTAR injection catheter.

FIG. 5. Phenotype changes of infiltrated macrophages in the in-
farcted myocardium over time. M1 type represents pro-in-
flammatory macrophages, while M2 represents anti-in-
flammatory subtype. MI: myocardial infarction, iNOS: inducible
nitric oxide synthase, IL-1β: interleukin-1β, TNF-α: tumor ne-
crosis factor-α, Arg1: arginase 1.

MyoSarⓇ (Biosense Webster, USA) connected to a mapping 
system (NOGAⓇ XP, Biosense Webster, USA), and found 
that endocardial injection of MSCs was safe and effective 
to improve cardiac function (Fig. 4).6 

Besides MSCs, intracoronary infusion of cardiosphere- 
derived cells (CDCs), the heart tissue-derived cells, showed 
the cardioprotective regeneration in preclinical and clin-
ical studies. The therapeutic effects of CDCs were known 
to be mediated mainly by paracrine factors such as 
microRNAs and exosomes (reviewed in7).

IMMUNE CELLS IN CARDIAC INFLAMMATION

1. Monocytes and macrophages
Macrophages are heterogeneous and actively involved 

in the inflammatory response during the progression of 
cardiac injury.8 After MI, circulating monocytes are rap-
idly recruited to the infarcted myocardium to participate 
in clearance of debris, angiogenesis, and tissue regene-
ration (Fig. 5).

Most tissue contains resident macrophages that can 
self-renew independent of blood monocytes.9 However, 
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some tissue macrophages do require continuous turnover 
from monocytes.10 Resident tissue macrophages are 
thought to arise from early yolk sac-derived progenitor 
cells,11 bypassing monocytes, or from fetal liver monocytes 
that themselves have derived from erythro-myeloid pro-
genitors.12,13 When looking at monocyte subsets in a mouse 
in the first days post MI the classical monocytes were 
shown to migrate into the infarct while non-classical mono-
cytes infiltrated the tissue beginning on day 5 post MI. In 
this model the classical and non-classical subsets were 
shown to go along with inflammatory and reparative func-
tions, respectively.8,14 Canonically, classically activated 
M1 type macrophages, expressing the integrin CD11c, are 
proinflammatory, whereas alternatively activated M2 
type macrophages, which do not express CD11c, are an-
ti-inflammatory.15 In human blood the classical monocytes 
(CD14++CD16−) peaked on day 3 and decreased thereafter 
while non-classical monocytes (CD14+CD16+) peaked on 
day 5 and remained high.8 MI patients with ventricular 
thrombus formation showed lower non-classical mono-
cytes in the peripheral blood, and this finding suggested a 
protective role of non-classical monocytes in the progress 
of cardiac pathology.16 Taken together while both mono-
cyte subsets are required for the post MI repair process, it 
appears that classical monocytes may be detrimental and 
non-classical may be beneficial when it comes to repair and 
long term organ function. The role of intermediate mono-
cytes in this process remains to be determined.

In atherogenesis, monocyte extravasation into the vas-
cular wall as well as the response of tissue-resident macro-
phages to modified lipoproteins can stimulate a cytokine 
response contributing to further leukocyte recruitment 
and the generation of lipid-laden foam cells, described as 
macrophages.17,18 Macrophage foam cells within the pla-
que contribute to an ongoing inflammatory response, with 
resulting continued recruitment of other immune cells into 
the plaque.19,20 

In infarcted heart tissue, monocyte response is tempo-
rally biphasic. Pro-inflammatory monocytes are abundant 
in the early phase (on days 1-4) and remove cell debris, 
while reparative monocytes dominate in the late phase to 
lead the resolution of inflammation.8 However this bipolar 
concept, predominantly described through in vitro and 
murine gene knockout data, may have oversimplified the 
true nature of physiological differentiation in vivo where 
a more complex milieu contributes to final macrophage 
phenotype.21-23 Acute MI patients showed a biphasic mono-
cyte response in a cohort study. Circulating inflammatory 
monocytes expanded in early phase, followed by anti-in-
flammatory monocytes.24 These results are in line with 
studies in mice, but additional studies are needed to de-
termine the monocyte response in the heart tissues.

In addition to local inflammation, monocytes and macro-
phages are required for MSCs to exert cardioprotective 
effects. Without monocytes and macrophages, there was no 
significant cardiac recovery by MSCs injection.25 Interest-
ingly, the inflammatory phenotype of macrophages was 

substantially suppressed, while anti-inflammatory medi-
ators were markedly upregulated by MSCs.26

A number of studies showed that perturbations in the 
macrophage-related inflammatory response are known to 
impair cardiac recovery. Lack of microsomal prostaglandin 
E2 synthase-1 in bone marrow-derived leukocytes neg-
atively regulates cyclo-oxygenase-1 expression, prosta-
glandin E2 biosynthesis, and inflammation in the infarct 
and leads to impaired cardiac function, adverse left ven-
tricular remodeling, and decreased survival after MI.27 
Circulating monocytes orchestrate both inflammatory and 
reparative phases during MI and depend on Nr4a1, a nu-
clear receptor, to limit their influx and inflammatory cyto-
kine expression. Nr4a1 modulated monocyte-dominant 
reparative phases to protect against cardiac remodeling in 
the infarcted myocardium.28

