
Chapter 5
Biological Bases of Cardiac Function
and the Pro-regenerative Potential of Stem
Cells in the Treatment of Myocardial
Disorder

Karolina Anna Bednarowicz and Maciej Kurpisz

5.1 Cardiac Function and Pathophysiology of Myocardial
Infarction

The heart is one of the most important organs of the organism. It pumps and
distributes the blood in a closed system of vessels throughout the whole organism,
nourishing and supplying oxygen to even distant tissues.

The heart consists of four cavities: the right and left atria, and two ventricles—
right and left (Fig. 5.1). The atria are connected to the ventricles, while the right and
left halves of the heart are completely separated from each other. The right atrium is
separated from the left by the atrial septum; the ventricles are separated by the
interventricular septum. Atrioventricular canals, which are surrounded by fibrous
rings, to which the valves are attached, are located between the atria and ventricles.
The right atrioventricular valve (tricuspid valve) is located in the right atrioven-
tricular canal; while in the left atrioventricular canal—left atrioventricular valve,
also called the mitral valve (bicuspid valve). The valves do not allow the retraction
of the blood into the atria during the contraction of ventricles.

Blood to the atria is supplied from the veins, while the beginning of the arteries
takes from the ventricles. From the left ventricle exits the main artery (aorta). Its
branches supply the tissues with oxygenated blood and nutrients. After passing
through the capillaries, blood deoxidizes and collects carbon dioxide (from the
body) and then flows into the right atrium (large circulation or systemic circulation).
From the right atrium, the blood enters the right ventricle and thus through the
pulmonary trunk and pulmonary arteries—to the lungs. In the lungs, the blood
returns carbon dioxide, receives oxygen, and is delivered to the left atrium through
the pulmonary veins (small circulation or pulmonary circulation). There is a clear
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division on the right half of the heart with deoxygenated blood and the left half with
arterial (oxygenated) blood.

The heart wall is made up of three histological layers: the inner endocardium,
middle myocardium, and outer epicardium (Fig. 5.2).

Fig. 5.1 Heart muscle anatomy. Reprinted with permission from https://www.shutterstock.com/
image-illustration/human-heart-muscle-anatomy-infographic-chart-552509575

Fig. 5.2 Structure of a
mammalian heart. The wall of
each chamber consists of
three tissue layers:
endocardium, myocardium,
and epicardium. PV
pulmonary valve; TV tricuspid
valve; AV atrial valve; MV
mitral valve. Reprinted with
permission from Lin et al.
2012. Copyright 2012 The
Company of Biologists
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The epicardium is a thin serous membrane covering the outer surface of the
myocardium along with the coronary vessels lying on its surface. At the starting
point of the large vessels, the endocardium converts into outer pericardium (peri-
cardial sac).

The endocardium is a thin, transparent membrane. It consists of a thin layer of
connective tissue covered with a layer of flat epithelial cells. It covers the walls of
the atria and ventricular chambers, passing directly into the membrane lining the
internal surface of the vessels. The valves are made of fibrous connective tissue,
covered on both sides by the endocardium.

The myocardium consists of two types of muscles. These are atrial and ven-
tricular muscles, separated from each other by the fibrous rings surrounding the
atrioventricular atrium. The myocardium is made of striated muscle tissue. It differs
in its structure from skeletal muscles in that the individual cells connect the
branches of neighboring cells, creating a specific muscle network with distinct
histological pattern. The myocardium is made up of myogenic cells that have
muscular fibrils and basic contractile elements, among others, cell filaments
(Fig. 5.3). The thin filaments are formed from interconnected protein molecules—
actin, and the thick filaments are built out of myosin. Thick and thin filaments are
alternately arranged, with little overlap on each other. According to microscopic
observations, this is visible in the form of alternating bright (actin) and dark
(myosin) stripes. At half-length of the light stripe, you can see a thin, dark line (line
Z). It is a membrane that divides muscle fibers into parts called sarcomers. Due to
this membrane and the gap junctions, stimulating signals can be transferred from
one cell to another and the cardiac muscle forms a functional syncytium. The
muscle contractile phenomenon explains the “sliding” model, according to which a
contraction is the result of the insertion of actin filaments between the myosin
heads. This phenomenon can be observed at the level of each sarcomere, and the
final effect of muscle fiber contraction is due to the sum of contractions within
individual sarcomere.

Myocytes as well as the extracellular space can be distinguished in the myo-
cardium (being the most active structural components). The space can be divided
into extracellular fluid (interstitium), collagen, and fibronectin fibers. The other
morphotic elements may belong to coronary vessels, i.e., endothelial cells, smooth
muscle cells as well as fibroblasts underlying the myocyte layer. Myocytes repre-
sent only about 40% of the total cell population in myocardium but occupy about
75% of its volume. Extramyocyte part creates an environment, in which myocytes
work. Therefore, the condition of textured extramyocytes space for cardiac function
and its capacity is not less important than the myocytes themselves.

The role of the heart as a pump depends on the synchronized changes in the
physical properties of the muscles. During relaxation time, the heart maintains
plasticity so that blood flows into the individual cavities causing them to stretch.
During stimulation this muscle generates mechanical stress and shortens, so that
blood can enter the vessels, leaving the heart chambers.
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The heart muscle controls its own contractions. Stimulus inducing contraction is
produced in conductive heart muscle cells called Purkinje fibers (Fig. 5.4). The
density as well as morphology and function of these cells is different from the other
regions of the heart. They lack myofibrils and are more like smooth muscle. In these
cells, there are no visible clear cross-striations. They contain more glycogen and the
sarcoplasm. The cells of the conductive system stimulate themselves spontaneously
and rhythmically, forming the so-called, autonomous system of the heart, in which
they create contractions through depolarization. Cells of the conductive system are
arranged in a very characteristic way. The sinoatrial node is the main place where
synchronized stimulus arises (Keith-Flack). Stimulation propagates the first wave in
the atria and then to the main chambers. In the event that the sinoatrial node is
damaged, the atrioventricular one takes over as the trigger (Aschoff-Tavary).
A bundle of atrioventricular (His) fibers runs from the trabecular and papillary
muscles. Interruption of the connection between the atria and ventricular chambers
causes on the atrioventricular block, which is manifested by the fact that the atria
contract independently of the chambers.

Cardiovascular diseases (CVDs) are known to be the main cause of morbidity
and mortality, particularly in highly developed countries, and are usually connected
with myocardial infarction (MI). According to the World Health Organization,
myocardial infarction and coronary artery disease are the reason for 29% of global
mortality (Mendis et al. 2011). The predominance has been increasing constantly
due to an ageing population and changes in a lifestyle.

