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Abstract
Stem cell therapy has several mechanisms for repairing damaged myocardium and improving
functional capacity of the left ventricle reduced by myocardial infarction. Despite the increase in
scientific data, details of these mechanisms are still partly unexplained. The optimal number and
type of stem cells as well as timing and route of transplantation are unclear. The purpose of this
study was to clarify therapeutic potential of bone marrow-derived stem cells (BM-MNCs) using
experimental porcine acute myocardial infarction model. Myocardial infarction was caused by
occluding the circumflex coronary artery for 90 minutes. Immediately after reperfusion BMMNCs were injected directly into the damaged myocardium or by angioplastic catheter into the
infarct-related coronary artery.
Left ventricular ejection fraction (LVEF) improved 3 weeks after infarction in animals that
received BM-MNCs intramyocardially whereas in animals that received intracoronary
transplantation or saline LVEF failed to recover. Radionuclide imaging and histological analysis
showed intramyocardially transplanted cells remaining in the infarcted myocardium, whereas after
intracoronary transplantation a major fraction of cells flushed into the lungs. In histological
analysis minor fraction of BM-MNCs showed differentiation towards myocyte form and
proliferation. Significantly lower collagen density and higher levels of smooth muscle actin and
skeletal muscle actin were detected in the infarcted myocardium after intramyocardial or
intracoronary BM-MNC transplantation compared with animals that received saline. Proteomic
screening indicated that mitochondrial energy metabolism recovered after BM-MNC
transplantation. Additionally, two proteins showed elevated levels after BM-MNC
transplantation, which indicates that they are actively involved in the pathological mechanisms.
BM-MNCs appear to enhance recovery of the infarcted myocardium by restoring the reduced
LVEF after infarction. Intramyocardial stem cell therapy showed best results in recovery. Stem
cell therapy moulds the infarct scar by reducing collagen density and by increasing components
typical for muscle cells. The effects of stem cell therapy are mainly paracrine.

Keywords: bone marrow, experimental surgery, left ventricular ejection fraction,
myocardial infarction, stem cell transplantation, stem cells
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Tiivistelmä
Kantasoluterapian on havaittu korjaavan infarktissa vaurioitunutta sydänlihasta toimintakykyisemmäksi usealla mekanismilla sekä parantavan sydänlihaksen pumppaustoimintaa. Huolimatta lisääntyneestä tutkimustiedosta näiden monimutkaisten mekanismien yksityiskohdat ovat
edelleen paljolti selvittämättä. Samoin käytettävien kantasolujen tyypin, määrän, siirtotekniikan
ja siirron ajoituksen optimointi on vielä epäselvää.
Tämän tutkimuksen tavoitteena oli selvittää kokeellista sian infarktimallia käyttäen luuytimen kantasolujen kykyä tehostaa vaurioituneen sydänlihaksen toipumista akuutin infarktin jälkeen. Mallissa aiheutettiin sydäninfarkti sulkemalla vasemman sepelvaltimon kiertävähaara 90
minuutiksi. Välittömästi verenkierron uudelleen avaamisen jälkeen luuytimen soluja ruiskutettiin infarktialueelle joko suoraan sydänlihakseen tai sepelvaltimoon.
Kolmen viikon kuluttua infarktista kantasoluja suoraan sydänlihakseen saaneiden eläinten
vasemman kammion ejektiofraktio (LVEF) parani tilastollisesti merkitsevästi verrattuna kantasoluja sepelvaltimoon saaneisiin eläimiin ja keittosuolaa saaneisiin eläimiin, joiden LVEF pysyi
infarktin jälkeisellä alentuneella tasolla. Isotooppitutkimus ja histologinen analyysi osoittivat,
että suoraan sydänlihakseen ruiskutetuista kantasoluista valtaosa säilyy infarktialueella kun taas
sepelvaltimoon siirretyt solut pääasiassa ajautuvat keuhkoihin. Histologisessa analyysissa sydänlihakseen ruiskutettujen solujen todettiin vähäisessä määrin erilaistuvan lihassolujen suuntaan ja
jakautuvan. Kantasoluja saaneiden eläinten ryhmissä todettiin infarktialueella merkitsevästi
alhaisempi kollageenipitoisuus sekä enemmän sileälihassolujen aktiinia ja poikkijuovaisten
lihassolujen aktiinia kuin keittosuolaa saaneilla eläimillä. Proteomiikka-analyysin tulokset viittaavat kantasoluterapian saaneilla eläimillä mitokondrioiden energiatalouden tehostumiseen.
Lisäksi esille tuli kaksi kantasoluterapian jälkeen aktiivista proteiinia, joilla todennäköisesti on
keskeinen tehtävä infarktin patogeneesissä.
Tutkimuksen perusteella luuytimen kantasolut tehostavat sydänlihaksen toipumista infarktista palauttamalla sydämen alentunutta pumppaustehoa. Suoraan sydänlihakseen annettu kantasoluterapia vaikuttaa tehokkaimmalta menetelmältä. Kantasoluterapia muovaa infarktiarpea
vähentämällä kollageenin ja lisäämällä lihassoluille tyypillisten komponenttien määrää. Kantasoluterapian vaikutukset ovat pääasiassa parakriinisiä.

Asiasanat: kantasolut, kokeellinen kirurgia, luuydin, sydäninfarkti, vasemman
kammion ejektiofraktio
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1

Introduction

Myocardial infarction (MI) is one of the main causes of mortality and morbidity
in the Western countries. In Finland more than 25 000 patients suffer a heart
attack each year, and for 13 000 of them it is fatal. Myocardial infarction often
occurs due to a rupture of an atherosclerotic plaque into a coronary artery usually
causing thrombosis and occlusion of the artery, which stops the blood supply in
the related region of the heart and causes irreversible damage in the myocardium.
In the following hours, days and weeks reparative processes initiated by the MI
will rebuild the damaged myocardium and maintain structural integrity of the
ventricle. Contractility of ventricular wall is reduced immediately following the
infarction. The contractility loss is permanent in the necrotic area of the infarction
due to death of cardiomyocytes and myocardial stem cells and lack of blood
circulation. Neither advantages in the conventional treatment methods nor natural
reparative processes during the 2–3 months’ healing period are sufficient to
restore the functional capacity of the severely damaged myocardium. The infarct
scar remains as a fibrotic, non-contracting region in the ventricular wall.
Due to limited intrinsic repair capacity of myocardium, stem cell therapies
have been suggested to be the solution for restoring functioning of the damaged
myocardium. During the last decade experimental studies have generally shown
several beneficial effects of stem cells. Increasingly, clinical studies are conducted
as well. Despite the large number of the studies the molecular mechanisms
underlying recovery still remain unexplained. There is evidence of the
differentiation of transplanted stem cells into cardiomyocytes. Stem cells release
growth factors and paracrine signals which participate in and probably adjust
natural inflammatory processes. Cell fusions have been documented as well, but
to a lesser degree. Induction of cardiac stem cells might also be one mechanism of
action of the stem cell therapy.
Stem cell research has increasingly concentrated on clinical studies, but the
research at the clinical phase is unable to produce samples for detailed analysis.
This present experimental study was conducted to evaluate the efficacy of stem
cell therapy and to further clarify complex cellular and molecular mechanisms
during the healing process of MI and the influence of the stem cells on it. Unique
porcine acute infarction model was established for this study and standardised for
2 different cell transplantation methods which were used for evaluating the effects
of delivery routes on the healing response.
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2

Review of the literature

2.1

The heart

The human heart normally weighs 230 to 340 g and it is its owner’s fist-sized
muscular organ located in the centre of the thoracic cavity. This two-sided pump
has capacity to work indefatigably throughout the lifetime. The heart attends to
continuous and sufficient blood circulation and can, by demand increase its output
manifold. The huge output regulation capacity of the heart is partly due to the
capability of the coronary circulation to augment its blood flow over 10-fold. The
ventricles have potential to respond to increased workload by dilating in
accordance with Frank-Starling mechanism (Patterson et al. 1914). The sinus
node can stimulate electrical activation and increase the contraction frequency of
the ventricles according to the sympaticoneural stimuli.
2.2

Myocardial infarction

Indefatigable work of the heart requires aerobic power production as oxidative
phosphorylation to provide energy for contraction. Anaerobic glycolysis as in
skeletal muscles is insufficient source of energy. The myocardial ischemia usually
is a consequence of ruptured atherosclerotic plaque into a coronary artery
followed by thrombosis and occlusion of the artery. Inadequate blood flow is
provided into the region supplied by the coronary artery, and the oxygen demand
of cardiomyocytes is not fulfilled resulting in death of these cardiomyocytes
(Fuster et al. 1992a, Fuster et al. 1992b).
2.2.1 Clinical diagnosis of acute myocardial infarction
Acute MI usually begins with sudden intensive chest pain. Sometimes several
days of unstable angina precede the MI. The pain is localised substernally or
precordially. It may simulate indigestion or may extend into the jaw or down the
inside of either arm. Sweating, nausea and vomiting are often accompanied.
However, even one-fourth to one-half of all nonfatal MIs may occur without any
symptoms. These infarcts are identified only later by changes in
electrocardiography or at autopsy.
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The diagnosis of acute MI is based on electrocardiography, biochemical
markers such as MB isoenzyme of creatine kinase (CK-MB) and troponin I chain
(TnI) and clinical symptoms. The appearance of cardiomyocyte-originated
enzymes in the serum is increased when the patient has ischemic symptoms or the
electrocardiogram shows ischemic changes such as new Q waves or changes in
the ST segment and the conformation of the T wave. When necrosis in the
myocardium occurs, the normally low serum level of CK-MB is increased during
7 to 48 hours and the peak is reached in 20 hours after the onset of symptoms. An
increase in TnI concentration in the serum has been considered to be a cardiacspecific marker of injury as well. Concentration of TnI beyond the normal level is
usually detectable within 6 to 12 hours after the onset of the symptoms and
remains elevated for many days. An increased concentration of both markers in
the serum is a result of leakage from dead cardiomyocytes (Thygesen et al. 2007,
Nikus et al. 2009).
2.2.2 Pathogenesis of myocardial ischemia
Highly differentiated cells such as cardiomyocytes are depended on aerobic
power production which is provided by adenosine triphosphate (ATP). The
interruption of blood flow and limited supply of oxygen is rapidly fatal to
cardiomyocytes. Depletion of ATP leads to failure of the sodium pump, loss of
potassium, influx of sodium and water and cell swelling. The effects of ischemic
injury are all reversible when total ischemia lasts for 20 to 30 minutes (Whalen et
al. 1974, Jennings et al. 1974). When ischemia continues over 30 minutes,
damaged myocardium progressively dies. Necrotic cells disintegrate and
intracellular content leakage initiates inflammatory response in which the main
role is played by toll-like receptor (TLR)-mediated pathway, complement
activation and reactive oxygen species (ROS) generation (Jennings et al. 1960).
Reactive oxygen species
Reactive oxygen species are molecules with unpaired electrons in their outer orbit.
They are unstable and highly reactive with molecules around them causing direct
damage to cellular DNA, lipids and proteins. In normal conditions ROS are
generated in the mitochondrial respiratory chain, peroxisomes and leukocytes. It
is estimated that approximately 5% of body oxygen consumption is transformed
into ROS. Oxidative burst of leukocytes directed against viruses and bacteria is
22

one of the main physiological functions of the ROS (Babior et al. 1973). Usually
an individual’s own antioxidative enzymes, such as superoxide dismutase,
catalase, glutathione, peroxidase, ascorbin acid, vitamin E and vitamin A, take
care of reduction of ROS. Some pathological insults such as ischemia, ischemia
following reperfusion or sepsis may cause massive production of ROS, in which
case the endogenous reduction capacity becomes insufficient and considerable
cellular damage occurs (Halliwell 1987).
In myocardial ischemia ROS play a critical role in pathogenesis of
myocardial stunning (Bolli 1988). Oxygen radicals are proven to have a part in
leukocyte chemotaxis. The complement activation (Shingu et al. 1992, Shingu &
Nobunaga 1984), induction of P-selectin expression (Patel et al. 1991),
chemokine upregulation (Lakshminarayanan et al. 1997, Lakshminarayanan et al.
1998, Lakshminarayanan et al. 2001) and increased ability of intracellular
adhesion molecule (ICAM)-1 to bind to neutrophils (Sellak et al. 1994) might be
the mechanisms which intermediate the activity.
Reperfusion injury
Reperfusion of an occluded coronary artery is known to reduce infarct size,
maintain the damaged left ventricular (LV) function, and reduce overall mortality
(Koren et al. 1985). However, restoring the blood flow into previously ischemic
myocardium can initiate a cascade of events that will paradoxically increase
myocardial cell dysfunction and cell necrosis. Reperfusion injury in MI was first
documented in 1960 experimentally (Jennings et al. 1960). Reperfusion injury
can be manifested either as reversible cardiac dysfunction (eg, myocardial
stunning) or irreversible damage (eg, MI).
2.2.3 Pathology of myocardial infarction
Myocardial infarction may involve the subendocardial portion of the myocardium
or it may be transmural. A subendocardial infarct affects the inner one-third to
one-half of the thickness of the ventricular wall. Common causes of the
subendocardial infarction are hypoperfusion of the heart in disorders such as
aortic stenosis or hemorrhagic shock or hypoperfusion during the course of
cardiopulmonary bypass.
The most common cause of MI is the coronary artery occlusion and following
thrombosis which often results in a transmural infarct. Transmural infarct is
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caused by the occlusion of 1 of the 3 major coronary arteries (Thygesen et al.
2007).
Macroscopic characteristics of myocardial infarction
Early signs of MI can be observed experimentally. Ten seconds after ligation of
coronary artery, the affected myocardium becomes cyanotic and bulges outwards
during systole rather than contracting. Post-ischemic tissue remains reversible
when total ischemia lasts for 20 to 30 minutes. When total time of ischemia
exceeds 30 minutes, damaged myocardium progressively dies (Jennings et al.
1960).
In macroscopic histological examination an acute infarct is hardly identifiable
before 24 hours’ time. After 24 hours the infarct can be recognized on the cut
surface of the involved ventricle by its pallor. In a cross-section of the ventricles
after 3 to 5 days the infarct can be noticed to be mottled and more sharply
outlined. The central area is pale with yellowish necrotic region bordered by a
hyperemic zone. Occasionally, the infarcted region is hemorrhagic, especially
when the infarct has been reperfused with arterial blood. In 2 to 3 weeks the
infarcted region becomes depressed and soft, with a refractile gelatinous
appearance. More than 4-weeks-old healed infarcts are firm and contracted and
have the pale gray appearance of scar tissue (Thygesen et al. 2007).
Microscopic characteristics of myocardial infarction
Within the first 24 hours after the onset of infarction the earliest morphological
evidence is provided by electron microscopy. Swollen cardiomyocytes and
mitochondria are typical as well as amorphous matrix densities in the
mitochondria. Focal sarcolemma disruptions can be seen, and they lead to the
release of intracellular proteins, such as myoglobin, lactatic dehydrogenase and
creatine kinase from the cardiomyocytes to the extracellular space. In light
microscopy deep eosinophilia of the cardiomyocytes and changes characteristic of
coagulation necrosis can be seen. Wavy fibres appear when noncontractile
ischemic cardiomyocytes are stretched with each systole.
Two to 3 days after infarction polymorphonuclear leukocytes infiltrate around
the necrotic cardiomyocytes and reach their maximum concentration in the
infarcted region after 2 days. Hemorrhagia and interstitial edema are common.
The appearance of cardiomyocytes becomes more necrotic. Nuclei disappear and
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striations become less prominent. Some of the polymorphonuclear leukocytes in
the region begin to undergo karyorrhexis.
Five to 7 days after infarction acute inflammatory leukocytic response has
abated so that only a few polymorphonuclear leukocytes are present. The process
of repair is initiated at about 5 days, beginning at the peripheral area of the infarct
and gradually extending toward the center. Lymphocytes and macrophages are
now prominent. Phagocytosis of the dead muscle cells can be recognized in the
peripheral area of the infarct by macrophages. Fibroblast proliferation and new
collagen formation are detectable.
During 1 to 3 weeks after infarction collagen deposition proceeds and
inflammatory infiltrate gradually recedes. Neovascularisation progressively
becomes evident. A more than 4-weeks-old infarction is considered to be matured
scar tissue. Commonly dense and solid fibrous tissue occurs and debris is
gradually removed.
2.3