2. Dendritic cells
Dendritic cells are antigen-presenting cells that are re-

sponsible for adaptive immunity and immune homeo-
stasis,29 and are identified by their origin with some com-
mon precursors or circulating monocytes that differentiate 
into dendritic cells in the peripheral tissue or athero-
sclerotic plaque.30,31 A recent study demonstrated that the 
application of dendritic cells pretreated with infarcted car-
diac lysate resulted in cardiac recovery through regulatory 
T cells-induced macrophage modulation.32

3. Neutrophils
Neutrophils, the most abundant leukocyte in human pe-

ripheral blood, are proinflammatory phagocytes and are 
one of the first responders of inflammation. They rapidly 
release proteolytic enzymes to traverse through ex-
tracellular matrix to lesion, and this release plays a role in 
further recruitment and activation of other innate immune 
cells.33 Neutrophils infiltrate coronary plaques and the in-
farcted myocardium and mediate tissue damage by releas-
ing matrix-degrading enzymes and reactive oxygen spe-
cies, which are contributable to post-infarction adverse 
cardiac remodeling.34 Neutrophils are the first immune cell 
population to reach a peak within the first days after onset 
of ischemia, and are crucially involved in cardiac repair af-
ter MI by polarizing macrophages towards a reparative 
phenotype.35 Therapeutic strategies to reduce acute neu-
trophil-driven inflammation after MI should be carefully 
balanced as they might interfere with the healing response 
and cardiac remodeling.36

MODULATION OF CARDIAC NICHE WITH SMALL 
MOLECULES

The cardiac microenvironment includes cardiomyocytes, 
fibroblasts and macrophages, which regulate remodeling 
and inflammation after MI. There have been numerous 
studies to pick out the most reliable candidates for novel 
drug development. Among them, we found 5-azacytidine 
(5AZ), a DNA methylation inhibitor, can ameliorate car-
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FIG. 6. Stem cells and small molecules 
such as 5-azacytidine and BIO modu-
late multiple aspects of the cardiac mi-
croenvironment to improve cardiac re-
modeling after injury. Cardiomyocytes 
are protected from cell death to provide
a therapeutic opportunity to replace a 
portion of the dead cardiomyocytes, 
whereas proliferation of cardiac myofi-
broblasts was inhibited. Macrophage 
phenotype was shifted toward anti-in-
flammatory in the cardiac microenvi-
ronment.

diac injury by shifting macrophages toward an anti-in-
flammatory phenotype through sumoylation of interferon 
regulatory factor-1 in cardiac macrophages.37,38 
Additionally, 5AZ upregulated cell survival signaling 
phosphorylated ERK, phosphorylated Akt, and bcl-2 in 
cardiomyocytes. On the other hand, pro-fibrotic connective 
tissue growth factor and collagen type I were down-
regulated in 5-AZ treated cardiac fibroblasts. Moreover, a 
natural compound derivative, 6-Bromoindirubin-3-oxime 
(BIO) modulated the cardiac microenvironment to exert a 
therapeutic effect.39 In activated macrophages, BIO in-
hibited the expression of pro-inflammatory factors. In the 
zebrafish and rat models, BIO induced cardiomyocyte pro-
liferation, reduced fibrosis and improved cardiac perfor-
mance. Histological analysis revealed modulation of the 
cardiac microenvironment by BIO, with increased pres-
ence of anti-inflammatory macrophages. Macrophages are 
known to participate in cardiac remodeling via local pro-
liferation in the failing heart, and inflammatory cardiac 
macrophages lead to adverse remodeling.8,10,40 In accord-
ance with these studies, the paradigm shift in terms of tar-
get cells for cardiac regeneration from cardiomyocyte to 
cardiac immune cells offers new therapeutic options. For 
instance, it could be beneficial to modulate the ratio of sub-
sets of infiltrated macrophages to ease chronic inflam-
mation and tissue repair by application of small molecules 
such as 5-azacytidine and BIO. 

CONCLUSION

Various strategies with stem cells and biocompatible 
chemical compounds for cardiac regeneration intensively 

developed and resulted in multiple effects on the major cell 
types comprising the cardiac microenvironment to induce 
the resolution of excessive inflammation and to improve 
cardiac performance (Fig. 6). From a different perspective, 
potential immune-targeted therapy can be motivated by 
increased knowledge of monocyte/macrophage biology. 
Strict assessment of the efficacy and adverse effects of 
these therapies will undoubtedly drive ongoing researches 
to complement cardiac regeneration for the prevention and 
treatment of cardiovascular disease.
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