Myocardial infarction can be a model for an acute heart ischemia. Ischemia is the
result of inhibited coronary perfusion, typically because of narrowing or occlusion

Fig. 5.3 Structure of a
sarcomere. Reprinted with
permission from https://www.
shutterstock.com/pl/image-
vector/structure-skeletal-
muscle-fiber-116411524?
src=5LX4lyg3Lx_
7dGHE8BhYtw-1-57
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of the coronary artery. However, human coronary collateral circulation is quite well
developed. Therefore, total coronary occlusion often results in only a partial (and
inhomogeneous) decrease in perfusion in the basin of the occluded artery. The
accompanied decline in ATP production, proportional to the degree of perfusion
limitation, increased lactic acid and cellular acidosis, decrease of myocardial con-
tractility, and finally the death of cardiomyocytes (necrosis) may occur. The
myocardial contractions may be weakened within the first few seconds of ischemia,
and hypoxia is its earliest symptom. Hypoxia results in rapid acidification of heart
cells, which is caused by the decomposition of ATP and the accumulation of lactic
acid. Cellular acidosis is the most probable cause of early contractility disorders in
ischemia, as it reduces affinity of troponin to Ca2+, increases uptake, and inhibit
Ca2+ release from the endoplasmic reticulum membrane, thus diminishing the
activity of calcium channels. At a later stage of severe hypoxia (minutes, hours),
loss of contractility correlates with the loss of cellular ATP and the progressive
irreversible damage of cardiomyocytes. It is known that the extensive myocardial
infarction reduces about 20–30% of the total heart mass (approximately 300 g),
which is about 1.8–2.7 trillion cardiomyocytes.

The term “postinfarction heart remodeling” defines the structural changes in the
heart following a myocardial infarction. It marks the changes at the center of the
infarction zone, replacing dead myocardial tissue with connective tissue (early
phase of reconstruction) as well as changes in the remaining unaffected parts of the
myocardium to adapt the structures to the pathological conditions (late phase of
reconstruction). The early reconstruction phase can be divided into two stages:

Fig. 5.4 Anatomy of the
heart electrophysiological
system.
AV = atrioventricular;
SA = sinoatrial. Reprinted
with permission from Roquin
2006. Copyright 2015
Medmovie
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infarct extension associated with extension of necrosis due to the loss of car-
diomyocytes in the border zone (between ischemic and healthy areas) and infarct
expansion associated with passive stretching by intraventricular blood pressure and
tension in the wall of the ischemic chamber. Just a few hours after the infarct, this
region gets thinner, the left ventricle enlarges (becomes dilated), and its elliptical
shape becomes more spherical.

Myocardial infarction is related to the interstitial fibrosis and the left ventricular
(LV) dilatation, which continue to weaken cardiac efficiency and can be indepen-
dent causes of morbidity and mortality after MI. LV remodeling is the consequence
of overexpression of multiple factors, including angiotensin II, norepinephrine, and
proinflammatory cytokines, which exert pathological effects on cardiac myocytes,
non-myocyte cells, and the extracellular matrix. Current therapeutic approaches to
MI (pharmacological treatment and interventional strategies) are focused on alle-
viation of symptoms and life extension, and they do not concentrate on the fun-
damental issue, which is the physical decrease (death) of cardiac viable tissue.
Therefore, there is a dramatic need for new therapies that will contribute to the
repair and improvement of the heart function. We shall further understand how the
changes in the mechanical properties of myocardial tissue would affect the phe-
notype and function of cells after MI.

The most efficient therapy is the heart transplantation, but it may cause numerous
problems, among others: insufficient number of donors, immunological rejection,
age limitations (both of donor and recipient), complications before and after sur-
gical intervention, and substantial medical costs. Therefore, current studies taking
place around the world have been focused on stem cell-based therapies, which aim
to rebuild the wasted myocardium with new functional cardiac cells. However, the
results of functional stem cell therapies are limited due to multiple obstacles such as
post-transplantation low cell survival, insufficient capacity of cell engraftment and
their retention.

The clinical trials and experimental research attending to overpass these limi-
tations focus on finding optimal stem cell candidates, perfect systems of cell
delivery, adequate cell doses, and timing of their administration. There are two
main strategies used to improve current stem cell therapy system. The first one is
short term and has been focused on the pretreatment of the cells to stimulate their
directed migration, retention, differentiation, and survival. The second strategy aims
to ensure the optimal environment for the cells, their long-term engraftment, dif-
ferentiation, and function in pathological conditions. In next section, we will
summarize the latest advances on stem cell therapy and methods used to increase
their efficacy for clinical application.
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5.2 Stem Cells in Cardiac Regenerative Therapy;
Candidates

Various types of stem cells have been included in many preclinical and clinical
trials to determine their pro-regenerative ability that could be used for either direct
or indirect (paracrine) effects in undertaken cell therapy. The optimal cell type
should meet the postulated features: safety (no induction of immunity or tumori-
genesis), pro-regenerating ability, and differentiation toward target tissues and/or
organs, ease of being to be obtained with no danger of rejection and/or ethical
controversy involved.

5.2.1 Embryonic Stem Cells (ESCs)

Promising candidates for cardiac pro-regenerative therapy were embryonic stem
cells because of their strong ability to proliferate and differentiate into the cells from
all the three germ layers: ectoderm, endoderm, and mesoderm. Nevertheless,
clinical trials using these cells in humans have rarely been conducted due to
bioethical issues associated with their source of origin. Other ESCs-related obsta-
cles were possibilities for teratoma formation or immune rejection. Recently,
Menasche group at Georges Pompidou European Hospital in Paris started a clinical
trial (ESCORT—transplantation of human Embryonic Stem Cells-derived
prOgenitors in severe heaRT failure) using pericardial flaps seeded with car-
diomyocytes obtained from hESCs (Baas 2014).