Molecular action and energy metabolism in cardiomyocytes

It is known that the generation of ATP in the mitochondria after oxidation of fatty
acids and/or glucose represents the main energy source for the heart. In the inner
wall of mitochondria is located a complex system where the oxidative
phosphorylation takes place. Via the citric acid cycle energy molecules move into
the mitochondria inner wall where they are finally oxidated in the respiratory
chain and ATP is formed. This complex regulation system contains a cascade of
molecular steps, including ion channels. Proteins involved in this system
represent compounds whose main function lies in energy metabolism in the
mitochondria and in the respiratory chain: nicotinamide adenine dinucleotide
(NADH) dehydrogenase flavoprotein 2 (NDUFV2) as well as cytochrome c
oxidase subunits 5a and 5b (COX5A and COX5B, respectively) in the respiratory
chain, isocitrate dehydrogenase subunit α (IDH3A) in the citric acid cycle and
pyruvate dehydrogenase E1 subunit α (PDHA1) in the pyruvate dehydrogenase
complex. In the mitochondria several proteins regulate NDUFV2 and COX5A/B
which are subunits of the respiratory chain complexes I (NADH-ubiquinone
oxidoreductase) and IV (cytochrome c oxidase). In mammals cytochrome c
oxidase comprises 13 subunits. The nuclear-encoded COX5A and COX5B are
needed for assembly, stabilization and regulation of the enzyme complex, COX5A
being one of the first 3 subunits required in the assembly process (Fontanesi et al.
2008, Stiburek et al. 2005). COX5A and COX5B are the only subunits that do not
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have transmembrane domains and are thus located only on the matrix side
(Tsukihara et al. 1996). Depletion of COX5A or COX5B in human cell lines
reduces the amount of functional cytochrome c oxidase holoenzyme, which leads
to an increase in the levels of ROS as more electrons leak out from the respiratory
chain (Fornuskova et al. 2010, Galati et al. 2009). Thus these subunits could also
regulate both apoptosis, adaptation to hypoxic environment and inflammatory
response by influencing the release of ROS.
Myocardial cells as well as other cells have the capability of defending
themselves from various offending factors by activating a genetic program with
the production of substances known as heat shock proteins. They also have
regulatory partners which are called heat shock transcription factors. The duty of
these heat shock proteins is to maintain adequate protein assembly, and they are
often called molecular chaperones. They protect against cell damage and
apoptosis. Cathepsin D (CTSD) is a widely distributed aspartyl protease that
enzymatically breaks down a variety of different protein substrates within the
lysosomal compartment of most cells. Cathepsin D heavy chain, known to
participate in cellular signalling and apoptosis regulation, is also a secreted
mitogen produced by cancer cells (Glondu et al. 2001). In addition, it is released
from lysosomes of myocytes during infarction (Mayanskaya et al. 2000, Roberg
& Ollinger 1998) and this can result in increased levels of CTSD in plasma
(Naseem et al. 2005). Alpha crystallin B chain (CRYAB) is the most abundant
heat shock protein expressed by cardiomyocytes, and it plays a role in cell
protection against several types of cellular stress as well as in the inhibition of
apoptosis. It is known to protect the cytoskeleton from ischemic injury by
refolding denatured proteins (Derham & Harding 1999). Since CRYAB seems to
be required for contraction of the myometrium it could also be required for cell
contractile action in cardiac tissue (MacIntyre et al. 2008).
2.4

Myocardial healing

The healing process of the damaged myocardium is first dominated by
inflammation. During the inflammatory phase extracellular matrix degradation
occurs. Inflammatory cells are attracted to the site of injury. Tissue proliferation is
inhibited and inflammatory mediators are released. Later inflammation turns to a
repair process. Increased matrix synthesis, proliferation of fibroblasts and
inflammatory cells, and release of fibrosis-promoting cytokines leading to scar
formation are typical in this phase. Regeneration of the damaged myocardium is
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insufficient despite the existence of cardiac stem cells. Myocardial scarring leads
to the loss of contractile elements and restricts the effectiveness of contraction in
the surviving myocardium.
2.4.1 The inflammatory phase
The first response to MI is inflammatory reaction which initiates the healing
process. The earliest pathophysiologic response to injury has been documented by
Mallory et al (Mallory et al. 1939). At the initiation of inflammatory phase dying
myocardial cells release their intracellular contents and launch an intense
inflammatory response. One of the earliest processes is complement cascade
activation (Hill & Ward 1971, Pinckard et al. 1975). Reactive oxygen species
have many properties that enhance the inflammatory response in myocardial
ischemia described earlier. Toll-like receptor family act as recognisers of
molecular pattern associated with pathogens. Endogenous ligands from damaged
tissues have also capacity to activate TLRs. The activation of TLR-mediated
pathways initiates immune response. Deficiency of one member of the receptor
family, TLR4, has recently been connected to decreased infarction size and
suppressed inflammation following MI in rats (Oyama et al. 2004). Nuclear factor
(NF)-κB family takes part in gene regulation in the nucleus when activated by a
large number of agents including cytokines (eg, tumor necrosis factor [TNF])-α
and interleukin [IL]-1β), free radicals and TLR-mediated pathways. An activated
NF-κB complex increases expression of cytokines, chemokines and adhesion
molecules in the ischemic myocardium. A selective NF-κB inhibition provided by
decoy oligonucleotides administered in a retrograde coronaryvenous infusion
appeared to reduce infarct size and improve functional reserve in an experimental
porcine model (Kupatt et al. 2002a).
Vascular permeability is increased by released inflammatory mediators in the
infarcted myocardium. This causes extravasation of platelets and plasma proteins
in the area and formation of a fibrin clot. The fibrin clot serves as a scaffold for
cells migrating into the infarcted area and establishes hemostasis. Activated
platelets secrete cytokines and growth factors that may contribute to leukocyte
recruitment into the area via adhesive interactions with P-selectin and
glycoprotein IIb/IIIa (Kupatt et al. 2002b).
Chemokines are essential for leukocyte recruitment and migration to the
target area, and bone marrow-derived cells appear to be primary targets for
chemokines (Gerard & Rollins 2001, Moser & Loetscher 2001). Some members
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of the chemokine family have properties to affect leukocyte adhesion, activation
of gene expression, mitogenesis and apoptosis (Gerszten et al. 1999).
Chemokines have been documented to have a regulating effect also on endothelial
cells, smooth muscle cells, fibroblasts, neurons and epithelial cells (Strieter et al.
1995). Interleukin-8 regulates neutrophil infiltration and activation (Mukaida
2000). Potential neoangiogenic effects have also been suggested (Schomig et al.
2006).
Increased expression of cytokines in the infarction area is caused by
complement activation, generation of free radicals and NF-κB activation. In
experimental models TNF-α, IL-1β and IL-6 upregulation has been detected in
MI (Dewald et al. 2004, Frangogiannis et al. 1998, Herskowitz et al. 1995).
Tumor necrosis factor alpha has been suggested to have cytokine cascade
regulation and cytoprotective properties for example in preventing or delaying
apoptosis (Belosjorow et al. 1999, Sack et al. 2000). Interleukin-6 synthesis has
been shown in cardiomyocytes and mononuclear cells in the infarcted
myocardium (Frangogiannis et al. 1999, Kukielka et al. 1995) and might have a
role in gene expression in several cell types that are involved in the healing
process (Gallucci et al. 2000).
Cellular inflammatory response
Neutrophils are the earliest inflammatory cells recruited to the infarcted
myocardium. The role of neutrophils in clearance of dead cells and debris in the
myocardial infarcts has been documented several decades ago (Mallory et al.
1939); however, more recently it has been suggested that neutrophils have a more
versatile role. Neutrophils express mediators capable of amplifying cell
recruitment as well as proteases and oxidants to be used in phagocytosis of debris.
They have the capability to induce injury of surviving cardiomyocytes (Litt et al.
1989, Romson et al. 1983). Recruitment and migration of neutrophils require
adhesive interactions with activated endothelial cells. This process starts when
leukocytes pass the activated endothelial cells. They begin to roll in post-capillary
venules at slowing velocity. This enables leukocytes sense activating factors and
start adhesion to the endothelium. Extravasation into the inflammation tissue
requires either upregulation or activation of several adhesion molecules
(Frangogiannis 2006).
Mononuclear cells comprise monocytes, macrophages and lymphocytes
which become prominent in the infarcted tissue when the number of neutrophils
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declines. Monocytes are blood-derived cells the activation of which by mediators
of inflammation leads to their maturation and differentiation into macrophages
during recruitment into the damaged myocardium. Macrophages actively regulate
the healing process of the infarcted myocardium. They take part in removal of
debris and dead cells, but also act as signalling centers by secreting growth factors
and cytokines which stimulate proliferation of fibroblasts and endothelial cells.
Macrophages produce matrix metalloproteinases and their inhibitors and that way
contribute also to extracellular matrix remodellation. Early studies have shown
that depletion of monocytes and macrophages results in delayed fibrosis in wound
healing (Leibovich & Ross 1975, Leibovich & Ross 1976).
Mast cells are resident cells with strategic location. Multifunctional capacity
of these cells includes inflammatory and pro-fibrotic mediators (Frangogiannis et
al. 1999). They play a part in initiation of inflammatory response by secreting
mediators capable of triggering cytokine cascade (Gordon & Galli 1990, Ito et al.
1993, Mehta et al. 1988).
2.4.2 The proliferative phase
The acute inflammatory response is transient and followed by resolution of the
inflammatory infiltrate and fibrous tissue deposition. Mononuclear cells infiltrate
the infarction site. Inhibition of chemokine and cytokine production due to
apoptosis of neutrophils turns inflammation to proliferation (Dewald et al. 2004).
Apoptotic neutrophils are phagocytosed by macrophages. In proliferative phase
neoangiogenesis, fibroblast proliferation and extracellular matrix metabolism are
regulated by mononuclear cells which secrete a wide range of cytokines and
growth factors. Endothelial cells are responsible for neoangiogenesis which
provides oxygen and nutrients to the granulation tissue. Fibroblasts have shown to
be present in the infarcted myocardium during the proliferative and remodelling
phases. Fibroblasts in the myocardial scar are termed myofibroblasts due to their
modulated phenotype. They express α-smooth muscle actin (α-SMA) which
might be the consequence of continuous contracting environment (Willems et al.
1994). Myofibroblasts deposit extracellular matrix and are the main source of
collagen during the healing process (Squires et al. 2005). Myofibroblasts become
apoptotic when scar matures (Desmouliere et al. 1993). Myofibroblasts may be
resident and proliferate when inflammation occurs (Virag & Murry 2003).
However, a possibility of extramyocardial origin cannot be completely excluded.
A previous study has described a circulating population of leukocytes that have
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the capability to differentiate into fibroblasts at the site of injury (Bucala et al.
1994).
2.4.3 The remodelling phase
As the infarct scar matures, myofibroblast density decreases (Ren et al. 2002).
Collagen deposition progressively increases with time (Jugdutt & Amy 1986).
Increased expression of cross-linking enzymes, such as lysyl-oxidase, induces
matrix cross-linking in the infarcted myocardium observed (Lerman et al. 1983).
Formation of a mature scar comprised of dense cross-linked collagen enhances
tensile strength of the infarct while increasing passive stiffness and contributing
to diastolic dysfunction (Holmes et al. 2005). Activation of apoptotic pathways
appears to be the main mechanism in clearance of myofibroblasts and vascular
cells (Ren et al. 2002).
Although the pathways determining the fate of infarct myofibroblasts have
not been investigated, descriptive studies have demonstrated that apoptosis may
play an important role in the elimination of granulation tissue cells from the
infarct (Takemura et al. 1998). It has also been suggested that phenotypic
alterations of infarct myofibroblasts may reflect the changes in the surrounding
matrix and otherwise. In the early stages of healing matrix degradation exposes
the cardiac fibroblasts to mechanical tension contributing to fibroblast activation
and myofibroblast transdifferentiation. In contrast, in the mature scar, deposition
of a well-organized scar-tissue may result in “stress-shielding” leading to reversal
of the myofibroblast phenotype and cell quiescence (Dobaczewski et al. 2010).
2.5

Stem cells

Stem cells are immature cells participating in endogenous tissue regeneration
throughout the individual’s lifetime. Early findings of colony-forming cells of
spleen in the 1960’s have been considered the beginning of stem cell research
(Siminovitch et al. 1963). Stem cells have the ability to divide for an
undetermined time and undergo asymmetric cell division. An asymmetric cell
division is defined as any division that gives rise to 2 sister cells that have
different fates (Horvitz & Herskowitz 1992).
Stem cells are characterized by their ability to differentiate into a diverse
range of specialized cell types. Cells isolated from the embryo are called
embryonic stem cells. The cells from early morula stage are called totipotent stem
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cells. They have the ability to differentiate into embryonic and extraembryonic
cell types, which is needed to completely construct a viable organism. The cells
isolated from the inner cell mass of blastocysts are called pluripotent stem cells.
These cells can differentiate into all embryonic cell types but are not capable of
forming extraembryonic membranes or placenta. Differentiation capacity of stem
cells diminishes gradually during the embryogenesis. However, small populations
of stem cells have been found from different tissues in individuals (Ratajczak et
al. 2007). These cells are called adult stem cells. These multipotent stem cells
have potential to differentiate into cell lineages of a closely-related family of cells.
Bone marrow is a rich source of stem cells and commonly used for therapy. It
contains haematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs).
Several other tissues such as neural, gastrointestinal, epidermal, cardiac, liver and
adipose tissue have lately been found to contain multipotent stem cells as well.
Tissue-specific or unipotent stem cells have a limited differentiation capacity, and
they can end up their own type of cells only. However, they still have the property
of self-renewal unlike non-stem cells.
2.5.1 Safety and ethical issues concerning stem cells
It is essential to consider safety and ethical issues with regard to the use of stem
cells. The use of embryonic stem cells is considered to be ethically questionable
because in the acquiring procedure embryo is destroyed. The source itself is often
categorised as unethical. In addition, teratoma formation has been reported in
association with embryonic stem cell use (Hentze et al. 2009) and therefore these
cells are thought to have a higher risk profile compared with other stem cell types.
However, obtaining adult stem cells for therapy does not require destruction of
embryos. Adult stem cells can be obtained either from the same or a different
individual. The donor could also be of a different species. In addition to the task
of finding a suitable donor, another problem with the use of allogenic cell
population is the recipient’s immunological rejection which might destroy the
transplanted cells in a short while. However, with the use of autologous stem cells
originating from the same individual in whom they are transplanted, the abovementioned difficulties are avoided. When therapeutic load involves only stem
cells, cultivation time is needed, which predisposes the cells to stress and reduced
viability. In literature possible development of chromosomal abnormalities in
cultivated embryonal stem cell population has been reported (Draper et al. 2004).
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Autologous heterogenous cell population containing stem cells is commonly used
because it entails several technical benefits and few disadvantages.
2.5.2 Bone marrow-derived stem cells
Most adult stem cells are multipotent but lineage-restricted having the ability to
differentiate within their tissue origin. Bone marrow has proven to be a rich and
easily accessible source of adult stem cells such as HSCs and MSCs; nevertheless,
stem cells are quite rare among bone marrow cells. Approximately 1 of every 10
000 bone marrow cells is a stem cell, and the greater portion of stem cells consists
of HSCs (Lee et al. 2009). Using HSC therapy in leukaemia has been a clinically
relevant treatment method in some cases over 3 decades (Hoffbrand et al. 2006).
Mesenchymal stem cells are a small subpopulation of bone marrow cells.
Originally they were referred to as fibroblastic colony-forming units in the early
70’s (Friedenstein et al. 1970). They are known to have the ability to differentiate
into tissue types of mesodermal origin, such as chondrocytes, adipocytes and
osteocytes and myocytes. However, some unconfirmed reports describe the ability
of MSCs to differentiate into endothelial cells (Reyes et al. 2002), neural cells
(Woodbury et al. 2000) and cells of endodermal origin (Sato et al. 2005). For the
first time in 1999 Makino et al. demonstrated that cardiomyocytes can be
generated from bone marrow stromal cells in vitro (Makino et al. 1999).
2.6

Medical interventions for acute myocardial infarction

Medical interventions for treatment of acute myocardial ischemia with STsegment elevation involve the use of thrombolytic agents, such as tissue
plasminogen activators or streptokinase, or percutaneous transluminal coronary
balloon angioplasty (PTCA). Emergency care must not delay the decision to start
reperfusion treatment; PTCA or trombolytic therapy is chosen for treatment
depending on the availability of PTCA within 90 minutes of the first contact with
the patient (Antman et al. 2008). This treatment method can only limit the
damages caused by the ongoing process, but it provides a 33% reduction in
mortality and a 50% reduction in reinfarction (Hartwell et al. 2005), at least in the
short term.
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2.7

Surgical interventions for acute myocardial infarction

In cases of acute MI primary intervention is coronary angioplasty. However, in
cases of cardiogenic shock, unsuccessful PTCA or complicated coronary
pathologies, surgical coronary revascularization might be induced. Because of
preceding reasons, urgent and emergency coronary surgery may be associated
with significant mortality and morbidity (Rastan et al. 2010). According to
literature, the proportion of patients belonging in this high-risk group is as small
as 0,14% to 1,0% of all patients who have suffered acute coronary syndrome, and
the need for emergency coronary artery bypass grafting (CABG) has considerably
decreased over time (Seshadri et al. 2002).
Off-pump coronary artery bypass surgery (OPCAB) or “beating-heart surgery”
and conventional coronary surgery with cardiopulmonary bypass (CPB) are
commonly used operative techniques in urgent or emergency cases. It appears that
patients with acute MI operated on using off-pump surgery within 48 hours of the
onset of symptoms might associate with lower operative mortality. However,
patients operated after 48 hours appear to have similar mortality among them
regardless of the operative technique, and in the long-term follow-up, similar
survival as well. In addition, perioperative morbidity has been reported to appear
in a lower rate after off-pump surgery (Rastan et al. 2006, Rastan et al. 2010). In
cases with cardiogenic shock the mortality rate ranges from 20% to 50%
depending on a study. Advantages of early surgical revascularization compared
with PTCA, and of off-pump strategies compared with conventional coronary
surgery, have been described. Cardiopulmonary bypass support in beating-heart
surgery has been speculated to have cardioprotective elements by preserving
pulsatility and contributing to faster postoperative cardiac recovery (Rastan et al.
2006). Clinical symptoms and coronary artery pathology usually determine the
timing of the operation.
2.8

Stem cell therapy for acute myocardial infarction

Conventionally it has been thought that cardiomyocytes are postmitotic cells, not
capable of self-renewal, and that the loss of cells following MI causes irreversible
damage to the ventricular function. The repair process after injury is accompanied
by fibrosis and scarring. Myocyte hypertrophy and cellular reorganisation
struggle to compensate the missing functional capacity of the myocardium.

