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Abstract
Intracoronary administration of autologous bone marrow derived stem cells (BMC) has been
postulated to repair the myocardial damage in patients who have suffered acute ST-elevation
myocardial infarction (STEMI). The aim of this study was to find determinants for the left
ventricular functional recovery after BMC treatment of STEMI and to study the effect of BMC
treatment on different biochemical and clinical parameters associated with the outcome of STEMI
patients.
In this study, STEMI patients treated with thrombolysis were randomly assigned to receive
either intracoronary BMC (n=39) or placebo (n=39) into the infarct related artery at the time of
percutaneous coronary intervention. The efficacy of the BMC treatment was assessed by
measurement of the change of left ventricular ejection fraction (LVEF) from baseline to six
months after STEMI. Two-dimensional echocardiography was used to assess PA pressure, LV
systolic and diastolic function. Blood samples were drawn for biochemical determinations at
several time points and BMCs were cultured in the laboratory for in vitro analyses.
In the BMC group, the most powerful determinant of the change of LVEF was the baseline
LVEF. Patients with baseline LVEF at or below the median (≤62.5%) experienced a more marked
improvement of LVEF than those above the median. Elevated levels of N-terminal probrain
natriuretic peptide (NT-proBNP) and N-terminal proatrial natriuretic peptide (NT-proANP) were
also associated with an improvement of LVEF in the BMC group. However, no difference was
observed between the BMC group and the placebo group in the changes of the levels of NTproANP, NT-proBNP or any of the inflammatory markers measured. The BMC group showed a
trend toward a reduction of peak PA pressure, while the placebo group had a significant increase
of peak PA pressure at 6 months. In addition, there was a greater improvement in the LV diastolic
function, assessed in quartiles, in the BMC group. The in vitro studies of BMCs revealed that
exposure to tumor necrosis factor alpha (TNF-α) significantly enhanced the proliferation of BMCs
and resulted in activation of immunosuppression by altering the expression of several
immunosuppressive proteins.
In conclusion, low baseline LVEF as well as high levels of natriuretic peptides NT-proANP
and NT-proBNP, which reflect the severity of the hemodynamic and neurohumoral reactions
evoked by the myocardial damage, have a considerable association to a better response to stem
cell therapy after an acute STEMI. BMC therapy also prevents the increase of PA pressure and
improves the cardiac diastolic function. Based on in vitro studies, the inflammatory cytokine TNFα seems to evoke an enhanced proliferation of the bone marrow-derived mesenchymal stem cells
and activation of several immunosuppressive defence mechanisms.