5.2.2 Adult Stem Cells (ASCs)

Different populations of cells for cardiac pro-regenerative therapy have been rep-
resented by the family of adult stem cells (ASCs) including: skeletal myoblasts
(SKMs), bone marrow cells (BMCs), adipose-derived stem cells (ADSCs), and
endogenous cardiac stem cells (CSCs). Despite their various limitations in amount,
low or variable differentiation and proliferation abilities when compared to ESCs,
the efficiency and simplicity of their acquisition from the patient were the reasons
that ASCs are considered to be optimal candidates for cell therapy of the heart.
Moreover, the transplantation of autologous patient-derived cells eliminates ethical
controversies and danger of immune rejection.
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5.2.2.1 Skeletal Myoblasts (SKMs)

Mature skeletal muscle contains a reservoir of inactive and undifferentiated satellite
cells, which may be transformed in a mixture of myoblasts. Myoblasts exhibit
proliferative potential and can differentiate into muscle fibers regenerating damaged
skeletal muscle parts. But transplanted skeletal myoblasts are mechanically and
electrically detached from the host myocardium, which has been a serious obstacle
for their application in cardiac pro-regenerative therapy. SKMs are one of the first
cells brought into the clinical trials for heart regeneration. Small non-randomized
phase I trials revealed that SKMs have a functional advantage (over the other
candidates) in increasing left ventricular ejection fraction (LVEF) and improving
myocardial viability. However, ventricular arrhythmias and a high loss rate of
skeletal myoblasts in situ have been observed in the treated patients (Hagège et al.
2006; Siminiak et al. 2004). The first prospective randomized placebo-controlled
phase II SKM trial, called MAGIC, using autologous skeletal myoblasts, showed
limited or no benefits to regeneration of the postinfarction scar region (Menaschè
et al. 2008). However, successive research conducted to test skeletal myoblasts as
possible candidates for cardiac pro-regenerative therapy has been rather optimistic.
The outcome of recent experiments demonstrated that mechanical preconditioning
of transplanted skeletal myoblasts improved their interaction with recipient organ’s
cardiomyocytes in vivo.

5.2.2.2 Bone Marrow Cells (BMCs)

So far, autologous bone marrow cells (BMCs) have been the most commonly used
for clinical therapy. The BMCs are a composition of endothelial progenitor cells
(EPCs) and hematopoietic stem cells (HSCs) constituting 2–4% of BMCs, mes-
enchymal stem cells (MSCs) < 0.1% of BMCs, and some amounts of side cell
population. The induction of two major subpopulations, HSC and MSCs, were tried
to provide structural elements to myocardium. The administration of MSCs into the
murine myocardium demonstrated potential to differentiate into cardiomyocytes.
Also, MSCs do not possess the major histocompatibility complex (MHC) antigens
of class II (HLA-DR), which allow them to be applied in allogeneic transplanta-
tions. The effect of MSCs in heart regeneration is not only based on their capacity to
differentiate into cardiomyocytes but is mostly related to their paracrine activities.
Mesenchymal stem cells actively secrete chemokines, growth factors, and cyto-
protective cytokines, which promote proliferation, differentiation, vascularization of
own cardiac progenitors cells (CPC), inhibit cardiomiocyte apoptosis and
myocardial fibrosis (sometimes preventing scar formation). The mechanism of
MSCs is characterized by their ability to decrease the activation of NF-jB,
inhibiting the expression of TNF-a and IL-6, and increasing secretion of
anti-inflammatory cytokine, IL-10.

Transplantation of autologous MSCs demonstrated an increase of left ventricular
ejection fraction (LVEF), decrease of the infarct size, and reversed heart remodeling
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developed due to the infarction. However, based on data from meta-analysis of 49
trials performed by Nowbar and colleagues in 2014, it was only found slight
myocardial recovery after BMCs transplantation (Nowbar et al. 2014). Presently,
the use of BMCs in cardiac pro-regenerative therapy has shown average to modest
benefits in left ventricle (LV) function. The latest research discovered that the
cooperation of human MSCs with CPC’s produces a better effect on the reduction
of infarction size and improvement of cardiac functions than MSCs alone (Williams
et al. 2013). Finally, myocardial regeneration with the appearance of new blood
vessels and new cardiomyocyte populations after the BMCs transplantation has not
been reported.

5.2.2.3 Adipose-Derived Stem Cells (ADSCs)

The next population of stem cells representing therapeutic potential in cardiac
pro-regenerative therapy have been adipose-derived stem cells (ADSCs). The
adipose tissues mostly consist of endothelial progenitor cells and adult mes-
enchymal stem cells, which have been shown to differentiate into a variety of cell
lineages including cardiomyocytes. The application of ADSCs can effectively
improve left ventricular function in preclinical animal models of myocardial
infarction. For example, transplantation of ADSCs in a postinfarction rat model
increased LVEF, improved angiogenesis, and reduced myocardial fibrosis (Mazo
et al. 2008). Recent research has also demonstrated that human ADSCs revealed
perivascular characteristics through enhanced migration in response to
platelet-derived growth factor (PDGF) and vascular endothelial growth factor
(VEGF), thus leading to increased microvascular density (neoangiogenesis) (Eng
et al. 2016). Additionally, ADSCs using their paracrine mechanisms can trigger
native cardiac resident stem or progenitor cells (CPC) to improve heart function.
Several attempts ensured that ADSCs containing a population of adult multipotent
mesenchymal stem cells can improve left ventricular function but especially by the
paracrine action of growth factor-mediated effects. Because the presence of car-
diomyocytes within the MSC transplant seems to be rare, it is believed that MSCs
control the angiogenesis mostly through paracrine pathways.

The preliminary results of clinical trials assumed that ADSCs may also improve
maximal oxygen consumption and ensure stabilization of infarct size. The positive
impact of ADSCs with increased cardiovascular cytoprotection and angiogenesis is
believed to be associated with their multipotency and ability to secrete growth
factors. Because of the potential large amount of adipose tissue in the body and the
fact that ADSCs can be simply and safely obtained, this population of adult stem
cells become another accessible great cell source for future cardiovascular therapy.
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5.2.2.4 Cardiac Stem/Progenitor Cells (CS/PCs)

Since 2003, it has been known that the adult heart contains a population of stem/
progenitor cells that can be engaged in its own regeneration process. These cells are
characterized by multipotent, self-renewed, and clonogenic ability, and develop to
mature cardiomyocytes, endothelial cells, and smooth muscle cells. Cardiac stem/
progenitor cells were initially obtained from the adult rat heart and described as
expressing the tyrosine kinase receptor c-kit and lacking any markers of
hematopoietic lineage (Beltrami et al. 2003). CS/PCs have been identified in
humans as well (Bearzi et al. 2007), which initiated a new direction in clinical trials.
Various populations of CS/PCs have been identified and phenotyped including c-kit
+, sca-1+, Is11+, cardiospheres, side cell population, epicardial, and SSEA-1+
progenitor cells. But human c-kit-positive cardiac cells are the best known and the
most intensively studied CS/PC population. Some research documented the
potential of CS/PCs to enhance regeneration and improvement in both LV function
and structure, and heart remodeling inhibition in different animal models of post-MI
cardiomyopathy (Li et al. 2011a; Linke et al. 2005; Tang et al. 2010). The results of
the first clinical trial (SCIPIO) are similar to that ones obtained with the preclinical
studies and assumed that intracoronary infusion of autologous CSCs provided a
decrease of infarct size and an improvement of LV systolic function (Bolli et al.
2011).