33

In 1999 Makino et al. demonstrated that cardiomyocytes can be generated
from bone marrow stromal cells in vitro (Makino et al. 1999). In 2001 researchers
suggested that it might be possible to regenerate damaged myocardium by using
bone marrow cell therapy (Orlic et al. 2001, Kocher et al. 2001). During the past
decade these fascinating findings have encouraged research groups around the
world to launch numerous experimental and clinical studies concerning
myocardial regeneration and restoration of the functional capacity of damaged
myocardium by using stem cell therapy. Enthusiasm was further increased by
published studies concerning the extraordinary heart regeneration capacity of
zebrafish and newt after severe injury (Poss et al. 2002, Borchardt & Braun 2007).
These animals can fully regenerate 20%-resected myocardium without scarring
through intensive cardiomyocyte proliferation. Recently, evidence of renewal of
human cardiomyocytes has been strengthened by a study of Bergmann et al.
(Bergmann et al. 2009). It showed that cardiomyocytes renew themselves
annually by 0,45% to 1% depending on aging. However, only 50% or less of
cardiomyocytes are exchanged during a lifespan. It can be speculated whether this
renewal is originated from cardiac stem cells or whether extracardiac progenitors
are driven to the myocardium. The potential of gender-mismatched bone marrow
cells for homing into the myocardium is, however, already proven in humans
(Deb et al. 2003).
Despite numerous studies, several questions concerning optimal stem cell
therapy remain unanswered or under debate. Understanding of cardiac repair
mechanisms of stem cells is lacking. The optimal number and type of cells or
timing of transplantation have been suggested but not confirmed. Delivery routes
have been challenged as well. Experimental or clinical studies lack
standardisation. In addition, despite promising experimental results, clinical
studies have not yet arrived at an effective cardiac recovery.
Due to heterogeneity of the study designs, cells used, timing, transplantation
methods and methods used in measurements, this review of literature is limited to
cover mainly BM-MNC and MSC therapy in detail and not growth factors or
other defining features linked to the therapy. Advantages of cell origin and
commonly used transplantation methods are dicussed as well.
2.8.1 Cell types for cardiac repair
Several types of stem cells are being investigated for their capacity for cardiac
repair. Cell types thought to have a multipotent quality due to their origin include
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at least embryonic stem cells, skeletal myoblasts, bone marrow-derived cells and
circulating progenitors. However, each cell type is associated with different
advantages and disadvantages. Especially regarding the use of human embryonic
stem cells, ethical issues and immunogenicity problems are encountered
(Gepstein 2002). Skeletal myoblasts might fail to integrate structurally (Menasche
et al. 2003, Reinecke et al. 2002). Currently, unselected BM-MNCs, selected
CD34, bone marrow-originated MSCs or circulating progenitor cells are used in
human clinical trials.
The choice of BM-MNCs for a study is usually explained by easy access and
preparation for transplantation as well as lack of ethical issues. However, some
experimental studies have compared in vivo response of the different cell types
for cardiac repair. Table 2 lists advantages related to the origin of transplantated
cells in different studies. Improvement of LVEF regardless of the origin of the
transplanted cells has been reported in experimental studies. Positive influence on
remodellation has been described at least for BM-MNCs, allogenic MSCs,
cardiosphere-derived cells (CDCs) and endothelial progenitor cells (EPCs).
Differentiation towards muscle- or cardiac phenotype of cells has recently been
detected after transplantation of BM-MNCs, MSCs and allogenic MSCs.
Angiogenesis has been associated with several cell types; at least BM-MNCs,
MSCs, CDCs, adipose tissue-derived stem cells (ADSCs), myoblasts and EPCs
have been reported to accelerate this process. Decline in perfusion defect has been
measured in some studies after BM-MNC or ADSC transplantation (Table 2).
Van der Bogt et al compared BM-MNCs, MSCs, skeletal myoblasts and
fibroblasts in a mouse model. Results showed that compared with MSCs, skeletal
myoblasts and fibroblasts, BM-MNCs were more pronounced homed in the
damaged myocardium and showed some functional benefits. Transdifferentiation
was not observed, however (van der Bogt et al. 2008). Compared with embryonic
stem cells BM-MNCs have shown less potential for cardiac repair (Kolossov et al.
2006). BM-MNCs have also been compared with adipose tissue-derived stem
cells in a porcine model by Valina et al with favourable effects of BM-MNCs. The
engrafted cells took part in angiogenesis and improved LV function. No evidence
of transdifferentiation was detected (Valina et al. 2007). Kudo et al compared
MSC and BM-MNC transplantation in a mouse model. Results showed that both
cell types can differentiate into myocytes and endothelial cells (Kudo et al. 2003).
BM-MNCs have been reported to differentiate towards cardiomyocyte phenotype.
This was first documented by Orlic et al in a study where IM transplantation into
the mouse infarcted myocardium was used (Orlic et al. 2001). Later, several
35

studies have documented that transplanted bone marrow cells regenerate
myocardium and express components typical for cardiomyocytes (Kajstura et al.
2005, Kudo et al. 2003, Nagaya et al. 2004, Rota et al. 2007, Shake et al. 2002,
Thompson et al. 2005, Yoon et al. 2005). Nevertheless, contradictory data have
been presented in the field of study. The strongest criticism concerns the
following issues: lack of utilization of genetic markers for the recognition of
donor bone marrow cells and their progeny; inaccurate interpretation of the
original data due to autofluorescence artefacts; and the possibility that myocyte
regeneration is mediated by fusion of bone marrow cells with resident myocytes
rather than transdifferentiation (Balsam et al. 2004, Nygren et al. 2004, Uemura
et al. 2006b, Murry et al. 2004).
2.8.2 Paracrine properties of cell-based therapy
Experimental studies have reported that stem cells regenerate damaged
myocardium by direct actions such as transdifferentiation and fusion. The volume
of these events has mostly been suggested to be insufficient, however, to
extensively explain the functional recovery of the myocardium. It has been
proposed that stem cells have wide-ranging mechanisms of action in the healing
process (Shah & Shalia 2011). They may increase the number of EPCs in the
ischaemic area, generate cardiomyocytes by either transdifferentiation or cell
fusion, modulate cardiac remodelling in the affected myocardium and produce
paracrine factors (eg, anti-inflammatory, anti-apoptotic) that contribute to cardiac
repair and neoangiogenesis by preventing or limiting the formation of a fibrotic
scar (Gnecchi et al. 2006, Haider et al. 2008, Heil et al. 2004, Kupatt et al. 2005,
Tang et al. 2005, Uemura et al. 2006a). Mesenchymal stem cells induce
proliferation and differentiation of cardiac stem cells (Hatzistergos et al. 2010).
Reduced infarct size has been documented in several experimental studies
regardless of the experimental models and cell types used (Amado et al. 2005,
Graham et al. 2010, Halkos et al. 2008, Jameel et al. 2010, Kudo et al. 2003, Li et
al. 2007, Li et al. 2010, Makkar et al. 2005, Moelker et al. 2006, Nagaya et al.
2004, Sato et al. 2011, Zhang et al. 2004), and simultaneously enhanced
neovascularization has also been reported by several researchers (Halkos et al.
2008, Li et al. 2007, Li et al. 2010, Makkar et al. 2005, Nagaya et al. 2004, Sato
et al. 2011, Tang et al. 2004, Zhang et al. 2004). Yang et al reported only
neoangiogenesis (Yang et al. 2006). Price et al reported less wall thickening of
non-infarcted myocardium (Price et al. 2006). Timmers et al and Li et al
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described antiapoptotic results (Li et al. 2007, Timmers et al. 2007) Doyle et al
reported significant difference in LV mass in favour of stem cell therapy (Doyle et
al. 2008)
Intracoronary transplantation of BM-MNCs was found to result in
downregulation of serum TNFα and IL-8 three weeks after infarction but in
upregulation of IL-10 (Xu et al. 2009). The results suggest that BM-MNC therapy
induces the acute inflammatory response but reduces or shortens long-term
inflammatory response, and the effect is sustainable up to a few weeks after the
infarction. However, contradictory results have been obtained in some
experimental studies where different animal models were used. These studies
reported no significant beneficial effect of the stem cell therapy on either the
infarct size or LV function after MI (Agbulut et al. 2006, Boomsma et al. 2007,
Moelker et al. 2006, Wisenberg et al. 2009). Experimental models can be
considered much less comparable than clinical trials because of the wide variety
of study designs, practical issues and types of animals. Follow-up times and
measurement of LV function vary as well. However, the promising results of the
experimental studies cannot be left without attention when developing an optimal
clinical application.
2.8.3 Porcine myocardial infarction models
Standardisation and critical evaluation of stem cell therapy is frequently
demanded. Numerous studies evaluating stem cell therapy after an experimental
MI have been conduced over the past decade using rodent models. There are
major differences between large mammals and rodents, however. The use of
appropriate large-animal models is essential for critical evaluation of the therapy
in preclinical setting before clinical studies. Porcine infarction model has several
advantages. The anatomy and physiology of the porcine heart and coronary
circulation bear a strong resemblance to human’s including minimal pre-existing
coronary collaterals. Metabolism is also found to be closely similar to human’s
compared to that of rodents (Hughes et al. 2003).
In recent years, efficacy of stem cell therapy has increasingly been
investigated using porcine acute MI model. However, as previously mentioned,
heterogeneity of the study designs regarding delivery route, type and number of
transplanted cells as well as timing of transplantation has substantially limited
comparison of the studies. Early porcine models were carried through when
Kamihata et al. reported improved LVEF and decreased perfusion defect in 2001
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and Shake et al. showed homing of autologous MSCs into the myocardium with
contractile dysfunction attenuation and transplanted cells expressing components
typical for myocytes (Kamihata et al. 2001, Shake et al. 2002). Several studies
have shown significant improvement in LVEF despite the different transplantation
methods or cell types used (Amado et al. 2005, Ghodsizad et al. 2009, Halkos et
al. 2008, Jameel et al. 2010, Kamihata et al. 2001, Lee et al. 2011, Li et al. 2007,
Li et al. 2010, Smith et al. 2007, Valina et al. 2007, Yang et al. 2006) However,
there have also been studies where no significant difference in favour of stem cell
therapy has been found in LV function after MI. These kinds of negative results
have been reported in porcines (Makkar et al. 2005, Moelker et al. 2006).
However, Makkar et al detected differentiation of transplanted cells into
cardiomyocytes and endothelial cells. Paracrine effect has been suggested to be
the most efficient way for stem cells to influence the repair process of the
myocardium. This might occur in the myocardium as several beneficial effects
described by researchers. Several researchers have documented reduced infarct
size (Amado et al. 2005, Graham et al. 2010, Halkos et al. 2008, Jameel et al.
2010, Li et al. 2007, Li et al. 2010, Makkar et al. 2005, Moelker et al. 2006, Sato
et al. 2011) and simultaneously enhanced neovascularization (Halkos et al. 2008,
Li et al. 2007, Li et al. 2010, Makkar et al. 2005, Sato et al. 2011) Yang et al
reported only neoangiogenesis (Yang et al. 2006). Price et al reported less wall
thickening in non-infarcted myocardium (Price et al. 2006). Antiapoptotic results
have been described by Timmers et al and Li et al (Li et al. 2007, Timmers et al.
2007) Doyle et al reported significant difference in LV mass in favour of stem cell
therapy (Doyle et al. 2008). Direct differentiation of the transplanted cells into
myocytes, cardiac cells or endothelial cells has been documented a few times in
porcine models (Kudo et al. 2003, Makkar et al. 2005, Shake et al. 2002).
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Mouse

Orlic et al.

Porcine

Rabbit

Rat

(2006)

IV

Porcine

Price et al.

IC
IM

Porcine

IV

IM

IM

IM

Ott et al. (2005) Rat

(2005)

Makkar et al.

(2005)

Limbourg et al. Mouse

(2005)

Amado et al.

al. (2005)

Thompson et

(2004)

Zhang et al.

(2004)

IV

1 × 108

5 × 106

5 × 106

1 × 107

0.5–5 × 105

6 × 107

1 × 108

0.3–2 × 10

7.5 × 103

2 × 105

allogen MSC 3.2 × 108

EPC

allogen MSC 2 × 108

BM-MNC

5

Cell number

allogen MSC 2 × 108

MSC

BM-MNC

MSC

Rat

Nagaya et al.

(2004)

MSC

IM

Rat

MSC, BM-

MSC

Tang et al.

IM

IM

BM-MNC

BM-MNC

MNC

Mouse

Porcine

IM

IM

Method Cell type

(2003)

Kudo et al.

(2002)

Shake et al.

(2001)

Kamihata et al. Porcine

(2001)

Model

Study

LVEF improvement

LVEF improvement

No improvement

and function

Less wall thickening of non-infarcted myocardium

Vasculogenesis

differentiation cardiomyocytes and endothelial cells

Improved LV dimensions No long term engraftment

Reduced infarct size

myogenic contractile phenotype

LVEF improvement

global diastolic relaxation, differentiation of BM cells towards

Improved regional

Reduced infarct size and enhanced neovascularization

density, differentiation of transplanted cells into cardiomyocytes

Reduced infarct size, enddiastolic pressure, increased capillary

Increased bloodvessel density

cells into cardiomyocytes and vascular cells

Reduced infarct size and fibrosis Differentiation of transplanted

Expression of muscle-specific proteins in engrafted MSCs

Decreased perfusion defect

Reduced infarct size

Other

systolic function

in LV and remodelling

Long-term improvement

LVEF improvement

attenuation

Contractile dysfunction

LVEF improvement

function

Reduced enddiastolic

LV function

Table 1. Experimental models used in studies investigating stem cell therapy in myocardial infarction.
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Porcine

Porcine

al. (2009)

Ghodsizad et

Porcine

Porcine
IM

IM
USSC

allogen MSC

(2008)

Hashemi et al.

MSC, BM-

IC
MNC

Porcine

Li et al.

(2008)

SC

endothelial

IC

(2008)

Porcine

allogen BM-

Doyle et al.

IV

IC, IV

MNC

Porcine

Porcine

(2008)

Halkos et al.

(2007)

MSC

Adipose-SC,

Timmers et al.

IC

BM-MNC

BM-MNC

CSC

BM-MNC

BM-MNC

BM-MNC

BM-MNC

Porcine

IC, IV

IV

IM

IC

IM

IC

Method Cell type

(2007)

Valina et al.

(2007)

Grogaard et al. Porcine

(2007)

Boomsma et al. Mouse

(2007)

Smith et al.

(2006)

Yang et al.

(2006)

Agbulut et al.

Rat

Porcine

Moelker et al.

(2006)

Model

Study

0.4–3.7 × 108

0.5 × 106

5 × 106

5 × 10

7

Cell number

LVEF improvement

LVEF improvement

LVEF improvement

LVEF improvement

function

Enhanced systolic

LVEF improvement

LVEF improvement

No improvement

No improvement

LV function

No differences

Paracrin, LV function +, apoptosis-

Paracrin, LV mass

improved perfusion and vasculogenesis

apoptosis -

Homing

angiogenesis

No engraftment or differentiation

Reduced infarct size

Other
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(2011)

Li et al.

(2011)

Lee et al.

(2011)

Sato et al.

(2010)

Graham et al.

(2010)

IV

IC

Miniswine IC

Miniswine IM

Porcine

Porcine

Miniswine IM

EPC

BM-MNC

CDC

MSC

BM-MNC

Enhanced systolic
function

1.2 × 107

LVEF improvement

preserved

Cardiac function

LVEF improvement

3.5 × 108

1 × 108

1.6 × 107

5 × 107

2–3 × 0.5 × 107 No improvement

Jameel et al.