Keywords: bone marrow stem cells, diastolic function, immunosuppression,
inflammation, left ventricular ejection fraction, myocardial infarction, natriuretic
peptides, pulmonary artery pressure
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Tiivistelmä
Sydäninfarktipotilaiden sepelvaltimoon pallolaajennuksen yhteydessä injektoitujen kantasolujen
tiedetään parantavan hieman sydämen pumppauskykyä, mutta taustalla olevaa mekanismia ei
tunneta. Kantasoluhoidon onnistumiseen vaikuttavia tekijöitä on tutkittu vasta vähän, eikä myöskään sitä tiedetä, miksi kaikki potilaat eivät hyödy kantasoluhoidosta. Tämän tutkimuksen
tavoitteena oli selvittää infarktialueelle annetun kantasoluhoidon vaikutuksia äkillisen ST-nousuinfarktin (STEMI) sairastaneissa potilaissa, ja etsiä hoidon onnistumiseen vaikuttavia tekijöitä.
Tutkimuksessa käytettiin potilasaineistoa, johon otettiin 78 äkilliseen sydäninfarktiin sairastunutta potilasta, jotka hoidettiin liuotushoidolla ja sen jälkeen pallolaajennuksella. Puolet potilaista satunnaistettiin saamaan lumeliuosta ja puolet omaa luuydinsolukkoaan (BMC), joka ruiskutettiin pallolaajennuksen yhteydessä sepelvaltimon kautta infarktialueelle. Hoidon vaikusta
tutkittiin mittaamalla angiografian avulla vasemman kammion ejektiofraktion (LVEF) muutosta
lähtötilanteen ja kuuden kuukauden seurannan välillä. Lisäksi sydämen ultraäänitutkimuksella
määritettiin keuhkovaltimopainetta ja vasemman kammion systolista ja diastolista toimintaa.
Potilaista otettiin lisäksi verinäytteitä, joista määritettiin erilaisia tulehdusmerkkiaineita ja natriureettisia peptidejä. Lisäksi potilaista kerättyjä luuydinkantasoluja viljeltiin laboratoriossa in
vitro-analyyseja varten.
Tutkimuksessa todettiin, että LVEF ennen kantasoluhoitoa oli voimakkain ennustetekijä suotuisalle LVEF:n muutokselle kantasoluhoidon jälkeen. Potilaat, joilla LVEF oli ennen kantasoluhoitoa alle mediaaniarvon (≤62.5%), hyötyivät kantasoluhoidosta enemmän kuin potilaat, joilla
LVEF oli yli mediaanin. Myös natriureettisten peptidien NT-proBNP:n ja NT-proANP:n korkea
taso infarktin jälkeen oli yhteydessä suurempaan LVEF:n paranemiseen BMC-potilailla. Natriureettisten peptidien ja tulehdusmerkkiaineiden pitoisuuksien muutoksissa kantasoluhoidon jälkeen ei kuitenkaan todettu eroa BMC- ja kontrolliryhmän välillä. Sydämen diastolisen toiminnan havaittiin paranevan enemmän BMC-ryhmässä kuin kontrolliryhmässä. Lisäksi BMC-ryhmässä havaittiin lievää laskua keuhkovaltimopaineessa, kun taas kontrolliryhmässä se nousi
merkittävästi. In vitro-tutkimukset luuytimestä erilaistetuilla mesenkymaalisilla kantasoluilla
puolestaan osoittivat, että tuumorinekroositekijä alfa (TNF-α)-altistus lisäsi solujakautumista ja
monien immunosupressiivisten proteiinien tuottoa soluissa.
Matala LVEF sekä natriureettisten peptidien NT-proBNP:n ja NT-proANP:n korkea taso
sydäninfarktin jälkeen kuvaavat infarktivaurion aiheuttamien hemodynaamisten ja neurohumoraalisten reaktioiden vakavuutta, ja tässä tutkimuksessa niiden osoitettiin olevan vahvasti yhteydessä äkillisen ST-nousuinfarktin jälkeen annetun kantasoluhoidon hyötyyn. Kantasoluhoito
saattaa myös suojata infarktipotilaita haitalliselta keuhkovaltimopaineen nousulta ja parantaa
sydämen diastolista toimintaa. Tulehdusvälittäjäaine TNF-α näytti in vitro-kokeiden perusteella
lisäävän luuytimen mesenkymaalisten kantasolujen jakautumista ja aktivoivan niissä monia
immunosuppressiivisia puolustusmekanismeja tulehdusta vastaan.

Asiasanat:diastolinen
toiminta,
immunosupressio,
keuhkovaltimopaine,
luuydinkantasolut, natriureettiset peptidit, sydäninfarkti, tulehdus, vasemman kammion
ejektiofraktio
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1