Cardiosphere cardiac stem cells have also been described as a self-renewed,
multipotent, and clonogenic cell subpopulation with the pro-regenerative potential
to the myocardium in vivo. In the first clinical trial performed with autologous
cardiosphere-derived cells (CADUCEUS), beneficial effects have been obtained
(Makkar et al. 2012). The latest studies, based on this trial, but with the use of
cardiosphere-derived cells from an allogenic source (ALLSTAR), resulted also in
promising effects after phase I clinical trials. This led to the start of the randomized,
double-blind, placebo-controlled phase 2 clinical trials to further estimate safety and
efficacy of allogenic cardiosphere-derived cells in decreasing scar size in a
postinfarction heart (Chakravarty et al. 2017).

The obstacle associated with CS/PCs is mainly caused by their poor retention
and cell engraftment efficacy. Unfortunately, less than 1% of engrafted cells can be
indentified at 4 weeks after transplantation, whereas most of the initially retained
cells die due to inflammatory reaction, apoptosis, or hypoxia.

Several studies concentrated on comparing the ability of different myocardial
adult stem cells types to repair damaged region. The highest rated was CSCs
because of their ability to extensively produce paracrine factors, the greatest
functional benefits, and the lowest dose to obtain therapeutic effects. But still, as
already mentioned, the combined therapy with both CSCs and MSCs showed better
results than any of these cell populations alone.

Summarizing, clinical trials focused on the postinfarction heart and based on
BMSCs, CSCs, and ADSCs showed heart function improvement, also increasing
the left ventricular ejection fraction and finally extending the life span of individual.
However, this was mainly due to paracrine effects instead of direct differentiation
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into cardiomyocytes. The new strategies, however, demonstrated another line of
research when using cardiopoietic driven cell populations out of bone
marrow-derived stem cells. Such manipulation could modify traditional “paracrine
procedures” into more structurally oriented cells of cardiac origin (CHART-1
design) (Bartunek et al. 2016). However, conclusive documentation of such cell
modification is lacking. First, genotypic and phenotypic cell characterizations were
made on the grounds of MEFc nuclear/cytosol ratio, and long-term cell structural
conversion has not been yet confirmed. Clinical endpoints were established at a
six-month follow-up time frame, typical for “paracrine procedures” heart
improvement. Further documentation is immediately needed including transplanted
cell imaging to document the proof of concept.

5.2.3 Induced Pluripotent Stem Cells (IPSCs)

A pluripotent stem cell population (iPSCs) was created in 2006 by Takahashi and
Yamanaka overexpressing four specific transcription factors: OCT3/4, Sox2,
c-Myc, and Klf4 (so-called Yamanaka factors) in mouse fibroblasts. In this way,
cells obtained revealed overexpression similar to ESC marker genes and mor-
phology, and growth properties similar to embryonic stem cells, thus creating an
opportunity to use them for regenerative medicine. Also, it is known that iPSCs
differ from ESCs in respect to intensity in gene expression and DNA methylation
scheme. Appeared also a concept of somatic cell reprogramming making autolo-
gous pluripotent stem cells that can be simply obtained in the laboratory, individ-
ually tailored and differentiated to specific precursors in order to eliminate rejection
from the immune system of individual after aimed cellular therapy.

iPSCs may differentiate into three types of cardiomyocytes (atrial, nodal, and
ventricular) with similar characteristics to “native” cardiomyocytes. No significant
differences have been noticed between cardiomyocytes derived from either ESCs or
iPSCs.

Most iPSCs have been obtained inducing overexpression of specific transcrip-
tion factors using retroviral and lentiviral vectors (Takahashi et al. 2007), associated
with the insertion of transgenes into the host cell genome. Some transcription
factors, however, which generate iPSCs (c-Myc and Klf4), have been defined as
oncogenes. To solve the other problems associated with induction of pluripotent
stem cells, which among others is the low efficiency of iPSC output (0.001–2%),
low kinetics, and no absolute safety in reprogramming, a lot of methodological
corrections have been invented. For example, the reprogramming factors using
Sendai viral system (SeV), established on a negative-strand RNA virus with no
possibility of being stably inserted into the host cell genome, decreased the danger
of random integration. Also, different methods have been expanded to fulfill the
clinical application requirements through, e.g., virus-free iPSCs reprogramming
(Kaji et al. 2009), piggyBac transposons (Woltjen et al. 2009), recombinant proteins
(Kim et al. 2009), episomes (Yu et al. 2009), synthetic mRNAs (Warren et al. 2010),
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and microRNAs (Miyoshi et al. 2011) or minicircle systems (Jia et al. 2010).
Reprogramming fibroblasts to iPSCs with modified mRNA exhibited approxi-
mately 1.1% efficacy, while lentiviral transduction with miR302/367 showed 10%.
Furthermore, chemical modifications have been considered as the method of choice
to improve the iPSC generation (CiPSCs). Numerous small chemical molecules
have been declared to replace traditional reprogramming factors in order to improve
safe iPSC generation. Thus, the disadvantages of current methods could be avoided,
such as the risk of tumorigenesis from random genomic integration or overex-
pression of harmful oncogenes.

It has been mentioned that iPSCs epigenetic characteristics, among others, his-
tone modification, and CG methylation, may influence the pattern of the
iPSC-derived cells. Since the iPSCs reprogramming from somatic cell involves
global epigenetic remodeling, the efficient reprogramming process relies on chro-
matin modifying enzymes, for instance: inhibitors of DNA methyltransferase (e.g.,
5-azacytidine) and histone deacetylase (HDAC) inhibitors (Mikkelsen et al. 2008;
Huangfu et al. 2008a). For example, Valproic acid (VPA), an HDAC inhibitor,
increases reprogramming efficacy by more than 100-fold. Also, VPA allows the
induction of pluripotent stem cells with only Oct4 and Sox2, without using onco-
gene, c-Myc (Huangfu et al. 2008b).

New approaches to genetically modify human iPS cells at “safe harbor” places in
the genome have been expanded, to reduce the perturbation resulting from neigh-
boring gene expression. Safety standards made to estimate potential safe harbors are
as following: a distance of at least 50 kb from the 5’ end of any gene, and at least
300 kb from any cancer-related gene and microRNA, and a position outside of
transcriptional units and ultraconserved regions (Papapetrou et al. 2011). Cerbini
and colleagues reported observations of their latest experiments, in which they
created transcription activator-like effector nucleases (TALENs) targeting the
safe-harbor like gene CLYBL. It has been revealed that a target for TALEN–
enhanced integrative gene-transfer, situated in intron 2 of the Citrate Lyase
Beta-Like (CLYBL) gene, assured up to tenfold higher transgene expression
compared to commonly used AAVS1 (Cerbini et al. 2015).