BM-MNC

Reduced infarct size and enhanced neovascularization

Attenuated remodelling

Neovascularization increased

Reduced infarct size

Reduced infarct size, LV hypertrophy and dilatation

Reduced infarct size

Other

LV function
Enhanced diastolic filling Microvessels increased

Cell number
2 × 108

1.7 × 107

IM

Myoblasts

Method Cell type
IM

al. (2009)

Wisenberg et

Rat

Porcine

Pätilä et al.

(2009)

Model

Study
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(2010)

Lee et al. (2011)

Valina et al. (2007)

Ott et al. (2005)

ADSC

EPC

USSC

(2009)

Ghodsizad et al.

Smith et al. (2007)

CDC

(2008)

Doyle et al.

Li et al. (2011)

Sato et al. (2011) Smith et al. (2007)

(2005)

Amado et al. (2005) Price et al. (2006) Amado et al.

Makkar et al. (2005)

(2005)

(2010)

Price et al. (2006)

Thompson et al.

Graham et al.

Pätilä et al. (2009)

Li et al. (2011)

Ott et al. (2005)

(2007)

Valina et al.

Sato et al. (2011)

(2004)

Nagaya et al. (2004) Nagaya et al.

Tang et al. (2004)

Jameel et al.

Jameel et al. (2010)

(2004)

(2009)

Valina et al. (2007)

Nagaya et al.

(2007)

Wisenberg et al.

Yang et al. (2006)

Li et al. (2008)

Valina et al.

(2006)

Tang et al. (2004)

Yang et al. (2006)

Moelker et al.

(2005)

Valina et al. (2007)

Lee et al. (2011)

Limbourg et al.

Shake et al. (2002)

Zhang et al. (2004)

(2010)

Zhang et al. (2004)

(2007)

Valina et al. (2007)

(2004)

Kudo et al. (2003)

Zhang et al.

Kudo et al. (2003) Kamihata et al. (2001) Grogaard et al.

Orlic et al. (2001)

Engraftement

Kudo et al. (2003)

Kamihata et al.

MSC

Myoblasts

Decreased perfusion
defect

Zhang et al. (2004 Orlic et al. (2001)

Angiogenesis

Jameel et al.

Differentiation

(2001)

size

Reduced infarct

Allogen

MSC

BM-MNC

Cell type

LVEF improvement Remodellation

Table 2. Benefits related to transplantated cell origin in experimental studies investigating stem cell therapy in myocardial

infarction.

2.8.4 Transplantation methods and stem cell homing
There are several potential routes for delivering stem cells to the infarcted
myocardium. In experimental or clinical studies cells have been transplanted
using intravenous (IV), intra-arterial, retrograde coronary venous or
transendocardial methods. The development of clinical treatment is ongoing and
there are still open questions concerning the most beneficial method of treatment.
In experimental and even clinical studies the IV method has produced more
pronounced lung activity (Chin et al. 2003, Hare et al. 2009). Early extensive
washout of cells transplanted by intracoronary (IC) method is known as well;
however, diffuse accumulation in the myocardium simultaneously was observed
(Dow et al. 2005). At least one study has shown more pronounced homing of
stem cells following IC application compared with intramyocardial (IM) or IV
methods (Moscoso et al. 2009). Some studies have shown favourable homing of
BM-MNCs after IC compared with IV transplantation (Forest et al. 2010,
Grogaard et al. 2007). Lately, a novel cell therapy method has been presented by
Shudo et al. It is based on transplantation of cell-sheets of myoblasts onto the
infarcted myocardium. Cell-sheets are wrapped with an omentum as a blood
supply. Encouraging results have been reported by the researchers (Shudo et al.
2011).
Cell type might also have an influence on the optimum delivery route for cell
transplantation. Homing of cells after the use of IC method requires adhesion and
extravasation and migration to the surrounding ischemic tissue. BM-MNCs and
hematopoietic stem cells have this capability, which has not been shown for all
cell types. Obstruction of microcirculation in larger cells has been suggested
previously (Dai et al. 2005, Piepoli et al. 2010). Therefore, MSCs might be better
suited for transplantation by direct injection into the injured myocardium
(Charwat et al. 2008, Hale et al. 2008, Piepoli et al. 2010).
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Remodellation

Reduced infarction size

LVEF improvement

Observation

infarction.

Amado et al. (2005)

Lee et al. (2011)

Jameel et al. (2010)

Zhang et al. (2004)

Jameel et al. (2010)

(2009)

Wisenberg et al.

Smith et al. (2007)

Doyle at al. (2008)

Li et al. (2008)

(2008)

Kudo et al. (2003)
Zhang et al. (2004)

Moelker et al.
(2006)

Hashemi et al.

Orlic et al. (2001)

Lee et al. (2011)

Jameel et al. (2010)

(2009)

(2010)

Price et al. (2006)

(2004)

Nagaya et al.

(2008)

Doyle at al. (2008)

(2009)

Ghodsizad et al.

Halkos et al.

(2006)

Wisenberg et al.

Amado et al. (2005)
Ott et al. (2005)
Graham et al.

Price et al. (2006)

Moelker et al.

Li et al. (2008)

Smith et al. (2007)

(2004)

(2005)

(2005)

Valina et al. (2007)

(2008)

-

Hashemi et al.

Intravenous

Zhang et al. (2004)

+

Tang et al. (2004)

-

Nagaya et al.

Intracoronary
Limbourg et al.

+
Makkar et al.

Yang et al. (2006)

Intramyocardial
Kamihata et al. (2001) Agbulut et al. (2006)

+

Table 3. Benefits related to cell transplantation method in experimental studies investigating stem cell therapy in myocardial
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Shake et al. (2002)

Engraftment

Intracoronary

Agbulut et al. (2006)

(2008)
Grogaard et al.
(2007)

(2007)

Sato et al. (2011)

Grogaard et al.

(2008)

Pätilä et al. (2009)

-

(2005)

Limbourg et al.

Intravenous

Halkos et al.

(2004)

Nagaya et al.

(2004)

Nagaya et al.

+

Ott et al. (2005)

(2008)

-

Zhang et al. (2004)

Yang et al. (2006)
Li et al. (2008)

Hashemi et al.

Kudo et al. (2003)

Makkar et al. (2005)

+

Tang et al. (2004)

(2005)

Thompson et al.

Kudo et al. (2003)

Agbulut et al. (2006)

Intramyocardial
Orlic et al. (2001)

+

Decreased perfusion defect Kamihata et al. (2001) Hashemi et al.

Angiogenesis

Differentiation

Observation

Table 4. Advantages and disadvantages of the 2 most frequently used transplantation
methods in stem cell therapy.

Advantages

Intramyocardial

Intracoronary

Cell homing high degree

Mini-invasive

Efficient response to therapy

Fast

No limited cell size

Lower costs

Feasible for chronic / acute

Not limited number of cells
Diffuse accumulation of cells
Controlled randomised trials more feasible
Feasible for acute / chronic

Disadvantages

High-invasive

Cell homing lower degree

High costs

Response to therapy moderate

Distribution vary depending on injections

Risk of occlusion of related artery

Risk of transmural perforation

Limited size of cells

Limited number of cells
Not all areas reachable simultaneously
Lack of control groups
Controlled randomised trials limited

Intracoronary transplantation
Primary PTCA provides a fast and mini-invasive option for stem cell
transplantation. Intracoronary transplantation appears to be the most commonly
used method in both clinical and experimental studies. Simplicity and modest
costs often promote choosing IC cell transplantation method for the studies.
Despite the increased number of studies, strong experimental background
especially for safety and efficacy is needed. Temporary occlusion of the artery has
to be mentioned as a risk factor. The number of transplanted cells is not limited,
however, because with slow infusion several-millilitre bolus can be administered.
Size of transplanted cells may be limited due to the catheter system. Early
washout of stem cells from the myocardium has been documented. Some early
studies have shown that stem cells transplanted by IC method may relocate into
the lungs and other major visceral organs (Dow et al. 2005, Price et al. 2006).
Therapeutic accumulation of the transplanted cells might be questionable that way.
However, as shown by Miettinen et al these cells can have a separate, lung
perfusion-related therapeutic effect outside the myocardial tissue (Miettinen et al.
2010). Chin et al were the first to document significant lung activity after IV stem
cell transplantation (Chin et al. 2003). Contribution of BM-MNCs to lung
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remodellation has been suggested in an experimental study by Dupuis et al.
(Dupuis et al. 2007) Intracoronary delivery enables the application where diffuse
accumulation of cells to the site of injury is optimal. However, nonperfused
regions of the infarct-related artery might not be achieved. (Dai et al. 2005,
Piepoli 2009).
The first clinical trials were performed nearly 10 years ago. Safety and
feasibility of the IC transplantation of BM-MNCs in patients after recent MI were
evaluated, and significant decrease of the infarct size was reported (Strauer et al.
2002). Decreased infarct size and improved perfusion have later been reported by
other researcher (Bartunek et al. 2005, Chen et al. 2004, Ge et al. 2006, Grajek et
al. 2010, Hopp et al. 2011, Piepoli et al. 2010, Tse et al. 2003, Wang et al. 2010,
Yang et al. 2010). Some larger randomised, controlled clinical trials have been
carried through during the previous decade. Favourable effects of stem cell
therapy on the regional and global LV function and myocardial perfusion have
been reported by several research groups (Assmus et al. 2002, Bartunek et al.
2005, Chen et al. 2004, Fernandez-Aviles et al. 2004, Flores-Ramirez et al. 2010,
Ge et al. 2006, Huikuri et al. 2008, Janssens et al. 2006, Lunde et al. 2005,
Piepoli et al. 2010, Plewka et al. 2009, Schachinger et al. 2006, Tendera et al.
2009, Wollert et al. 2004, Yang et al. 2010). Some studies, in contrast, reported no
effects of the stem cells on the described values (Grajek et al. 2010, Herbots et al.
2009, Hopp et al. 2011, Lunde et al. 2006, Nogueira et al. 2009, Penicka et al.
2007, Traverse et al. 2010, Wohrle et al. 2010). The studied follow-up times vary
between 3 and 60 months, the most frequently used follow-up time being 3 to 12
months. It appears that longer-term results have not been as encouraging as
initially reported (Meyer et al. 2006, Meyer et al. 2009). However, baseline
values of the patients might have some influence on LVEF after stem cell therapy,
as the most notable recoveries have been reported in patients with lowest baseline
LVEF (Schachinger et al. 2006, Tendera et al. 2009, Wollert et al. 2004).
Nowadays it is possible to compile meta-analyses. According to a recently
published meta-analysis, stem cell therapy benefits the LVEF recovery most when
the cells are transplanted later than 6 days after acute MI. This view has been
explained by the increase in cytokines such as vascular endothelial growth factor
(VEGF), hepatocyte growth factor and granulocyte colony-stimulating factor in
plasma during the first week after MI (Martin-Rendon et al. 2008). In addition,
recovery of LVEF is more pronounced when the dose of transplanted cells is
higher than 108. However, very early transplantation within 6 hours after
reperfusion might have as beneficial effect as later performed intervention,
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because of a two-wave VEGF presentation after MI. The first peak in VEGF level
appears within 24 to 48 hours and the later one at 7 days (Pannitteri et al. 2006).
There exist no clinical studies on this early time point of transplantion. These
meta-analysis data strengthen early presumptions stated in the literature that
timing of transplantation and the cell dose are important factors in developing the
optimal stem cell therapy. It is notable that the clinical and statistical
heterogeneity observed among the clinical trials show the comparability of the
results in a new light (Martin-Rendon et al. 2008).
Significant complications have been reported in one single study, in which
not all complications were linked with IC transplantation procedure. Despite a
limited number of studies as well as patients in study groups, IC transplantation
has to be considered safe and effective in the light of studies conducted so far
(Penicka et al. 2007). Overall assessment regarding the safety of stem cell
transplantation has been made in some single studies and, as with recent metaanalyses, with no evidence of increased mortality or other adverse events related
to therapy (Assmus et al. 2002, Beitnes et al. 2009, Martin-Rendon et al. 2008,
Meyer et al. 2009).
Intramyocardial transplantation
The most efficient response to cell therapy in terms of cell homing and functional
recovery has been suggested to be achievable via IM cell transplantation
(Freyman et al. 2006, Hou et al. 2005). However, advantages and disadvantages
have both been associated with the use of direct IM transplantation. The IM
delivery method requires attention; the number of cells in the infarcted area may
vary dramatically due to targeting. The target regions may include the normal
myocardium, the infarcted area or the border zone, or a combination of these,
which might affect the outcome. The IM method is invasive and involves a risk of
myocardial perforation. In some cases not all areas can be reached. A
disadvantage in clinical studies is the lack of control group. Nevertheless, use of
this method is likely to ensure that the transplanted cells remain in the target area
(Freyman et al. 2006, Hou et al. 2005). There is no such limitation for the size of
transplanted cells as in IC transplantation, but the size of bolus of injectable cells
is limited.
The IM method may be preferred for the patients suffering a late-stage
ischemic heart disease and when CABG procedure is involved. Stem cells were
first transplanted intramyocardially by Perin et al. (Perin et al. 2003). Patients
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selected for the study were suffering from severe chronic heart failure and had no
option for standard revascularization therapies. Sustained improvement in LVEF
was evaluated by echocardiography. There are several studies on the use of IM
method in patients (Ahmadi et al. 2007b, Fuchs et al. 2003, Herreros et al. 2003,
Krause et al. 2009, Kuethe et al. 2005, Silva et al. 2004, Tse et al. 2003, Williams
et al. 2011). These studies have been conducted using quite a small number of
patients and usually without blinding. Ahmadi et al (Ahmadi et al. 2007b) used a
placebo group and reported improved regional LV function after 14 months’
follow-up. A study by Herreros et al (Herreros et al. 2003) also documented
LVEF improvement. Krause et al (Krause et al. 2009) used percutaneous IM
injection for 20 patients who had recently suffered an MI, and reported
improvement in LVEF and electromechanical parameters one year later. In
another study no beneficial effects after stem cell transplantation were reported
(Tossios et al. 2006). Regarding the safety of IM transplantation, there have not
been reports of any significant complication following the use of IM
transplantation. Despite the limited number of studies as well as patients in study
groups, IM transplantation has to be considered safe and effective in the light of
studies conducted so far (Gowdak et al. 2008).
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Only PCI n = 20

BOOST

BM-MNC n = 30

Only PCI n = 30

IC

IC

Fernándes-Avilés et

MSC n = 34

Placebo n = 35

Wollert et al. (2004)

IC

Chen et al. (2004)

BM-MNC n = 8

BM-MNC n = 5

IM

Tse et al. (2003)

BM-MNC n = 7

Control n = 7

IM

IM

Perin et al. (2003)

Myoblast n = 12

Silva et al. (2004)

IM

Herreros et al. (2003)

BM-MNC n = 14

BM-MNC n = 30

IM

Fuchs et al. (2003)

BM-MNC n = 10

Only PCI n = 10

al. (2004)

IC

Strauer et al. (2002)

BM-MNC n = 11

PBC n = 9

Control n = 11

TOPCARE-AMI

Groups

Assmus et al. (2002)

IC

Study

months

several

months

several

18 days

months

several

2 × 109

5 days

months

several

7.8 ± 4.1 × 107 14 days

9 × 109

1 × 107

months

2.6 ± 6.3 × 107 several

3 × 107
7 days

5 days

1 x107
2 x108

Timing

Cell number

6 months

6 months

6 months

6 months

4 months

3 months

3 months

3 months

4 months

Follow-up

ECHO

SPECT,holter

ECHO,

CMRI

SPECT

SPECT,holter

ECHO,

SPECT,PET

SPECT

ECHO,SPECT

ECHO

Analysis

myocardial ischemia

Decreased

defect

Decreased perfusion

Other

LVEF improvement

decrese.

Endsyst volume

improvement

function

Regional LV

LVEF improvement

improvement

function

Regional LV

improvement

function

Regional LV

myocardial ischemia

Decreased

improvement

Perfusion

improvement

LVEF improvement Regional LV function

No improvement

(therapy groups)

LVEF improvement

LV function

Table 5. Clinical trials investigating bone marrow-derived stem cell therapy in myocardial infarction.
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IM

IC
IC

Ahmadi et al. (2007)

Penicka et al. (2007)

Huikuri et al. (2008)

FINNCELL

IM

Tossios et al. (2006)

REPAIR-AMI

(2006)

IC

Schächinger et al.