Introduction

Acute myocardial infarction (AMI) is the major cause of congestive heart failure
and subsequent mortality in the developed countries. Despite the major advances
in treatment methods, prevention of the progression of the disease and the
development of heart failure is still a challenge. Thus, alternative therapies for
restoration of the myocardial damage, such as stem cell transplantation, are
presently being investigated to complement the current thrombolytic therapies
and percutaneous coronary intervention (PCI). It has been demonstrated in
numerous clinical trials that intracoronary administration of autologous bone
marrow-derived stem cells (BMC) slightly improves left ventricular function in
patients with acute ST-elevation myocardial infarction (STEMI) (reviewed by
George et al. 2010). BMC therapy has also been reported to be a rather safe
treatment method (Abdel-Latif et al. 2007, Martin-Rendon et al. 2008). However,
despite the reported favourable effects of BMC injection after AMI, many studies
have also reported that the effect of BMC therapy is rather modest or even absent
all together (Herbots et al. 2009, Janssens et al. 2006, Lunde et al. 2006, Penicka
et al. 2007, Strauer et al. 2002, Tendera et al. 2009, Wöhrle et al. 2010). These
conflicting results between different trials may be partly due to the different
baseline characteristics, such as the timing of the BMC therapy after STEMI, dose
and viability of BMCs, and size of the myocardial injury. In addition, one major
problem observed in several trials has been that the BMCs delivered by
intracoronary infusion do not stay in the cardiac area long enough to participate in
the repair process of the infarction injury. Instead, the cells migrate into other
areas, including the pulmonary bed (Freyman et al. 2006, Kraitchman et al. 2005,
Kurpisz et al. 2007). Additionally, in the majority of clinical trials the primary end
point has been a change in left ventricular ejection fraction (LVEF) in comparison
with the control group over time (George 2010). However, since the mechanism
for the beneficial effects of stem cell transplantation is still unknown, it is be
important to try to identify potential predictors for a favourable clinical outcome
after BMC therapy and also to study complementary end points. For instance,
there is limited information about the influence of BMC therapy on the levels of
natriuretic peptides and inflammatory mediators, which are well established
prognostic biomarkers in patients with STEMI. Furthermore, very little is known
about the effect of intracoronary injections of BMC on the inflammatory
condition that may contribute to the interplay between BMCs and the infarcted
myocardium.
17

The aim of this thesis was to study the effects of intracoronary BMC injection
after thrombolytic therapy and PCI in patients with acute STEMI. The blood
levels of natriuretic peptides and inflammatory mediators were measured in the
patients before and after the BMC treatment to assess if the intracoronary
injection of autologous BMCs had any beneficial effect on these well established
prognostic biomarkers. There was also an attempt to identify determinants of left
ventricular functional recovery from these markers and to study how the BMC
treatment could influence the left ventricular diastolic function and pulmonary
artery pressure. Finally, the effect of inflammation was studied in vitro in bone
marrow-derived mesenchymal stem cells (MSCs) of STEMI patients. The study
population used in this work consisted of patients that were participating in the
FINCELL trial (FINnish stem CELL trial) in the Universities of Oulu and Turku.
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2

Review of the literature

2.1

Acute myocardial infarction

Myocardial infarction is the major cause of mortality and morbidity worldwide
and it is becoming increasingly more common in developing countries. It has
been estimated that each year 3–4 million people experience an acute myocardial
event. Acute myocardial infarction (AMI) results from the occlusion of a coronary
artery following the rupture of a vulnerable atherosclerotic plaque, which is an
unstable collection of lipids and white blood cells in the wall of an artery. The
resulting ischemia leads to myocardial injury and necrosis of the cardiac cells in
the infracted area. (Boersma et al. 2003). Patients with AMI can experience many
different symptoms, e.g. sudden chest pain, shortness of breath, nausea, vomiting,
palpitations, sweating, and anxiety. There are several diagnostic tests available to
detect AMI e.g. electrocardiogram (ECG), echocardiography, as well as various
blood tests, such as measurement of creatine kinase-MB (CK-MB) fraction and
the troponin levels (White & Chew 2008).
2.1.1 Traditional treatment methods of acute myocardial infarction
During the past decades, major improvements have been made in the management
of patients with AMI. The introduction of coronary care units, pharmacological
reperfusion therapy and the widespread application of catheter-based
interventions have led to a striking decline in in-hospital mortality rates (Boersma
et al. 2003). Emergent pharmacological reperfusion with fibrinolysis remains the
principal treatment for improving survival after AMI. The major goal of
fibrinolytic therapy is to minimize the time during which the coronary artery
remains occluded and blocks the oxygen supply of the myocardium. Tissue
plasminogen activator (tPA) is a protein involved in the breakdown of blood clots.
TPA congeners tenecteplase (TNK-tPA) and reteplase (rPA) constitute the newest,
most conveniently administered bolus fibrinolytics for use in AMI patients.
However, AMI patients can sometimes have contraindications for thrombolytic
therapy. Those patients are most commonly treated with primary percutaneous
coronary intervention (PCI). In addition, a rescue PCI can sometimes be performed;
this refers to procedures performed after the failure of full-dose thrombolytic therapy.
(Armstrong et al. 2003). Nowadays, PCI is the most common revascularization
19