Zhang and coworkers developed a novel method of isolating a cell population
with great proliferation ability and cardiovascular differentiation capacity after
successful myogenic differentiation from mouse fibroblasts. They have been called,
ieCPCs—induced expandable cardiovascular progenitor cells, which can differen-
tiate into functional cardiomyocytes, endothelial cells, and smooth muscle cells.
Moreover, after injection of ieCPCs into MI mouse heart the cells started to dif-
ferentiate into all three subpopulations of the heart improving cardiac functions.
This suggests, that ieCPCs could constitute a novel approach in pro-regenerative
strategy to the heart (Zhang et al. 2016). Summary of cardiac regenerative medicine
products is shown in Fig. 5.5.
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5.3 Novel Strategies in Cardiac Cell Therapy
with Use of the Adult Stem Cells

The major issue in the transplantation of stem cells is an insufficient number of cells
which may be retained in desired regions of intervention and overall low survival
rate in the recipient organ. It has been proved that more than 90% of the stem cells
disappear within 24 h after transplantation; this is associated with hypoxia, local
ischemia, and pro-apoptotic inflammatory conditions. Furthermore, it has been
documented that two hours after injection just 1.3–2.6% stem cells were retained in
the myocardium and after 20 h about only 1.49% of the initial cell population was
reported.

Researchers revealed that heart failure therapy based on stem cells operates
within general mechanisms connected with immune surveillance, apoptosis, and
angiogenesis. To address these issues, new approaches to improve the present
strategies have been expanded, e.g., different methods of cells preconditioning
before transplantation into infarcted myocardium.

Fig. 5.5 Summary of cardiac regenerative medicine products. Reprinted with permission from
Climent et al. 2016. Available from: http://circres.ahajournals.org/content/119/3/409
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5.3.1 Cell Preconditioning

It is known that mesenchymal stem cells cultured in hypoxic conditions exhibited
increased expression of pro-angiogenic and pro-survival factors, e.g.,
angiopoietin-1, vascular endothelial growth factor, erythropoietin, hypoxia-
inducible factor 1, Flk-1, Bcl-2, and Bcl-xL (Hu et al. 2008).

Since the time that paracrine factors were discovered to inhibit apoptosis, pro-
mote angiogenesis, and myocyte proliferation, they have been widely used to
improve the therapeutic effect of stem cells transplanted into damaged myocardium.
Some benefits were gained after MSCs preconditioning with cytokines and growth
factors (e.g., SDF-1a), which inhibited cells apoptosis, increased their survival,
engraftment, vascular density, and cooperated with SDF/CXCR4 signaling pathway
improving myocardial function (Pasha et al. 2008). Recent studies reported that the
preconditioning of BMSCs using the hypoxia—inducible factor 1a (HIF-1a) prolyl
hydroxylase inhibitor dimethyloxalylglycine (DMOG), increased their life span
and paracrine function (Liu et al. 2014), while pretreatment of adipose-derived
stem cells (ADSCs) using 5-azacytidine enhanced cardiogenic differentiation
(Ravichandran et al. 2013).

Similarly, preconditioning using physical factors, among others: magnetic fields,
mechanical stress, and low O2 pre-culture, has been involved in cardiac stem cell
preparation. Mechanical stress inhibits the proliferation of CSCs but supports
production of angiogenic factors and inflammatory cytokines (Kurazumi et al.
2011). A magnetic field was used to lead cardiac—specific differentiation into adult
cardiac progenitor cells (Gaetani et al. 2009), while low O2 conditions increased
cells propagation and quality (viability) (Li et al. 2011a).

5.3.2 Genetic Stem Cell Modifications

Another strategy to improve the therapeutic ability of stem cells and enhance their
chance of survival, engraftment, homing, and pro-regenerative efficiency may be a
combination of the cell and gene therapies. Genetically modified stem cells have
been designed to reduce the pro-apoptotic pressure after transplantation. The sur-
vival rate of MCSs has been extended after the cell modification with the
anti-apoptotic gene Bcl-2. The results have shown the reduction of the infarct size
and progress in cardiac functioning (Li et al. 2007). Improved cell survival has also
been documented with MSCs transduced with heme oxygenase (Hmox-1), con-
nexin43 (Cx43), and Akt, known as protein kinase B (PKB). Similarly, the trans-
plantation of autologous ADSCs linked with Hmox-1 transduction indicated
improved heart function and inhibition of postinfarcted myocardium remodeling
(Li and Verma 2002). Methods of genetic engineering have also been adapted to
increase CPCs cell survival and proliferation. For example, overexpression of Pim-
1 kinase caused a renewal of phenotypic and functional stem cell characteristics
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probably by increasing telomerase activity and extending telomere lengths (Mohsin
et al. 2013). Additionally, genes responsible for the promotion of angiogenesis have
also been modified, e.g., angiopoietin-1 (Ang-1), the vascular endothelial growth
factor (VEGF), granulocyte chemotactic protein (GCP-2). The results obtained after
MSCs transplantations in a mouse/rat model revealed significant progress in
angiogenesis, cell survival index, cardiac function, and reduction of infarct size
(Hua et al. 2014; Liu et al. 2012; Kim et al. 2012). Also, increased pro-angiogenic
effects have been demonstrated in studies with CPCs after VEGF modification
(Zhang et al. 2012) or those with high expressed Ang-1 (Zeng et al. 2012).
Furthermore, human ADSCs transduced with the VEGF gene (Rehman et al. 2004)
and hepatocyte growth factor (HGF) (Zhu et al. 2009) brought an improvement in
angiogenesis and cardiac function.

Also, it has been reported that the overexpression of protein kinase G1 a
(PKG1a) extended MSCs survival and their angiomyogenic ability in damaged
myocardium. The heart function and cell survival rate were increased, but simul-
taneously the levels of paracrine factors and anti-apoptotic proteins (Akt, GSK3b,
and Bcl-2) were raised (Wang et al. 2013).