12 days

1 × 107

1 × 108

1 × 107

7 × 107

2 × 108

4 × 107

BM-MNC n = 40

Placebo n = 40

BM-MNC n = 17
4 × 108

2 days

9 days

months

Placebo n = 10

several

> 2 weeks

BM-MNC n = 18
3 × 109

7 × 107

4 days

Placebo n = 9

BM-MNC n = 7

Placebo n = 16

BM-MNC n = 101

7 days

6 days

1 day

months

2.9 ± 0.9 × 107 several

Timing

Cell number

Placebo n = 103 2 × 108

highdose n = 22

BM-MNC

lowdose n = 22

BM-MNC

Only PCI n = 22

IC

Meluzin et al. (2006)

Placebo n = 50
BM-MNC n = 50

IC

ASTAMI

Lunde et al. (2006)

BM-MNC n = 33

Placebo n = 34

Janssens et al. (2006) IC

Placebo n = 10
BM-MNC n = 10

IC

Ge et al. (2006)

BM-MNC n = 5

BM-MNC n = 19

TCT-STAMI

IM

Placebo n = 16

Bartunek et al. (2005) IC

Kuethe et al. (2005)

Groups

Study

6 months

4 months

14 months

3 months

12 months

12 months

6 months

4 months

6 months

12 months

Follow-up

ECHO, Angio

Angio

ECHO, SPECT,

scintigraphy

ECHO, perfusion

SPECT,PET

ECHO, Angio

ECHO,SPECT

CMRI

ECHO,SPECT,

CMRI,PET

ECHO,SPECT

ECHO

Analysis

LVEF improvement

No improvement

improvement

function

Regional LV

No improvement

LVEF improvement

(High dose)

LVEF improvement

LVEF improvement

LVEF improvement

LVEF improvement

LVEF improvement

LV function

Other
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Placebo n = 18

IV
IC

IM

Hare et al. (2009)

Herbots et al. (2009)

Krause et al. (2009)

IC
IC

Grajek et al. (2010)

Piepoli et al. (2010)

(2010)

Flores-Ramírez et al.

BM-MNC n = 19

Control n = 19

BM-MNC n = 31

Control n = 14

BM-MNC n = 7

BM-MNC n = 37

Control n = 37

IC

Placebo n = 40

Arnold et al. (2010)

IC

Tendera et al. (2009)

BM-MNC n = 62

Only PCI n = 62

BM-MNC n = 80

IC

Yousef et al. (2009)

BM-MNC n = 38

Only PCI n = 18

n = 10

BM-MNC (IV)

REGENT

IC

Plewka et al. (2009)

BM-MNC (IC)

IV
n = 14

Control n = 6

Noqueira et al. (2009) IC,

BM-MNC n = 20

BM-MNC n = 33

Placebo n = 34

hMSC n = 35

Groups

Study

418 × 106

3–4 × 106

1 × 107

1 × 108

2 × 108

1 × 108

1 × 108

4 × 108

0.5–5 × 10

6

Cell number

4–7 days

4–6 days

> 3 months

9 ± 3 days

7 days

7 days

7 days

3–6 days

10 days

1 day

1–10 days

Timing

12 months

12 months

24 months

9 months

6 months

60 months

6 months

6 months

12 months

4 months

6 months

Follow-up

ECHO

SPECT,

ECHO

SPECT,

ECHO

CMRI,SPECT,

Angio, IVUS

CMRI

ECHO

ECHO

ECHO

mapping

ECHO, NOGA

CMRI

CMRI, ECHO

Analysis

Other
Improvement

improvement

Perfusion

atherosclerosis

No accelerated

electromechanism

improvement

LVEF improvement Perfusion

No improvement

LVEF improvement

LVEF improvement

LVEF improvement

LVEF improvement

No improvement

LVEF improvement Improved

improvement

function

Regional LV

LVEF improvement Pulmonary FEV1

LV function
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Placebo n = 10

IC
IC
IC
IC

Traverse et al. (2010)

Wang et al. (2010)

Wöhrle et al. (2010)

Yang et al. (2010)

Hopp et al. (2011)
BM-MNC n = 34

IM

Musialek et al. (2011)

Williams et al. (2011)
BM-MNC n = 4

Control n = 4

BM-MNC n = 15
IC

Substudy (ASTAMI)

Control n = 13

MSC n = 16

BM-MNC n = 29

Placebo n = 13

BM-MNC n = 56

Placebo n = 56

BM-MNC n = 30

Groups
IC

Study

> 4 months

6–14 days

4–8 days

7 × 107
3.46 × 108

1 month

6 days

1.3–1.8 x107

4 × 108

> 3 months

3–10 days

1 × 108
5.6 ± 2.3x107

Timing

Cell number

12 months

48 hours

6 months

6 months

6 months

6 months

6 months

Follow-up

CMRI

SPECT

CMRI

ECHO

SPECT,

CMRI

SPECT

CMRI

Analysis

placebo

LVEF improved in

defect

Reduced perfusion

remodelling

Decreased LV

Other

improvement

Decreased infarct

infarcted area

ad. 5% homing peri-

decreased

Infarct mass

improve

LV function

decrease Regional size

Enddiast. volume

No improvement

LVEF improvement Perfusion

No improvement

No improvement

LV function

2.9

Limitations of the study

The clinical relevance of this study is limited due to the experimental model used.
New information acquired cannot be directly compared to clinical situation. This
porcine acute infarction model simulates clinical set-up but differences can easily
be found. First of all, patients are usually aged 50 to 80 years. In the experimental
model the pigs used are aged 8 to 10 weeks. The healing effect in juvenile pigs is
probably more pronounced due to lack of atherosclerosis and other cardiovascular
complications caused by aging or environmental factors in individuals. The
recovery of the LV function is measured using M-mode echocardiography
(ECHO), and it may overestimate the real magnitude of the recovery. However,
the healing effect was also seen in the histopathological analysis and in
concordance with the mechanical improvement.
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3
1.
2.
3.
4.

Aims of the present study
Is it possible to establish an experimental acute MI model to evaluate the
efficacy of stem cell therapy after an acute MI?
Are the BM-MNCs capable of differentiating towards myocyte phenotype in
the infarcted myocardium?
Do different transplantation methods launch different homing profiles of the
BM-MNCs?
Are there histological and molecular changes in the healing process of the
infarcted myocardium after BM-MNC transplantation?
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4

Materials and methods

4.1

The porcine acute infarction model

The porcine model for acute MI used is unique and developed for the present
study. The purpose was to model the open-heart surgery circumstances after an
acute MI. In the first phase the purpose was to test the feasibility and efficacy of
direct injection of BM-MNCs into the infarcted myocardium. In the second phase,
when the model was standardised for both IM and IC transplantation, the purpose
was to compare early homing of BM-MNCs. In the third phase, efficacy and
myocardial healing process between IM and IC transplantation were evaluated.
Several molecular changes in the damaged myocardium after IM transplantation
were investigated as well.
4.2

Laboratory animals

The animals used in the study were Yorkshire pigs from a native stock nearby city
of Oulu. The pigs were from 8 to 10 weeks old and their median weight was 25.0
kg (25th and 75th percentiles 23.4–29.8 kg)
4.3

Preoperative management

All the studied animals received humane care in accordance with the "Principles
of Laboratory Animal Care" formulated by the National Society for Medical
Research and the "Guide for the Care and Use of Laboratory Animals" prepared
by the Institute of Laboratory Animal Resources, National Research Council
(published by the National Academy Press, revised in 1996). The study was
approved by the Research Animal Care and Use Committee of the University of
Oulu, Oulu, Finland.
4.4

Anaesthesia and haemodynamic monitoring

The animals were sedated with an intramuscular injection of ketamine
hydrochloride (15 mg/kg) and midazolam (2 mg/kg). For the drug administration
and fluid balance maintenance, peripheral venous catheter was inserted into the
right ear. The anesthesia was deepened with an IV bolus of thiopental sodium
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(25–125 mg) and fentanyl (25 µg/kg). The animals were intubated and the
anaesthesia was maintained by a continuous IV infusion of fentanyl (25 µg/kg/h),
midazolam (0.25 mg/kg/h), pancuronium (0.2 mg/kg/h) and inhaled isoflurane
(0.5%). The animals received Ringer Acetate (15 ml/kg/h) intravenously
throughout the experiment and 1.5 grams of cefuroxime at the induction of
anaesthesia and before extubation.
Electrocardiographic monitoring was performed throughout the experiment
by a digital electroencelography recorder (Nervus Multimedia EEG, Reykjavik,
Iceland) and an amplifier (Magnus EEG 32/8, Reykjavik, Iceland) using a
sampling rate of 512 Hz. An arterial catheter was positioned into the right femoral
artery for arterial pressure monitoring and blood sampling. A thermodilution
catheter (CritiCath, 7 French [Ohmeda GmbH & Co, Erlangen, Germany]) was
placed via the right femoral vein into the central circulation to allow sampling of
blood, monitoring of central venous pressure (CVP), pulmonary artery pressure,
and pulmonary capillary wedge pressure (PCWP), as well as the recording of
blood temperature and cardiac output. The haemodynamic parameters were
measured every 15 minutes during the 90-minute occlusion of the circumflex
coronary artery.
4.5

Echocardiography

Echocardiography (Acuson, Sequoia etc, Ca, USA, probe 4C3) was used to assess
ventricular function. In studies I, III and IV measurements were taken
preoperatively, 30 minutes after instituting reflow and at the 21st postoperative
day. In study II time points for measurements were preoperatively, at 30 minutes
postoperatively and at the last follow-up day (first day or sixth day). The left
ventricular posterior wall diameters, interventricular septum diameters, left
ventricular diameters, ejection fraction (EF), velocity time integrals of early
passive filling and atrial contraction waves (E, A), cardiac output, and left
ventricular mass were measured.
4.6

Isolation of mononuclear cells

Bone marrow aspirate (20 mL) from metaphyseal area beneath the tibial
tuberosity was processed. The bone marrow aspirate (1:5 dilution in phosphatebuffered saline [PBS], Sigma-Aldrich) was passed through a density gradient
centrifugation (Ficoll-Paque™ PLUS, Amersham Biosciences) to exclude
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erythrocytes and granulocytes. Bone marrow mononuclear cells were collected
from the interphase and washed 3 times with PBS. The cells were suspended in a
saline solution at a density of 25–50 × 106 cells/mL. Trypan blue dye, which was
used with a fraction of isolated cells, confirmed viability of more than 99% of the
transplanted cells.
4.7

Myocardial infarction

The heart was exposed through a left anterolateral thoracotomy in the fourth
intercostal space and the circumflex coronary artery was dissected distal to the
bifurcation of the left anterior descending coronary. An MI was caused by
occluding the circumflex coronary artery with a removable silicone vascular loop
(Surg-I-Loop, Scanlan, St.Paul, MN) for 90 minutes. After the removal of the
silicone loop, 1 mL of papaverin was administered onto the artery to avoid spasm.
A pleural tube was used for draining, and the thoracic cavity was closed.
4.8

Cell transplantation

After the 90-minute transient coronary occlusion autologous purified BM-MNCs
(108 cells/2 mL) were administered intramyocardially with a 26G needles and
syringes into 10 locations in the infarcted area. In the IC administration protocol,
the thoracic cavity was closed after the reperfusion. The anaesthetized animals
were moved to an adjacent catheterization laboratory. Either a 5F multipurpose
catheter or a JR4 catheter (Cordis Corporation, Miami, USA) was used,
depending on anatomical variety. A catheter was placed via the right femoral
artery into the circumflex coronary artery under fluoroscopic control. The
position of the catheter was checked by using contrast dye injections before the
initiation of the 1-minute administration of BM-MNCs (108 cells/2 mL) and after
the transplantation. In the control group, 2 mL of saline was administered
intramyocardially into the infarcted area.
4.9

Biochemical analysis

Arterial blood gases, pH, electrolytes, serum ionized calcium, glucose,
haemoglobin levels (i-STAT Analyzer; i-STAT Corporation, East Windsor, NJ),
basic blood count, leukocyte differential count (Cell-Dyn analyzer [Abbot, Santa
Clara, CA]), CK-MB ([Hydrasys LC-electrophoresis, Hyrys-densitometry, Sebia,
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France]) and TnI (Immunoassay, Innotrac AIO, Turku, Finland) were measured at
baseline, 90 minutes after the occlusion of the circumflex coronary artery, and at
30 minutes and 24 hours after the initiation of reperfusion.
4.10 Experimental protocols
All studies are based on standardised acute infarction protocol which was
established before study I. In studies I, III and IV the experimental protocol
included 21 days’ follow-up period, whereas study II concentrated on short-term
follow-up from 1 to 6 days. The primary fields of interst in the separate studies
are shown in Table 6.
Table 6. Primary fields of interest in separate studies.
Study Groups
I

IM

N
n=7

Echocardio

Cell

Radionuclide

Immunohisto

graphy

labelling

imaging

chemistry

x

2 animals

Control n = 7
II
III

IM

n=5

IC

n=5

IM

n=8

IC

n=8

Proteomics

x

Follow-up
21 days

CM-DiI
x

111In

x

x

1–6 days
x

21 days

Control n = 8
IV

IM

n=7

IC

n=5

x

x

21 days

Control n = 5

4.11 BM-MNC homing analysis
In study I, for the homing analysis, additional 2 animals underwent the same
study protocol, but were not included in the study groups because they received a
transplantation of fluorescent dye-labelled BM-MNCs. In study II all studied
animals were gamma imaged for early homing analysis.
4.11.1 Fluorescent detection of BM-MNCs
For the homing experiments, the isolated mononuclear cells were labelled with
Vybrant CM-DiI (Molecular Probes) according to the manufacturer’s instructions.
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DiI
(the
molecule
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate) dye-labelled cells were injected into the infarcted myocardium
according to the protocol. After 3 weeks’ follow-up, these animals were electively
killed and tissues from the liver, lung, spleen, hilar lymph nodes and infarcted and
non-infarcted myocardium were sampled. Samples were paraffin embedded,
sectioned and prepared for analysis. DiI-labelled cells were detected from each
sample by using a fluorescent microscope. Additional 2 animals underwent a
similar protocol but were not included in the study groups, because they received
a transplantation of fluorescent dye-labelled BM-MNCs. The results obtained
were analysed separately.
4.11.2 Radionuclide imaging
The animals were gamma imaged by using ADAC Vertex two-head gamma
camera (Adac Vertex, ADAC Laboratories, Milpitas, CA, USA) equipped with
medium energy collimator (MEGP) in the left decubitus position. Dual-isotope
single-photon emission computed tomography (SPECT) and planar images were
acquired at 2 and 24 hours after operation. One animal from each group was
planar imaged 6 days postoperatively to follow up long-term homing of BMMNCs.
The perfusion images were obtained after injection of 370 MBq of 99mTcsestamibi (Cardiolite, Bristol-Myers Squibb Medical Imaging, Inc.) The 140 keV
photons of 99mTc were acquired simultaneously with 173 and 247 keV photons
from 111In using three separate energy windows. The acquisition involved a 180º
rotation of each detector with 32 stops, each stop lasting for 90 seconds, and a
128 × 128 matrix. A hardware zoom of 2.2 was used to achieve a pixel size of
2.13 mm. The SPECT images were reconstructed with filtered backprojection,
using a Butterworth filter with an order of 10 and a cut-off 0.9 cycles/cm. No
attenuation correction or scatter correction was applied to the data. Transaxial
slices were reconstructed and regions-of-intrest (ROIs) were drawn over the heart,
lungs, and liver. The heart ROI was placed over the slice with the highest activity.
The size of the ROIs was about 50 pixels. Planar images were acquired in a 256 ×
256 matrix with a pixel size of 2.31 mm. They contained 150 to 400 kcounts.
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4.11.3 Proportional counts from the biopsies
The animals were killed after planar imaging on the first postoperative day by
overdose of pentobarbital (60 mg/kg) and heparin (500 IU/kg). One animal from
each group with a long-term follow-up was killed on the sixth postoperative day.
Biopsies (2–6 grams) from the heart, alveolar and bronchiolar levels of both lungs,
peripheral and central liver tissue, spleen and kidneys were harvested for gamma
counter (Wallac Wizard 1480, Perkin Elmer, Gaithersburg, MD, USA). The
infarcted myocardium was dissected and divided into 6 identically sized sections.
Cardiac biopsies (2–3 grams) were collected also from non-infarcted myocardium
in the apex, left and right ventricular walls, left and right atriums and auricles.
Counts from the biopsies were measured by using a gamma counter, and their
proportion to the original rate of radiation was assessed. Radioactivity retained by
the transplantation syringe and catheter was excluded before analysis.
4.12 Histopathological analysis
At the 21st postoperative day the pigs were sedated. Each surviving animal was
electively killed with an IV injection of pentobarbital (60 mg/kg) and heparin
(500 IU/kg), and the hearts were removed for histopathological analysis. Ischemic
and control tissue samples from the LV wall were formalin fixed. The harvested
tissues were paraffin embedded and sectioned at 5-μm thickness for haematoxylin
and eosin and Van Gieson staining. A single pathologist, who was blinded to the
experimental design and the fate of the individual animals, screened the sections
of the heart specimens of each animal. The assessment of the injured area
included the following: granulation tissue, border zone of the necrotic and fibrotic
infarcted areas, and severely infarcted area (local necrosis). Proportional area of
the cell coverage was counted from muscle-specific actin (MSA)
(DakoCytomation), α-SMA (DakoCytomation), Alcian Blue-Periodic Acid-Schiff
(AB-PAS) (DakoCytomation), Ki-67 (cellular marker for proliferation)
(NovoCastra), KP-1 (monoclonal antibody, monocyte/ macrophage-associated
antigen) (DakoCytomation) and Vimentin (DakoCytomation) stainings. Stainings
were prepared using the immunoperoxidase method (EnVision). The Scientific
Image Analysis program (MCID-M4 3.0 Rev 1.1) was used for the calculation
procedures. Quantification analysis included the total necrotic area. A 250-µm
wide band outwards beginning from the necrotic line was chosen as a
representative border area and the total border area was quantified in each sample.
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The bilateral homogenous tissue border area (250 µm) was defined as the margins
of the border area. Granulation tissue was analysed from 15 frames of monitor in
representative areas of each sample
4.13 Calcification analysis
Morphology of ectopic calcification in the infarcted myocardium was examined
by using a scanning electron microscope (SEM) (Jeol JSM 6400, Tokyo, Japan).
An accelerating voltage of 15 KeV was used for backscatter electron imaging.
The samples were visualized using a digital slow scan image recording system
(Jeol Skandinaviska AB, Sundbyberg, Sweden) and analysed using an element
analyser (INCA Suite version 4.06, Oxford Instruments Analytical, Bucks,
England). The quantities of calcium and phosphorus were evaluated by taking
dotted measurements around and inside the necrotic areas by choosing the areas
randomly. All elements of the tissue were documented by using percentage of
weight. Total calcification from mammograms of the tissue sections from the
infarcted area was calculated using a Scientific Image Analysis programme
(MCID-M4 3.0 Rev 1.1). Proportional quantity of the calcification was calculated
by using thickness, area of the sections and calcification.
Twelve additional pigs were randomised to IM or control groups to evaluate
calcification of the myocardium by using the volumetric CT scan of the ex vivo
hearts. None of these 12 pigs were included in the original 3 study groups. Study
groups of independent ex vivo heart analysis included six (n = 6) IM
transplantation hearts and six (n = 6) saline injection hearts. All pigs included in
this analysis underwent the previously standardised porcine acute MI model.
4.14 Two-dimensional gel electrophoresis and protein identification
Porcine heart tissue samples from the animals with MI which received either
injection with saline (n = 5) or BM-MNCs (n = 5) into myocardial tissue were
selected for two-dimensional gel electrophoresis (2-DE). In addition to infarcted
area also apparently healthy myocardial tissue samples from each animal were
analysed for normalising the differences between animals. Tissue samples were
powdered as frozen, homogenized and sonicated in PBS that contained Complete
Mini protease inhibitor cocktail (Roche Molecular Biochemicals). Proteins were
purified by acetone precipitation, resuspended in urea buffer (7 M urea, 2 M
thiourea, 4% [w/v] CHAPS, 0.15% [w/v] DTT; 0.5% [v/v] carrier ampholytes 3–
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10; Complete Mini protease inhibitor cocktail) and incubated for 10 minutes in an
ultrasonic bath. After centrifugation and protein determination of the supernatants
protein aliquots (100 µg) were stored at −20ºC. Proteins were separated as
described earlier (Ohlmeier et al. 2004). In brief, immobilized pH gradient strips
(pH 4–7 and pH 3–10, nonlinear, 18 cm, GE Healthcare) were incubated
overnight in 450 μL urea buffer containing 100 μg protein. Isoelectric focusing
was carried out with the Multiphor II system (GE Healthcare) under paraffin oil
for 55 kVh. SDS-PAGE was performed overnight in polyacrylamide gels (12.5%)
with the Ettan DALT II system (GE Healthcare) at 1–2 W per gel at 12ºC.
Proteins were visualised by silver staining (Blum et al. 1987). The protein pattern
was analysed with the 2-D PAGE image analysis software Melanie 3.09
(GeneBio). A change in the protein level was considered significant if the
intensity of the corresponding spot differed reproducibly in at least 3 of 5 samples
in the group and was clearly visible (at least 2-fold change). The theoretical
position (isoelectric point, pI, and molecular mass, MM) of the protein spot
within the 2-D gel was calculated with Compute pI/ Mw (http://us.expasy.org/
tools/pi_tool.html). The detected spot position was obtained by matching with a
reference gel containing marker proteins with known isoelectric point and
molecular mass. For protein identification, the excised spots were digested in gel
as described earlier (Ohlmeier et al. 2004). Peptide masses were measured with a
VOYAGER-DETM STR (Applied Biosystems). Proteins were identified by full
database search (Aldente database version 11/02/2008, [http://au.expasy.org/
tools/aldente/] with following parameters: 20 ppm; 1 missed cut; [M+H]; +CAM;
+MSO). Further information about the proteins was obtained from the UniProtKB
database (The Universal Protein Resource. http://www.uniprot.org/).
4.15 Reverse transcription and quantitative polymerase chain
reaction
Five control group animals, seven IM group animals and five IC group animals
were analysed by reverse transcriptase reaction followed by quantitative real time
polymerase chain reaction (RT-qPCR). Swine heart tissue samples were powdered
as frozen, homogenised and RNA was isolated by Qiagen RNeasy Kit (Qiagen)
according to the manufacturer’s instructions. One microgram of RNA was used
for cDNA preparation by RevertAid First Stand Synthesis Kit (Fermentas) by
using oligo-dT as primer. One microlitre of the cDNA product was used for realtime PCR that utilised Syber Green technology (iQ SYBR Green, Bio-Rad
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Laboratories) by using 66ºC as the annealing temperature in 40 cycles and
quantifying the product at each cycle in a real-time manner (iQ5 Optical system,
Bio-Rad Laboratories). The sequences of the primers used are shown in Table 1.
Four parallel reactions were performed for each sample. The results were counted
by ΔΔCT method (Livak & Schmittgen 2001) by considering GAPDH as a
housekeeping gene and comparing the infarction area with the corresponding noninfarcted myocardium of each animal. The corresponding values represent the
fold-increase or decrease of the analyte compared to the non-infarcted
myocardium.
4.16 Statistical analysis
Statistical analysis was performed using the SPSS (SPSS, version 15.0, SPSS Inc,
Chicago, IL) statistical package. Continuous and ordinal variables are expressed
as the median with interquartile range (IQR) (25th-75th percentiles). For the
repeatedly measured variables the difference between the preoperative value and
the value at 3 weeks postoperatively was calculated, and the between-group
comparisons were performed for the difference. One-way analysis of variance
(ANOVA) was used to compare the 3 study groups. If ANOVA showed a
significant difference between the groups, the Mann-Whitney test or the student t
test was used to assess which two groups differed. Between-measurements
analyses were performed using paired samples t test or Wilcoxon signed-rank test.
Two-tailed P values were reported and P < 0.05 was chosen to indicate the level
of statistical significance.
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5

Results

5.1

Study I

5.1.1 Overall assessment
Of the 20 pigs, 6 animals died during the coronary occlusion due to ventricular
fibrillation. These animals were excluded from further analysis, and the deaths
were not linked to cell or vehicle injection. Fourteen pigs were randomised to a
BM-MNC group (n = 7) or a control group (n = 7). The median weight of the pigs
was 23.6 kg (IQR, 21.7–27.3 kg) in the BM-MNC group and 24.5 kg (IQR, 19.5–
27.6 kg) in the control group. The groups did not differ significantly in any
preoperative parameters. In both groups, similarly significant release of heart
enzymes was observed postoperatively, compared to baseline values, indicating
critical-sized infarction. The mean weight of the animals increased in both groups
in 3 weeks. The increase in the median weight was 11.5 kg (IQR, 10.8–14.8 kg)
in the BM-MNC group and 8.4 kg (IQR, 6.4–9.2 kg) in the control group. The
weight increase was higher in the BM-MNC group (P = .05).
5.1.2 Haemodynamics
The 90-minute occlusion of the circumflex coronary artery resulted in a
significant reduction in the EF compared to the baseline (P = .03), and there was
no difference between the groups. In the BM-MNC group, EF decreased from
65.7% (IQR, 61.5–78.5) at baseline to 56.8% (IQR, 49.8–61.7); in the control
group the decrease was from 74.3% (IQR, 71.9–77.4) to 62.7% (IQR, 51.3–65.9).
After the 3-week recovery period, EF increased significantly in the BM-MNC
group (56.8% [IQR, 49.8–61.7] versus 74.1% [IQR, 72.3–78.4], P = .02) but
remained at the same decreased level in the control group (62.7% [IQR, 51.3–
65.9] versus 62.4% [IQR, 55.9–64.8]. The increase in the EF following the
recovery period was higher after the BM-MNC (P = .067).
The left ventricular end diastolic diameter (LVEDD) increased similarly in
both groups during the 3-week recovery period. The changes in the LV mass and
wall dimensions were similar in both groups. In diastolic parameters, the E/A
ratio decreased after infarction in both groups and failed to recover in 3 weeks in
both groups. The isovolumetric relaxation time did not change during procedure.
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5.1.3 Histopathology
All animals had a large infarction, which was expectedly located in the posterior
wall of the LV. Necrotic material could be found in several places in the center of
the infarction area.
For the 2 animals that were not included in the study groups, DiI-labelled
cells were transplanted in a similar manner, and these cells were detected in the
injection/damaged area in the myocardium. Labelled cells were also found in the
perihilar lymph nodes but not in any other organs sampled, such as liver, spleen,
or lungs. The labelled cells that were observed in the infarcted myocardium
showed positive expression of proliferation marker Ki-67, mesenchymal cell
marker vimentin, α-SMA and MSA, which were detected by immunostaining for
these antigens. The DiI-labelled cells were found both in the necrotic area and the
border zone; however, most of the labelled cells could be found in the area
surrounding the severe infarction site – that is, in the active remodellation site.
The quantity of the cells recruited in the necrotic area was calculated using
Hoechst staining, which showed a significantly larger quantity of living cells in
the BM-MNC group compared with the control group. (P < .001). Moreover,
Stro-1-positive cells could be detected similarly (P < .001). In addition, Stro-1positive cells accumulated in the vessel walls of the necrotic area.
A proportional area of the cell coverage was counted from the
immunohistological samples using vimentin, Ki-67, MSA, and α-SMA antibodies.
The number of vimentin-positive mesenchymal cells was significantly higher in
the border zone (P < .001) and in the necrotic area (P = .013) in the BM-MNC
group. The proportional area of cell coverage for muscle actin staining was higher
in the granulation tissue area in the BM-MNC group (P = .035). Smooth-muscle
actin staining showed no difference between the groups. Proliferation marker Ki67 staining showed no differences between the groups in any sector of the defined
infarct.
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Fig. 1. Injected DiI-labelled cells differentiate at the injection site. DiI-positive cells in
the granulation tissue area of the infarcted myocardium showed positive expression
of α-SMA (A and B), Ki-67 (C and D) (magnification 20×), vimentin (E and F)
(magnification 40×), and MSA (G and H) (magnification 60×). Bars = 20 μm.
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5.2

Study II

5.2.1 Overall assessment
No differences in arterial blood gas values, haemoglobin levels, leukocyte counts,
serum calcium, glucose, CK-MB, TnI and echocardiographic measurements were
detected between the IM and IC groups during the protocol. However, both
groups demonstrated a significant release of heart enzymes postoperatively
compared to baseline values, indicating a critical-sized infarction. In addition, a
significant reduction in cardiac contractile function was observed after infarction
in both groups. Preoperative EF was 67.8% (IQR, 65.6–72.5) in the IM group and
61.4% (IQR, 60.5–61.8) in the IC group. Postoperatively, EF was 50.0% (IQR,
43.3–53.9) in the IM group and 48.5% (IQR, 42.4–48.8) in the IC group.
5.2.2 Radionuclide imaging
Radionuclide imaging results are shown in Figure 2. The SPECT imaging
confirmed a perfusion deficiency in the LV lateral wall in each study subject. In
the IM group, BM-MNCs could be indentified in the application site, located next
to the perfusion deficiency area. In the IC group, BM-MNCs were detected
through the myocardium, and the majority of the counts were located in the lungs.
Quantitative analysis of the images showed higher counts in the myocardium in
the IM group compared with the IC group 2 hours and 24 hours after the
transplantation. No significant differences in radioactivity in the lungs and liver
were detected between the groups.
Planar images taken 2 hours postoperatively revealed that the BM-MNCs that
were transplanted using the IM method stayed in a compact area within the
myocardium, whereas the cells transplanted via the IC method were rapidly
diffused through the coronaries into the lungs. In the IM group, the BM-MNCs
were still detected in the myocardium 24 hours postoperatively, while in the IC
group the BM-MNCs migrated to the liver, spleen and the kidneys. At 6 days
postoperatively, the cell injection area could easily be seen in the myocardium in
the IM group and even larger amount of the label could be detected in the IC
group in the liver, lungs, spleen and kidneys.
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Fig. 2. Planar images at 2h and 6 days postoperatively (A), Perfusion imaging 2h
postoperatively (B), and quantitative analysis of the SPECT images (C) in study II.

5.2.3 Quantitative analysis of BM-MNC homing in different tissues
Biopsies from the visceral organs showed significant differences between the IM
and IC transplantation groups. Proportional counts from the lungs were
significantly higher in the IC group than in the IM group (P < .001). Similarly,
counts from the liver were significantly higher in the IC group than in the IM
group (P < .05). Biopsies from the myocardium were taken from the infarcted and
non-infarcted areas. Significantly higher counts from the infarcted area were
collected in the IM group than in the IC group (P < .001). An infarcted area was
divided into 6 sections. In the IM group the counts in the infarcted area fluctuated,
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whereas in the IC group, the counts were constant in all 6 areas. There were no
significant differences between the groups in the other visceral organs.
5.2.4 The effect of radiolabelling on the cell viability
To observe the effects of the labelling procedure on the cells as such, we
monitored a proportion of the labelled cells in vitro. During 10 days, the BMMNCs without radiolabelling showed significantly higher viability compared with
the 111In-labelled fractions with the tested doses of 20, 100 and 200 µCi. The
cells in the non-labelled fraction showed signs of proliferation and adhesion to the
surface, whereas the cells in the 111In-labelled fractions showed only minor
morphological changes or even signs of apoptosis.
5.3

Study III

5.3.1 Overall assessment
The groups did not differ significantly in any preoperative parameters. No
differences in arterial blood gas values, haemoglobin levels, leukocyte counts,
serum calcium, glucose, CK-MB, TnI and echocardiographic measurements were
detected between the groups during the protocol. All animals in all groups
demonstrated a significant release of heart enzymes postoperatively compared to
baseline values, indicating a critical-sized infarction. In addition, a significant
reduction in cardiac contractile function was observed after infarction in all
groups.
5.3.2 Haemodynamics
Preoperative EF was 68.2% (IQR, 65.6–78.2) in the IM group, 76.9% (IQR,
69.5–79.5) in the IC group and 74.1% (IQR, 69.4–77.4) in the control group.
Postoperatively at 30 minutes after start of reperfusion in the circumflex coronary
artery, EF was 54.7% (IQR, 45.5–59.7) in the IM group, 55.4% (IQR, 48.4–57.1)
in the IC group and 61.4% (IQR, 42.3–64.7) in the control group. After 3 weeks
the EF was 73.4% (65.7–76.8) in the IM group, 61.6% (IQR, 47.4–67.1) in the IC
group and 61.3% (IQR, 49.8–63.2) in the control group. The change in 3 weeks
between the IM group and the control group was statistically significant (P = .05).
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The LVEDD increased similarly in all groups during the 3-week recovery period.
The changes in the LV wall dimensions were similar in all groups. In diastolic
parameters, the E/A ratio decreased after infarction in all groups and failed to
recover after 3 weeks in the IC and control groups. In the IM group the E/A ratio
recovered, but this was not statistically significant. Figure 3 illustrates related
recovery of LVEF. Zeroing has been done at the 1-hour postoperative time point.

Fig. 3. Proportional percentual change in LVEF in 3 weeks in Study III.