It has been documented that genetically modified stem cells, present some
problems associated with migration, hypoxic conditions, and immune response
from the recipient organ. However, genetically modified MSCs by
hypoxia-inducible factor-1a (HIF-1a) overexpression revealed an improved
angiogenesis under hypoxic conditions and developed better autocrine and para-
crine activities (Razban et al. 2012). Besides, intramyocardial transfection of HIF-
1a and transplantation of genetically modified MSCs in an experimental model of
rat MI showed improved angiogenesis, engraftment, cell survival, and inhibited
apoptosis (Huang et al. 2014). Trying to reduce the obstacles associated with
migration of the transplanted MSCs from the postinfarcted region, attempts at
delivery of stromal derived factor-1a (SDF-1a), a pro-angiogenic and cardiomy-
ocyte protective protein were initiated (Askari et al. 2003). Moreover, SDF-1a
stopped hypoxia/SD-induced MSCs apoptosis through ERK1/and 2 PI3 K/Akt
signaling pathways (Yin et al. 2011). It has also been shown that the transfection of
mesenchymal stem cells with tumor necrosis factor receptor (TNFR) gene resulted
in the anti-apoptotic and anti-inflammatory effects after transplantation into MI
region (Bao et al. 2008). Besides, it has been documented that the enhancement of
CSCs recruitment, engraftment, and reduction of infarct size was regulated through
the CXCR4/PI3 K signaling pathway (Wang et al. 2012). Some research also
revealed that CSCs differentiation and engraftment potential were increased simply
after fibroblast growth factor (bFGF) introduction (Takehara et al. 2008).

Recently, some studies have demonstrated a new method of reprogramming
mouse fibroblasts into cardiac cells using a small molecule cocktail (containing
ALK4/5/6 inhibitor, GSK3 inhibitor, parnate, and forskolin) and leaving only one
transcription factor—Oct4, without entering into the pluripotent state. These con-
ditions have been very efficient and led to the creation of spontaneously beating
cardiomyocytes from fibroblasts presenting heart ventricle phenotype. The intro-
duction of small molecules reduced the dependence on genetically manipulated
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transcription factors when transforming into a total pharmacological induction of
cardiomyocyte development (Wang 2014).

Stem cell’s ability to contract, respond, and integrate with their surrounding
electrophysiological environment is critical to their reprogramming into car-
diomyocytes. Vunjak-Novakovic and colleagues assumed that biomimetic electrical
signals may control the internal beating properties of cardiomyocytes. They per-
formed an electrical preconditioning of human stem cells-derived cardiomyocytes
in three-dimensional (3D) culture and observed an enhancement of cardiomyocyte
maturation, modification of their automaticity and increasing connexin expression,
and sarcomeric pattern. Cardiomyocytes adjusted their autonomous beating rate to
the frequency at which they were stimulated. This rate-adaptive action was long
lasting and transferable to the adjacent cardiomyocytes. Such an electrical pre-
conditioning brings an optimistic prospect of the implication for cell-based decrease
of arrhythmia during heart regeneration (Eng et al. 2016).

5.3.3 MicroRNAs/Exosomes

It is assumed that both normal and dysfunctional cardiac mechanisms, e.g., apop-
tosis, myocardial fibrosis, myocyte hypertrophy, and ventricular dilation are regu-
lated by microRNAs. The latest discovery has suggested that miR-133 and miR-1
are the main regulators of cardiac hypertrophy (Carè et al. 2007), whereas miR-499
supports differentiation of CSCs into mechanically integrated cardiomyocytes
(Hosoda et al. 2011), implicating their potential therapeutic use in cardiology.
Novel studies described let-7 family as the most highly upregulated family of
microRNAs in cardiac maturation. Overexpression of let-7 in human embryonic
stem cells-derived cardiomyocytes increased cell size, maturation of the cells,
sarcomere length and contractility (Kuppusamy et al. 2015).

Another mechanism adapting the therapeutic potential of MSCs concerns the
function of exosomes. They are used as vectors for miRNAs communication
between cells. MicroRNA transferred via exosomes can silence compatible mRNA
in target cells (Stroorvogel 2012). MSCs-derived exosomes play an important role
in therapy by many anti-apoptotic miRNAs (e.g., miR-221), which initiate cell
survival signaling pathway. Latest studies have simply reported that exosomal
miR-221 inhibit the expression of p53 upregulated modulator of apoptosis
(PUMA). Since PUMA showed an interaction with BCL-xL and p53, and activa-
tion of pro-apoptotic proteins, its inhibition by miR-221 improved CMCs survival
(Yu et al. 2013). Further, last findings indicated the possibility to use the exosomes
from MSCs in a few pro-regenerative attempts such as: neovascularization,
anti-cardiac remodeling, and anti-inflammatory effects (Arslan et al. 2013; Salomon
et al. 2013).
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5.3.4 Drug Administration

Application of drug therapy after stem cell implantation has been tested to improve
implant viability. The combined therapy with both MSCs and drugs resulted in the
improvement of therapeutic effects after cell transplantation toward damaged
myocardium. Statins, among others, lovastatin and rosuvastatin, are considered to
have cytoprotective properties against hypoxia and serum deprivation-stimulated
apoptosis via PI3 K/Akt and MEK/ERK1/2 pathways (Xu et al. 2008; Zhang et al.
2013). Also, rosuvastatin inhibited the pro-apoptotic murine proteins Bim and Bax
and activated the anti-apoptotic proteins Bcl-xL, Bcl-2, and paracrine effects of
MSCs (Zhang et al. 2013). Additionally, trimetazidine (TMZ) has also been
described as having a protective influence on MSCs H/SD-induced apoptosis via
Akt pathway as well as increasing the paracrine effect of MSCs (Gong et al. 2014).
The latest research has also shown that the impact of the ASCs therapy for
myocardial infarction is strengthened when the treatment is combined with
cyclosporine A nanoparticles (CsA-NP) (Yin et al. 2014). Similarly, usage of
17b-estradiol (E2) increased CSCs therapeutic potential (Wang et al. 2014).

NF-jB is a transcription factor, which plays a role in the pathogenesis of heart
failure activating fibrotic and inflammatory reactions (Stancovski and Baltimore
1997; Li et al. 2011b; Frangogiannis et al. 2002). The results have shown that the
blockade of NF-jB action with its inhibitor decreased cell mortality and inhibited
the LV remodeling. Furthermore, adapting the phosphorylation inhibitor of the IjB
(the inhibitor of the NF-jB), IMD-0354 (IMD), the number of accumulated
inflammatory cells in the infarcted heart regions decreased and the expression of
chemokines and proinflammatory cytokines was reduced, with concomitant sup-
pression of myocardial fibrosis (Onai et al. 2007).