5.3.3 Histopathological analysis
We carefully analysed the histopathology using a normal pathologists’ analysis
and by computer-assisted image analysis. During the repair process, 3 different
zones were distinguished after myocardial damage. In the centre of the affected
area a totally demarcated, necrotic area could be seen, surrounded by a thin
border area, which again was surrounded by granulation tissue. The granulation
tissue consists of mesenchymal cells, myofibroblasts and macrophages and other
inflammatory cells. The necrotic and border areas were similar in all groups.
Differences between the groups could be seen in the granulation zone where the
histopathological analysis showed a significant reduction in collagen density in
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the IM and IC groups compared with the control group (P < .001). AB-PAS
staining showed no difference between the groups. The Ki-67 staining revealed a
significantly higher density of mitotic cells in the control group compared with
the IM or IC group (P < .001). Surprisingly, the KP-1 staining revealed a
significantly higher macrophage density in the IC group than in the IM group
(P < .002). Likewise significantly higher macrophage density in the IC group than
in the control group (P < .001) was observed. There was no significant difference
in macrophage density between the IM and control groups. The analysis of MSA
showed the highest positive staining in the IM group, again only in the
granulation zone. The lowest staining was observed in the IC group (P < .001).
Likewise, there was a significant difference between the IM and control groups
(P < .001). Additionally, a difference between the IC and control groups (P < .01)
was observed. α-SMA staining revealed a higher density of smooth muscle actin
in the IM group compared with the IC group (P < .004) but no difference was
seen between the IM and the control groups. Neovascularization was analysed
from the granulation tissue by counting the number of α-SMA-positive vessels,
with no significant differences between groups.
5.3.4 Calcification
Electron microscopy analysis of the calcification in the infarcted area showed that
the dominant elements were phosphorus and calcium. Total mineral amount in the
mammographic analysis showed no significant differences in calcification in any
study group because of the large variation between samples. There was, however,
a clear tendency for less calcification in both treatment groups in comparison with
the control group (P = .08, not a significant difference). A more detailed
independent 3D analysis of the ex vivo hearts to measure total calcification in
myocardium in the IM and control groups was done using CT scan. The analysis
showed no statistically significant differences between the groups. Considerable
variation was again observed in the amount of calcification. Calcified areas could
always be seen only in the myocardial wall in the infarcted myocardium.

74

5.4

Study IV

5.4.1 Overall assessment
For study IV, samples of myocardium were collected from the animals included in
study groups in studies I and III. Criteria for inclusion were optimal anatomy and
severe critical infarction, which was confirmed histologically post mortem. For
the proteomic analysis, swine heart tissue from control (n = 5) group animals and
intramyocardially treated (n = 5) animals were studied whereas the transcriptional
analysis included in addition to control (n = 5) and IM (n = 7) group animals also
animals treated by the IC (n = 5) method. Animals did not differ in any
preoperative values.
5.4.2 Two-dimensional gel electrophoresis
Five control animals that received saline and 5 animals that received 108 BMMNCs intramyocardially were analysed by two-dimensional gel electrophoresis
(2-DE) for screening molecular changes resulting from cell therapy. The results
were normalised against apparently non-infarcted myocardium of each animal to
exclude individual variability among different animals. The proteins with a
distinct expression in the infarct areas of the control and the IM groups were
identified by mass spectrometry. Altogether, 7 proteins could be identified while
some spots remained unidentified due to incomplete data bank for swine proteins.
5.4.3 Cathepsin D
Cathepsin D was detected as 2 distinct spots suggesting 2 major post-translational
modifications existing in porcine myocardium. In non-infarcted myocardium the
apparently heavier version (about 29 kDa, the upper spot) of the protein was
predominant, and the smaller form (about 28 kDa) was hardly detectable.
Contrary to the non-infarcted area, in the infarction area in 4 of 5 cases in the
control group and in 2 of 5 cases in the IM group there was remarkably more of
the smaller form than of the heavier form. The expression of CTSD was also
analysed at the transcriptional level in control, IM and IC groups. In the noninfarcted myocardium the expression seemed to be low in all cases but in the
infarcted tissue there was a huge variation between different animals. In all cases,
CTSD was expressed 1.04-fold to 158-fold more in infarct tissue compared with
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expression in the corresponding non-infarcted myocardium. Due to
interindividual variation, the results were not significantly different between the
groups. Immunohistochemistry revealed CTSD positivity that was located
perinuclearly, as slightly granulated concentrate. Positivity was detected both in
regenerating areas and in non-infarcted myocardium.
5.4.4 Alpha-crystallin B chain (CRYAB)
CRYAB was detected as 2 distinct spots in 2DE. It showed weak expression in
non-infarcted myocardium but expression of both forms was increased at the site
of the infarction in 4 of 5 animals in the control group and in 1 of 5 animals in the
BM-MNC group. At the transcriptional level there seemed to be slightly increased
expression in all groups.
5.4.5 Proteins associated with cell metabolism
Cytochrome c oxidase subunits 5a and 5b, NDUFV2 and IDH3A were decreased
at the protein level in infarct tissue in 4 of 5 animals in the control group and in 2
of 5 animals in the BM-MNC group. Pyruvate dehydrogenase was decreased in 3
animals in both groups. Transcriptional analysis showed that 5 of 6 animals in the
control group had decreased expression of COX5A, COX5B and NDUVF2 at the
site of infarction, while in the IM group half of the animals had increased
expression. In the IC group all 5 animals had increased expression of NDUVF2 in
the infarction area but only 1 animal had increased expression of COX5A and 2
animals of COX5B. Half of the animals in the control group, 5 of 6 animals in the
IM group and 4 of 5 animals in the IC group showed increased expression of
IDH3, while PDHA was increased in only one IC group animal. On average, the
expression of all these 5 transcripts seemed to be slightly lowered in the infarction
area in the control group or nearly similar to the non-infarcted myocardium. In the
cell therapy groups, the expression of the transcripts had more individual
variation.
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Table 7. Summary of primary results.
Observation

Control

LVEF improvement

Intramyocardial

Intracoronary

* (I and III)

BM-MNC labelling (Di-I)
Homing

Detected (I)

Differentiation

Detected (I)

BM-MNC labelling (111In)
Heart

*** (II)

Lungs

*** (II)

Liver

* (II)

Quantitative analysis
Cell number (Hoecst)

*** (I)
(invasive necrotic area)

STRO-1 + cells

*** (I) (vessel walls,
necrotic area)

Van gieson

*** (III)
(Control vs IC/IM)
(granulation tissue)

α-SMA

** (III) (IM vs IC)
(granulation tissue)

MSA

** (III)

* (I) (IM vs control)

(granulation tissue)

*** (III) (IM vs IC)

(Control vs IC)

(granulation tissue)

Vimentin

*** (I) (border area)
*(I) (necrotic area)

Ki-67

*** (III)
(Control vs IC/IM)
(granulation tissue)

KP-1

*** (III) (Control vs IC)
** (III) (IM vs IC)
(granulation tissue)

Calcification

More pronounced
(p = ns)

Proteomics
Mitocondrial proteins (5)

Increased expression (IV)

Alpha-crystallin

Increased expression (IV)

Cathepsin D

Increased expression (IV)

Statistical significances presented as follows: * = 0.05; ** = 0.01; *** = 0.001. Results are presented
according to the studies which are referred to in the table by their Roman numerals: (I), (II), (III), (IV).
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6

Discussion

6.1

Porcine acute myocardial infarction model

The hypothesis in this experimental design was that the BM-MNC transplantation
immediately after infarction recovers the function of the heart after 3 weeks.
Furthermore, we wanted to clarify whether an IM or IC delivery into the infarcted
area and into the border zone intensifies homing of the stem cells and accelerates
the repairing processes. For the present study, a porcine acute MI model was
established to evaluate the efficacy of delivering BM-MNCs into the damaged
myocardium. The experimental model used in this study is based on a criticalsized MI, and it mimics a clinical situation in which coronary occlusion results in
a severe and permanent cardiac injury. A considerable decrease in the LVEF and a
significant release of heart enzymes were observed in every animal after the 90minute occlusion of the circumflex coronary artery, confirming the severity of the
MI. The produced critical-sized MI caused a 30% loss of all experimental animals
due to non-resuscitable ventricular fibrillation during or after coronary artery
ligation.
During the experimental laboratory work, it was realized that the facilities for
the surgical operations and cell purification as well as imaging modalities should
be located close to each other for the logistical reasons and to enable followthrough of the optimal stem cell therapy. In this study, logistics between cell
purification and operation room as well as between operation room and imaging
facilities ran excellently throughout the time. Hardly any delays were documented.
Any loss of experimental data has not occurred in consequence of these processes.
Experimental models can be considered much less comparable than clinical
trials because of a wide variety of study designs, practical issues and types of
animals. Follow-up times and methods for measuring LV function vary as well.
However, the promising results of the experimental studies cannot be ignored
when developing an optimal clinical application.
6.2

Haemodynamics

The significant recovery of the LVEF after MI is thought to be one of the concrete
signs of efficient stem cell therapy (Martin-Rendon et al. 2008). In studies I and
III, LVEF increased 3 weeks after IM transplantation of BM-MNCs. After IC
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transplantation similar recovery was not observed, however. Other functional
values did not show any significant differences between study groups.
Improvement of regional function was not measured in this study. The repeatedly
achieved LVEF improvement in the IM group is in line with other experimental
porcine models where IM method and BM-MNCs have been used (Amado et al.
2005, Jameel et al. 2010, Kamihata et al. 2001). A study by Hashemi et al showed
no improvement in LVEF (Hashemi et al. 2008). The difference between that
study and this present one is that in the former, endomyocardial delivery was used.
Hashemi et al also compared the effects of BM-MNC doses which were quite
similar to the ones in this present study. Jameel et al documented early LVEF
improvement already at the tenth postoperative day after cell therapy. The total
follow-up time was 4 months, and the improved LV function remained at a
significantly higher level compared with the control group. Amado et al had an 8
weeks’ follow-up with positive results observed by cardiac magnetic resonance
imaging (CMRI). In the field of clinical study it has been suggested that stem cell
therapy might not sustain the functional beneficial effect in the long term (Meyer
et al. 2006, Meyer et al. 2009). However, a more pronounced effect of the stem
cell therapy in the early stage of cardiac recovery might be considered. In addition,
it has been suggested that LVEF recovery is more marked for the patients with
poorest baseline LVEF (Schachinger et al. 2006, Tendera et al. 2009, Wollert et al.
2004). Experimental studies have documented more pronounced improvement of
LVEF than clinical trials. In the present experimental study, and presumably in
others, the purpose was to achieve critical-sized MI. This mimics a clinical
situation in which coronary occlusion results in a severe and permanent cardiac
injury and transiently unstable haemodynamics. This also explains the almost 30%
mortality in the subjects of this study. Thus it is presumed that improvement in
LVEF in this study might be pronounced. One factor that might be related to the
more pronounced cardiac recovery is the fast growth of young porcines which is
conducive to preserving high viability among transplanted BM-MNCs.
Furthermore, atherosclerosis and cardiovascular complications rarely occur in
young subjects. The functional effect of the stem cell therapy might vary
depending on transplantation method, timing of transplantation, number and
origin of the transplanted cells or size of the infarction.
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6.3

Homing of BM-MNCs

6.3.1 Homing and differentiation of DiI-labelled BM-MNCs
Homing of transplanted BM-MNCs was evaluated in studies I and II. An
interesting finding in study I was the cell differentiation detected in the
histological analysis, which suggests that the BM-MNCs can express components
typical for myocytes. These kinds of findings have been documented earlier
(Kajstura et al. 2005, Kudo et al. 2003, Nagaya et al. 2004, Orlic et al. 2001,
Rota et al. 2007, Shake et al. 2002, Thompson et al. 2005, Yoon et al. 2005) in
porcine, mouse and rat models. There have also been contradictory data among
which one major argument concerns a lack of utilization of genetic markers for
the recognition of donor bone marrow cells and their progeny. Original data have
also been questioned for inaccurate interpretation due to autofluorescence
artefacts. Another argument involves the idea that the possible myocyte
regeneration is mediated by fusion of bone marrow cells with resident myocytes
rather than transdifferentiation (Balsam et al. 2004, Murry et al. 2004, Nygren et
al. 2004, Uemura et al. 2006a). In our study a fraction of the labelled BM-MNCs
showed signs of differentiation towards the muscle cell type by expressing MSA,
and some of the cells were in the proliferative phase. Considering the argument of
artefacts, in this study CM-DiI labelled cells were detected similarly to what was
reported by Weir et al (Weir et al. 2008) within the time window of the retention
of the label. Documented evidence can hardly be questioned. However, the
detected labelled cells containing MSA made up a minor fraction of the total
number of transplanted cells. The viable infarcted area appeared to be supportive
enough for those cells to start not only the proliferation but the differentiation and
other injury-repairing processes. The DiI-labelled cells could be found in all
named infarct-conjugated areas, but it was obvious that the cellular differentiation
was mainly concentrated in the granulation tissue area.
6.3.2 Distribution and homing of 111In-labelled BM-MNCs
In study II, 111In-labelled cells were administered by using IM transplantation or
IC transplantation. The evaluation was based on the SPECT imaging and
subsequent image analysis, and the obtained data were confirmed by measuring
the absolute radiation from the biopsies. The purpose was to compare the
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postoperative homing of BM-MNCs in the infarcted area of the myocardium by
using 2 clinically relevant transplantation methods head-to-head.
Radiolabelling has its own limitations due to isotope half-life and the effect
the labelling has on the long-term viability of cells (Brenner et al. 2004,
Wisenberg et al. 2009), which factors were also documented in this study.
Therefore, the focus was on immediate postoperative homing rather than longterm follow-up.
The results of the present study demonstrate that IM transplantation is
superior to IC transplantation if only the homing of the BM-MNCs into the
infarcted porcine myocardium is observed. When the IM method was used, most
of the cells remained in the target area; the efficacy of the IC method was only
12.3% of that of the IM method. In the IC group, most of the cells ended up in the
lungs. The number of cells in the lungs in the IM group was only 11.5% of the
number of cells that migrated into the lungs in the IC group. Hou et al have
reported similarly the more favourable retention of intramyocardially transplanted
peripheral blood mononuclear cells in the myocardium compared with other
methods (Hou et al. 2005). They reported that over 20% of the cells were flushed
into the pulmonary circulation in the IM group, which is more than in this present
study. However, after IC transplantation more than 40% of the cells were flushed
which is twice as much as after IM delivery. In this present study only 10% of
cells washed out from the myocardium.
The IC group showed systematically a higher number of cells in all major
organs except in the heart. Overall, these observational data are similar to the data
presented by Freyman et al (Freyman et al. 2006) who used cultured
mesenchymal cells instead of the mononuclear fraction that was used here. A
proportion of mononuclear cells consist of monocyte-macrophage lineage cells,
which might partly explain the pronounced difference between the groups. When
accumulation was assessed in the some earlier studies it appeared that the lowest
accumulation rate was achieved with IV delivery resulting in approximately 1%
accumulation, whereas by using IC delivery a 3–6% accumulation was achieved,
and after IM delivery the accumulation was 6–12% (Amsalem et al. 2007,
Barbash et al. 2003, Freyman et al. 2006, Wei et al. 2010). In light of these
studies, the present study was successful in achieving BM-MNC retention in the
myocardium. In this study, we did not observe any complications linked to the IC
or IM cell transplantation procedures.
The obvious limitation that must be taken into account when interpreting
these data is that the BM-MNCs showed signs of poor viability or even cell death
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after indium labelling in the culture. In the labelling process, the dose of radiation
is high only for a short period, and most of radiation is eliminated during the
preparation process. Nevertheless, the survival and distribution of the labelled
cells might be different also in vivo. In literature, however, even significantly
higher labelling doses have been reported (Bindslev et al. 2006).
This study also demonstrates that cells transplanted in the myocardium are
able to cross the endothelium-mesenchyme barrier in transverse direction and
migrate further to the lungs and later to other organs. It is probable that cells
injected into the myocardium should stay at the site rather than migrate long
distances. The IC administration might be more specific in targeting injured
epithelial cells within the infarcted myocardium and also in other organs,
especially in the lungs, because the cells injected using the IC method can
immediately migrate from the heart via blood vessels. The epithelial function
might be the key player in the regulation of the cells administered via the IC
transplantation (Numaguchi et al. 2006). Migration of BM-MNCs into the walls
of the coronary arteries in the infarcted area might thus be different from what is
observed in clinical studies (Meluzin et al. 2006). The endothelium in the juvenile
pig’s coronary arteries does not contain plaque, whereas in patients with MI and
coronary artery disease endothelial damage usually occurs (Boyle 2005).
However, environment formed by atherosclerosis and ruptured plaque in the
coronary artery might be more favourable especially for stem cell types capable
of extravasation. Haematopoietic and bone marrow-derived stem cells have this
ability. Based on histological findings in study III, the difference in therapeutic
profiles between the IM and IC groups may be explained. By using IM
transplantation, a high local concentration of BM-MNCs can be applied directly
in the infarcted area. This may induce a somewhat if not completely different
paracrine effect than a situation in which cells are introduced into the area through
the endothelium. Paracrine effects might also be the same but differ in timing.
The endothelial surface receptors are changed in response to inflammation of the
underlying mesenchymal tissue, here the infarcted myocardium (Hoenig et al.
2008). The IM injection most likely affects this mesenchyme-endothelium
interaction, whereas the IC method immediately and directly affects the
endothelium.
Delivery of BM-MNCs into the coronary artery with the assistance of PTCA
is currently the most often used method, and its therapeutic effect is well
documented (Dimmeler et al. 2008, Martin-Rendon et al. 2008). There is still
inconsistent evidence about the healing effects of the progenitor transplantation
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combined with CABG procedure in clinical trials; however, only one study
reported no beneficial effects of stem cell therapy (Tossios et al. 2006). It is
thought that patients chosen to receive IM stem cell therapy are usually elderly
and have a late-stage ischemic heart disease whereas patients receiving IC therapy
might have invasive treatment for the first time in their lives. Nevertheless, IM
delivery has produced positive results even in clinical studies (Ahmadi et al.
2007a, Herreros et al. 2003, Krause et al. 2009). The number of cells in the
infarction area in the IM group greatly varies as shown by the analysis of the
myocardium tissue samples in study II. Hence, the BM-MNC delivery method
requires attention. It is notable, however, that even if as much as half of the cells
died in the poorly perfused area after the direct injection, the number of cells
remaining in the infarcted area would be 3 times greater than after IC
transplantation.
When the IC method is used, the majority of the cells are localized in the
lungs. This suggests that there could be a relation between the clinical effects of
the IC transplantation method and the universal regulation of inflammation, for
instance lung endothelium function, or there might be another indirect effect that
should be investigated further. Early washout of the stem cells from the
myocardium has been documented. Some early studies have shown that stem cells
transplanted using the IC method may be relocated to the lung and other major
visceral organs (Dow et al. 2005, Price et al. 2006). Therapeutic accumulation of
the transplanted cells into the myocardium might be questionable that way.
However, as suggested by Miettinen et al these cells can have a separate, lung
perfusion-related therapeutic effect outside the myocardial tissue (Miettinen et al.
2010). The contribution of BM-MNCs to lung remodellation has been shown in
an experimental study by Dupuis et al. (Dupuis et al. 2007). An IC delivery
enables the application where diffuse accumulation of cells to the site of injury is
optimal. However, nonperfused regions of the infarct-related artery might not be
reached (Dai et al. 2005, Piepoli 2009).
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6.4

Histological data

6.4.1 Influence of BM-MNC therapy on quantity and expression of
mesenchymal cells
Computer-assisted quantitative histological analysis was performed using a
special image-analyser based on colour and contrast variation. Principal finding in
study I was that the number of MSCs in the border zone and in the necrotic area
was increased following the injection of BM-MNCs. This observation was based
on a counted proportional area of the cell coverage. The quantity of viable cells in
the necrotic area of the infarct was also significantly higher in the BM-MNC
groups than in the control group. In addition, the accumulation of the STRO-1positive cells could be found in the vessel walls in the necrotic area. These
findings indicate that the border zone and the necrotic area of the infarct attract
mesenchymal cells. STRO-1 is a well-known mesenchymal cell marker, positive
expression of which has been shown in several tissues as well as in endothelium
(Lin et al. 2011). In our study STRO-1 staining came through as expected.
Whereas parenchyma of the healthy myocardium contained no or few STRO-1positive cells Hoechst revealed an increased number of living cells in the
infarcted myocardium where BM-MNCs had been transplanted, and the border
area contained an enlarged accumulation of vimentin staining. The border area is
in the proliferative phase of myocardial healing and thereby intense fibroblast
proliferation occurs. Fibroblasts are thought to later develop into a phenotype of
myofibroblasts (Virag & Murry 2003). That the border area was full of
myofibroblasts was even more apparent after an IM transplantation of BM-MNCs.
A larger number of mesenchymal cells at the damaged tissue following injury
may accelerate or modify the natural injury-repairing processes. It is notable that
despite the larger number of living cells in the infarcted tissue in the proliferative
phase, the cell proliferation itself was higher in control group granulation tissue.
Proliferation might thus be decelerated or delayed by BM-MNCs, and it could be
assumed that the number of cells per se is not a defining factor in proliferation.
At 3 weeks after infarction, the healing processes had clearly modified the
infarcted myocardium. Local necrosis, granulation tissue area, and the border
zone between the necrotic and granulation tissue areas could easily be identified
in the histopathological analysis. The model used in this study represents the
initial steps in recovery, however, and this should be kept in mind when these data
are interpreted—the observed differences between the BM-MNC groups and the
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control group represent only one time point in a long healing process.
Considering that the DiI-labelled BM-MNCs not only survived at the injection
site for 3 weeks but also proliferated, and that a fraction of these cells
differentiated towards the muscle cell phenotype, the viable infarcted area
appeared to be supportive enough for those cells to start not only proliferation but
differentiation and other injury-repairing processes as well. The same processes
occurred also in the control group, although to a lesser degree. Live labelled cells
were detected in the border of and within the necrotic area, which reveals that the
repairing processes initiated by the stem cells cover the area from the outer
fringes to the core of the injured area. This was clearly not the case in the control
group, possibly because the center of the damaged area is reachable for the cells
only after a longer period unless they are directly introduced into the area. It is
notable, however, that the labelled cells in the severely infarcted area showed
hardly any signs of differentiation. The quantity of living cells and STRO-1positive cells in the necrotic area was significantly larger in the cell therapy group,
and the undifferentiated labelled cells could be observed in the same area. These
data suggest that the severely infarcted area is under such repairing processes that
differentiation of the stem cells is neither possible nor induced at this site, and
also, that the viable cells introduced in the damaged tissue might act as signalling
centers for the repair process. It is obvious that at least parts of the necrotic areas
were beyond repair, and therefore the cellular changes were more pronounced in
the viable, sufficiently perfused areas of the myocardial tissue.
6.4.2 Paracrine regulation of BM-MNC therapy
In study III quantitative analysis was done in a nearly similar way as in study I.
Study I involved only an IM group and a control group whereas in study III, an IC
group was additionally included in the analysis. Each group included 8 animals,
and histological analysis consisted of MSA, α-SMA, Van Gieson, Ki-67, KP-1
and AB-PAS staining. The total material for quantitative analysis in study III was
excessive and the total area of analysed tissue needed to be narrowed down for
rationalising the work load. However, analysis was performed rigorously, and it is
highly comparable with the analysis of study I.
Three weeks after infarction the healing process appeared to be in different
stages among the study groups, especially in the granulation tissue. It seems that
healing proceeds from the live edges towards the core of the injury and necrotic
debris. The process of debris cleaning in the border area was constant between the
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groups. This might indicate that BM-MNCs have no influence on neutrophils, at
least not at 3 weeks after infarction contrary to some earlier findings (Sun et al.
2009). However, strong formation of granulation tissue was identified in all
animals, and differences in the healing process were detected in that area.
Significantly higher expression of markers like MSA and α-SMA and low
expression of collagen around the granulation tissue area in the IM group
compared with the IC group or the control group indicates that BM-MNCs
influenced fibroblasts and endothelial cells in the repairing phase. Such findings
have also been described by Sun et al (Sun et al. 2009). Also in study I,
significantly stronger MSA staining expression was observed in the IM group
compared with control group. The higher number of macrophages and the
significantly lower expression of MSA and α-SMA around the granulation tissue
in the IC group compared with the IM or control groups suggest that the IC
transplantation resulted in a more robust macrophage-response compared with the
IM or control groups. Contradictory to earlier literature (Sun et al. 2009, Virag &
Murry 2003), in these series the proliferation of the myofibroblasts or endothelial
cells was significantly lower in the IC group compared with the IM or control
groups. It appears that after IC transplantation the proliferative process might be
slightly attenuated or delayed. However, in the control group the collagen
deposition was significantly higher compared with the IM or the IC group.
Correspondingly, cell proliferation was noticeably more intense in the control
group than in the IM or the IC group. As shown earlier, the process of normal
myocardial repair at 3 weeks is characterised by enhanced proliferation of
myofibroblasts and inflammatory cells (Sun & Weber 2000).
Taken together our data indicate that the main site affected by cell therapy is
located in the granulation zone and the constituents of the granulation tissue are
apparently altered by the BM-MNC therapy. Usually, a mature scar is formed in 1
to 2 weeks. Myofibroblasts are regarded as the major producers of extracellular
matrix at the infarction site. In this study collagen density at the repair site was
significantly lower after BM-MNC transplantation. These findings suggest that
the BM-MNCs influence collagen turnover. We observed higher myofibrocyte
density after BM-MNC transplantation 3 weeks after infarction, which indicates
that the granulation tissue phase might be prolonged due to stem cells. This could
lead to higher MSA positivity which in part could contribute to functional
recovery of the myocardium as stem cells can promote myofibrocyte
differentiation towards muscle cell form (van Amerongen et al. 2008). Higher
levels of MSA and α-SMA in the IM group cannot alone explain the mechanism
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for improvement in cardiac function. However, the reasonably small number of
stem cells in the BM-MNC transfer may also emphasize the importance of
obtaining an entire collection of bone marrow-derived growth factors and
cytokines that regulate cellular growth and regeneration via cellular secretion
mechanisms. Paracrine regulation seems to play a major role in recovery after
infarction.
6.4.3 Influence of BM-MNC therapy on ectopic calcification
During histopathological analysis, uncharacteristic calcification was frequently
observed in the infarcted myocardium. This was revealed in electron microscopic
analysis implying calcification of which the major elements were calcium and
phosphorus. Mammographic imaging of the histological sample was performed to
find out the volume of calcification. Calcification of the infarct scar appeared to
be somewhat higher in the control groups, but there was no statistically
significant difference between the groups, which most likely was due to too small
a number of samples. The variation in calcification between samples was
remarkable. The incidence of ectopic calcification in hearts has been reported in
rare cases in children with MI without previous coronary artery disease (Topaz et
al. 1986). Additionally, calcification of myocardial necrosis has occurred in
rodents (Korff et al. 2006). Ribeiro et al. concluded that chondro-osteogenic
differentiation can take place in the pathological rat heart independent of animal
treatment with bone marrow cells (Ribeiro et al. 2006). Risk of calcification or
bone formation of BM-MNCs engrafted to the myocardium has been earlier
reported by Breitbach et al. (Breitbach et al. 2007). One study (Yoon et al. 2004)
concluded that the transplanted stem cells were responsible for bone formation in
the myocardium. In this present study, calcification was located only in the
severely damaged areas. However, it was not promoted but rather decreased after
cell transplantation. There is not enough understanding of the underlying
mechanisms of ectopic calcification but according to the review of Collett and
Canfield angiogenesis might be associated with the event. Osteoprogenitors could
be the pericytes that are present in the new blood vessels, indicating a potential
link between ectopic calcification and angiogenesis (Collett & Canfield 2005).
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6.5

Proteomics

6.5.1 Influence of BM-MNC therapy on proteins involved in
cardiomyocyte energy metabolism
The proteomic screening revealed numerous protein spots which were altered
after infarction. The majority of altered protein spots showed decreased levels
indicating that they have roles in normal heart function. Interestingly, all of these
identified proteins with restored levels after addition of BM-MNCs corresponded
to mitochondrial proteins involved in energy production. It is known that the
generation of ATP in the mitochondria after oxidation of fatty acids and/or
glucose represents the main energy source for the healthy heart. The proteins
identified here, COX5A and COX5B, IDH3A, PDHA1 and NDUFV2, can be
seen as marker proteins for different steps in the mitochondrial energy
metabolism.
NDUFV2 and COX5A/B correspond to subunits of the respiratory chain
complexes I (NADH-ubiquinone oxidoreductase) and IV (cytochrome c oxidase).
COX5A/B are needed for assembly, stabilization and regulation of the enzyme
complex, (Fontanesi et al. 2008, Stiburek et al. 2005). These subunits could also
regulate both apoptosis, adaptation to hypoxic environment and inflammatory
response by influencing the release of ROS (Fornuskova et al. 2010, Galati et al.
2009). Tendency of observations in our study by 2-DE were in agreement with an
earlier study which found COX5A to be downregulated in ischemic myocardium
of rats (Guo et al. 2008). Whereas pyruvate dehydrogenase produces acetyl-CoA
which enters the citric acid cycle, IDH represents a key enzyme of this cycle. In
the present study expression of both IDH3A and PDHA1 was reduced in the
infarcted tissue thus reducing the amount of NADH/FADH provided for ATP
production.
The decreased protein levels in the infarcted myocardial tissue reflect a
decreased mitochondrial energy metabolism and thus an impaired cardiac
function. Since the injection of BM-MNCs restored the protein levels, this also
points to a recovery in heart function. The protein levels were only restored to the
original level indicating a balanced protein expression. Results from RT-qPCR
showed that 3 weeks after the infarction transcription of COX5A, COX5B,
IDH3A and NDUFV2 was nearly the same in the infarct area as in normal
myocardium; this suggests that posttranscriptional regulation of the expression of
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these proteins had taken place or that the induction at the transcriptional level had
occurred already earlier.
6.5.2 Influence of BM-MNC therapy on proteins with cell damage
preventing functions
In contrast to the identified mitochondrial proteins, 2 other proteins with opposite
expression (ie, induced after infarction and reduced by BM-MNC treatment) were
detected. These were CTSD and CRYAB. The former, CTSD, is known to
participate in cellular signalling and apoptosis regulation, and it is also a secreted
mitogen produced by cancer cells (Glondu et al. 2001). In addition, it is released
from lysosomes of myocytes during infarction (Mayanskaya et al. 2000, Roberg
& Ollinger 1998) and this can result in increased levels of CTSD in plasma
(Naseem et al. 2005). Here, higher protein and messenger RNA levels were
observed in myocardial tissue after infarction but reduced expression caused by
the cell therapy could only be seen at the protein level in some animals. This
indicates that in addition to the release of CTSD from the damaged tissue, there is
also an active synthesis and regulation of this protein pointing to its active role in
the pathogenic process. Thus, CTSD may have a much more important and
diverse role in progression of and recovery from MI than has previously been
thought.
Alpha crystallin B chain was identified in 2 different forms whose expression
was increased in the infarcted myocardium in the saline-treated control group.
CRYAB is the most abundant heat-shock protein expressed by cardiomyocytes
and it plays a role in cell protection against several types of cellular stress as well
as in the inhibition of apoptosis. It is known to protect the cytoskeleton from
ischemic injury by refolding denatured proteins (Derham & Harding 1999). Since
CRYAB seems to be required for contraction of the myometrium it could be also
required for cell contractile action in cardiac tissue (MacIntyre et al. 2008).
Interestingly, we here observed increased CRYAB levels after infarction whereas
transgenic mice with defective CRYAB have been reported to develop myopathy
(Vicart et al. 1998). These mice exhibit mitochondrial dysfunction, misfolded
protein accumulation and activated apoptosis signalling. This suggests that not
only elevated but also reduced CRYAB levels might cause myocardial
dysfunction. Indeed, experiments performed in cultured human cell lines revealed
that both upregulation and downregulation of CRYAB reduces p53-dependent
apoptosis even though overexpression of CRYAB increases p53 and
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downregulation decreases p53 protein levels (Watanabe et al. 2009). The
increased CRYAB level in the infarcted tissue but decreased level after addition of
BM-MNCs suggests that cell therapy might contribute to a reduction of the
proapoptotic property of CRYAB. This could be one factor explaining the reduced
scar formation observed in earlier studies in animals that received cell therapy.
Results of study IV show that there are considerable variations among
individual animals also at the molecular level of the infarcted myocardium. These
variations could not be disregarded by normalising the data against the noninfarcted myocardium of the same animal or by careful selection of the samples
and animals from a larger group on the basis of their histopathology and other
variables. It is obvious that the healing processes can vary greatly; for example,
the extent of the inflammatory response and scar formation are different among
individuals. In addition, as study I suggests, homing of the transferred cells at the
site of infarction may be restricted. Therefore, to minimize variation and to obtain
more insight into these mechanisms this preliminary study setting should be
extended to involve larger group sizes and different time points, especially during
the earlier phases of recovery to visualize the entire sequence of events. However,
this would be very demanding using big animals such as porcine.
In summary, the proteins identified provide some insight into the pathological
mechanisms occurring after infarction as well as the mode of action of cell
therapy. Furthermore, some of these proteins might also serve as future markers to
evaluate the effecs of different cell therapies on myocardial tissue. Identification
of these proteins not only provides explanations of the possible mechanism of
action of cellular therapy, but it also makes it possible to recognise functional
moieties that could be considered to be drug target candidates.

91

92

7
1.

2.

3.

4.

Conclusions
The results of this study confirm that stem cell therapy enhances myocardial
recovery after experimental acute MI. However, IM transplantation of BMMNCs proved to be superior in terms of cell engraftment and LV function
improvement to IC transplantation.
Three weeks after IM transplantation CM-DiI-labelled cells showed
expression of MSA in the infarcted myocardium suggesting differentiation
into myocyte phenotype. However, the volume of the event was too low to
completely explain the recovery of the myocardium.
Homing of the BM-MNCs into the infarcted myocardium during the first 6
days after MI was evaluated by radionuclide imaging. The results of this
study showed superior homing of the BM-MNCs into the myocardium after
IM transplantation compared with IC transplantation. Intracoronary
transplantation showed diffuse low-rate accumulation in the myocardium but
early washout to the lungs and other major visceral organs.
The histopathological results of this study suggest that stem cell therapy has
beneficial effects on the repair of the infarcted myocardium and that paracrine
signalling of stem cells has a major influence on the healing process.
According to the molecular analysis in this study, stem cell therapy might
have a beneficial effect on the energy metabolism of cardiomyocytes via
regulation of respiratory chain proteins.
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