5.4 Nanotechnology and Biodegradable 3D Scaffolds

A different issue in cardiac cell therapy is the stem cells injected directly into the
myocardium and their migration to other distant organs. It has been reported that
most of cells injected by intracoronary infusion cumulate in the border zone, not in
the infarction region, whereas retention of cells within myocardium is critical for
therapeutic effect. The eventual goal of tissue engineering is to replace or support
infarcted regions by the transplantation of a mixture containing cells with
biodegradable biomaterial scaffolds. The selection of the proper biomaterial for a
scaffold that matches the conditions of the “native” microenvironment of cardiac
tissue is essential. It should ensure adequate cell–material interactions and above all
proper cell adhesion but not affecting the cell proliferation, differentiation, and
maturation. Great progress in biomaterials production, which shows both structural
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and functional features like extracellular matrices, can be seen. There are two main
groups of tissue constructs manufactured for cardiac therapy destination: scaffolds
(based on collagen, fibrin, matrix synthetic polymers, and decellularized heart)
(Fig. 5.6) and scaffold-free (cell sheets and cell aggregation technologies). There is
an increasing number of evidences that nanotissue engineering is a great
improvement of cellular cardiomyoplasty (Bearzi et al. 2014; Cortes-Morichetti
et al. 2007; Dai et al. 2009; Maureira et al. 2012; Ott et al. 2008; Sun et al. 2014).

Different models of 3D myocardial tissues have been designed by seeding car-
diomyocytes into alginate, collagen, fibrin, or synthetic polymers, e.g., poly (gly-
colic acid) scaffolds. The transplantation of previously invented three-dimensional
myocardial tissue using cardiomyocytes and 3D porous alginate scaffolds demon-
strated some positive effects. Leor and colleagues have announced nearly fully
vanishing scaffold and integration into the host organ with promising recovery of
heart functions, such as the decrease of LV dilatation, the improvement of LV
contractility, and increased neovascularization (Leor et al. 2000).

Certain structural modifications within the extracellular myocardial matrix have
been observed in the infarcted regions of myocardium. The amount of collagen type
I declines from 80 to 40%. It has been defined that the collagen matrix shows some
characteristics in common with cardiac tissue; therefore, it was used as a supplying
vehicle inhibiting the relocation of implanted MSCs (Fig. 5.7). Much of research so
far has proven that a collagen tissue patch covered with MSCs inhibits the heart
remodeling process and improves myocardial function (Chachques et al. 2007;
Schussler et al. 2010; Vu et al. 2012).

The studies of a rat MI model revealed that autologous mesenchymal stem cells
(MSCs) placed on a collagen-1 scaffold increased perfusion and reduced an infarct
size with concomitant improvement in ventricular wall thickness and promotion of
angiogenesis (Maureira et al. 2012). Another collagen model helped the vascular
endothelial growth factor (VEGF) distribution in genetically modified skeletal
myoblasts, which improved vascularization of the damaged myocardium (Lu et al.
2001). Human embryonic stem cells and human-induced pluripotent stem

JFig. 5.6 Perfusion decellularization of whole rat hearts. a–c Photographs of cadaveric rat hearts
mounted on a Langendorff apparatus. Ao, aorta; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle. Retrograde perfusion of cadaveric rat heart using PEG (a),
Triton-X-100 (b) or SDS (c) over 12 h. The heart becomes more translucent as cellular material is
washed out from the right ventricle, then the atria and finally the left ventricle. d, e Corresponding
H&E staining of thin sections from LV of rat hearts perfused with PEG (d) or Triton-X-100 (e),
showing incomplete decellularization. Hearts treated with PEG or Triton-X-100 retained nuclei
and myofibers. Scale bars, 200 mum. f H&E staining of thin section of SDS-treated heart showing
no intact cells or nuclei. Scale bar, 200 mum. All three protocols maintain large vasculature
conduits (black asterisks). g Immunofluorescent staining of cadaveric and SDS-decellularized rat
heart thin sections showing the presence or absence of DAPI-positive nuclei (purple), cardiac
alpha-myosin heavy chain (green), or sarcomeric alpha-actin (red). Nuclei and contractile proteins
were not detected in decellularized constructs. Scale bars, 50 mm. Reprinted with permission from
Ott et al. 2008. Copyright 2008 Nature Publishing Group
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cell-derived cardiomyocytes have also been used in a three-dimensional collagen
matrix (Tulloch et al. 2011).

Fibrin patches created using both fibrinogen and thrombin with either MSCs or
hESC-VCs (human embryonic stem cell-derived vascular cells) have been studied
in a porcine myocardial infarction model (Liu et al. 2004; Xiong et al. 2013). Sun
and colleagues also performed a test in a rat MI model, discovering that fibrin
seeded with adipose-derived mesenchymal stem cells (ADMSCs) showed an
improvement of left ventricle (LV) activity and reduction of LV remodeling when
compared with the ADMSCs only (Sun et al. 2014).

Polyglycolic acid (PGA) (Carrier et al. 1999), epsilon-caprolactone/L-lactide
(PCLA) (Matsubayashi et al. 2003; Mazo et al. 2008), poly (glycerol-sebacate)
(PGS) (Marsano et al. 2010), and polyglycolic acid cloth (PGAC) (Fukuhara et al.
2005) are synthetic polymers, which have been tested in cardiac tissue engineering.
The results of research with a different population of cells (BMCs, MSCs, vascular
smooth muscle cells (SMCs), cardiomyocytes) conducted in various animal models
have been promising for future cardiac applications. The latest results received in a
mouse MI model, with both a poly (ethylene glycol)–fibrinogen (PF) scaffold and
two kinds of iPSCs: MiPS (iPS cells created to secrete matrix metalloproteinase
9-MMP9) and PiPS (iPS cells made to secrete placental growth factor-PlGF),
revealed an improvement in revascularization and hemodynamic parameters com-
pared with native cells alone (Bearzi et al. 2014).

The most important benefit of three-dimensional scaffolds is its easy construc-
tion, but an emphasis has been put on the connection between the stiffness of the
material and the retractile ability of the construct. It has been said that the cells
stretched on scaffolds had a more mature phenotype, e.g., extended elongation,
improved gap junction expression, and greater contractility. Improved survival and
engraftment of implanted cells within a stretched construct have been demonstrated
in a rat MI model (Mihic et al. 2014).

Fig. 5.7 MSC-patch characterization macroscopic view of 2 weeks in vitro cultured 3D-MSC
patch (a), Collagen structure revealed by near-infrared and reflectance confocal microscopy (b),
Multiphoton microscopic images of MSCs seeded in collagen patch showing positive staining for
a-smooth muscle actinin (pink); the nucleus was counterstained by DAPI (blue) (c). Reprinted
with permission from Maureira et al. 2012. Open Access—the Creative Commons Attribution
License
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5.5 Whole Heart Reconstruction

Different types of putative application in the cardiac regeneration are the 3D
extracellular matrix scaffolds. This model applies decellularized animal organs with
a combined vascular system and extracellular matrix, e.g., three-dimensional
myocardial tissue was created by reseeding cardiomyocytes into decellularized rat
heart (Ott et al. 2008). The presence of structural and functional molecules in the
extracellular matrix such as glycosaminoglycans, collagen, elastin, fibronectin,
laminin, and vitronectin has been documented. Furthermore, it has been reported
that the cardiac extracellular matrix (ECM) features, which change with time after
MI, may have an influence on cardiac differentiation of implanted stem cells. The
3D extracellular matrix scaffolds as a stencil for organ reconstruction applying
recellularization is believed to enhance the function and phenotype of the cells.
Scaffold material obtained by decellularization is to be tested to ensure that it
maintains, e.g., its integrity, bioactivity, vascular, lymphatic, and neuronal systems.
Since ECM is considered to be biodegradable and does not cause an undesirable
response from the host immune system, it seems to meet the requirements of the
perfect biomaterial for the tissue engineering. It has been reported that the growth
factors from ECM degradation, such as bFGF, VEGF, positively affect the ability
for recruitment and proliferation of the cells seeded in the bioscaffold (Crapo et al.
2012; Reing et al. 2009).

The latest reports have announced that there is a chance that the 3D extracellular
matrix scaffolds may support the heart muscle tissue that could recover physio-
logical cardiac functions. Many ECM scaffold preparations (including the method
of decellularization and implantation) have been examined to improve the release of
growth factors and to stop the immune rejection due to cell transplantation. The
outcomes of this novel research demonstrated great improvement in therapeutic
effects when MSCs had been preconditioned with transforming growth factor-b
(TGF-b) (Godier-Furnemont et al. 2011).

5.6 Tissue Engineering

5.6.1 Injectable Systems

The main problem of cell seeding regards the irregular distribution of cells within
the scaffold. The inflexible components of the matrix isolate cardiomyocytes from
each other. Therefore, a semiliquid matrix shows significant benefits over the
inflexible materials, which have presented some troubles with the continuation of
the myocardial structure, synchronization of the contraction, creation of vascular
system, and signaling transfer. This issue has been solved by Zimmermann and
colleagues, who created a combination of the cells with the soluble hydrogel of
collagen type I and extracellular matrix protein (Matrigel). An electrical connection
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with the host myocardium and improvement of heart function without arrhythmia
has been observed (Zimmermann et al. 2002). Others who injected both stem cells
and Matrigel into an infarcted heart reported improved heart geometry and function
(Kofidis et al. 2005). Injectable scaffolds are considered to present some extra
features, e.g., easy and minimal invasive delivery to the damaged myocardium.
Matrigel is obtained from mouse sarcoma cells; therefore, the restriction of its
application in clinical therapy stems from the fact that Matrigel is not
tissue-specific, and it can be also associated with the high risk of tumor formation
(Albini et al. 1992).

Different injectable materials studied for cardiac regenerative therapy are
hydrogels based on N-isopropylacrylamide or poly (ethylene glycol) (PEG) (Rizzi
et al. 2006). Some eventual obstacles of injectable materials have been observed,
and they include poor mechanical support for the MI regions and the risk of
blocking the blood circulation in the recipient organ.

Interesting studies have recently been reported by team of Black and colleagues.
They created a hydrogel platform based on naturally derived silk fibroin containing
cardiac tissue-derived extracellular matrix (cECM). These hydrogels demonstrated
variable mechanical features and an adjustable rate of stiffness, which provided
enhancement for cardiac fibroblast cell growth and viability throughout the in vitro
culture. A cECM application increased the expression of integrins, showing an
integration of cardiac fibroblasts with the cECM in the hydrogel and provoking an
endogenous cell influx and cell ingrowth. These results revealed the possibility for a
novel approach to more physiological constructs with a strong ability to replace
healthy and injured tissue which can be also used for cardiac repair therapy (Stoppel
et al. 2016).

5.6.2 Cell Sheet Engineering

Problems with scaffolds like the acute immune system response during their
biodegradation and unwanted cell migration have brought about a new
three-dimensional technological development. In opposition to 3D biodegradable
scaffolds, a new technology, called cell sheet engineering (without scaffolds), has
begun due to the invention of poly (N-isopropyl acrylamide) (PIPAAm) (Okano
et al. 1993).

Shimizu et al. (2003) demonstrated that the layered cardiomyocyte sheets in vivo
showed a prolonged survival rate, macroscopic pulsation, and typical construction
for native heart tissue. The implantation of “layered cardiomyocyte” has been tested
with cardiomyocytes from various sources (ESCs, iPSCs), and promising results
were obtained (Lee et al. 2012; Stevens et al. 2009).

Sekiya and colleagues reported that cardiac cell sheets induced gene expression
associated with angiogenesis; therefore, their implantation caused a neovascular-
ization of the myocardium (Sekiya et al. 2006). Studies performed in a rat model
demonstrated that the resistance and growth of transplanted myocardial cell sheets
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were maintained for at least a year. Their effect on the cardiac stem cell therapy
included the improvement of retractility, angiogenesis, and the reduction of fibrosis
(Shimizu et al. 2006).

Improvement in LV wall thickness and a decrease of fibrosis and necrosis in the
postinfarction scar region was noticed due to the cardiomyocyte sheets transplan-
tation in a myocardial infarction in a rat model (Miyagawa et al. 2005). Also,
similar results have been reported for other applied cell types: adipose-derived
MSCs, mESC-derived cardiac cells, endothelial and skeletal muscle cells
(Eschenhagen 2011; Masumoto et al. 2012; Miyagawa et al. 2010; Miyahara et al.
2006; Sekine et al. 2008). Furthermore, it has been described that the effect of
MSCs sheets in the enhancement of the cardiac function is also associated with their
paracrine activity.

Cardiomyocytes derived from pluripotent stem cells have been examined with
optimistic results in both cell sheet and cell aggregation engineering. This assumes
that new scaffold-free human myocardial patches may make significant progress in
cardiac tissue engineering.

5.7 Concluding Remarks

Continued important elements of stem cell therapy should have been taken into
consideration in order to increase the pro-regenerative impact of stem cells toward
cardiac tissue, among others: the timing, cell dosage, and delivery techniques not
described in this section. However, the other organs already profited from cellular
therapies and medical use of stem cells shortly will become a future for biomedical
technologies, overall.
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