method used in AMI patients and it is often routinely performed after
thrombolytic therapy. PCI involves non-surgical widening of the coronary artery
using a balloon catheter. Either a metallic stent or a drug-eluting stent is usually
placed in the artery after its dilatation. The type of stent depends on the size and
the location of the occlusion (Ylitalo et al. 2008). Coronary artery bypass grafting
(CABG) is the most advisable revascularization method in AMI patients with a left
main artery disease, or in those with multivessel disease, especially in diabetic
patients, or in patients with left ventricular dysfunction, as well as in the event of
failure of PCI, and in-stent restenosis (Salzberg et al. 2005). In CABG, a healthy
artery or vein from the body is connected, or grafted, to the blocked coronary
artery so that the grafted artery or vein bypasses the blocked portion of the
coronary artery. However, the broader application of PCI in patients with
multivessel disease and the introduction of drug-eluting stents have led to a
decline in the number of patients referred for surgical revascularization. Currently,
over 60% of all revascularizations are performed using PCI.
Patients are usually commenced on several long-term medications after AMI,
with the aim of preventing secondary cardiovascular events. Antiplatelet drug
therapy such as acetylsalicylic acid and/or clopidogrel can be used to reduce the
risk of plaque rupture and recurrent myocardial infarction. In addition, beta
blocker therapy such as metoprolol or carvedilol should be initiated. Beta
blockers decrease the heart rate and have been shown to decrease mortality and
morbidity post-AMI. Since the angiotensin-aldosterone system has an important
role in the pathogenesis of cardiovascular diseases, angiotensin converting
enzyme (ACE) inhibitor therapy should also be commenced 24–48 hours after
AMI. ACE inhibitors reduce mortality and the development of heart failure, and
decrease ventricular remodelling. In addition, statin therapy has been shown to
reduce mortality and morbidity after AMI. Statins are used for lowering the levels
of blood cholesterol. The target level of low density lipoprotein (LDL) cholesterol
is 2.5 mmol/l in AMI patients. Statin treatment is most beneficial in smokers,
diabetics, and high risk patients with the metabolic syndrome (Hietakorpi &
Mäkikallio 2008).
2.2

Endogenous stem cells and repair mechanisms of tissue injury
in acute myocardial infarction

In response to tissue injury, such as myocardial infarction, many endogenous
repair mechanisms are activated in the human body. Bone marrow can be
20

considered as the major reservoir of stem cells that are needed in the repair of
these tissue injuries. In response to the appropriate stimulation, stem cells can be
activated and mobilized into peripheral blood. After myocardial infarction, the
levels of the tissue-committed stem cells in the peripheral blood are elevated and
these cells become available for damage repair. (Kucia et al. 2004, Vandervelde et
al. 2005). In addition to potential contributions from extracardiac cell types, the
heart itself has also been found to contain a pool of stem cells that are able to
support myocardial regeneration (Torella et al. 2007).
2.2.1 Bone marrow stem cells
The most important function of stem cells in adult tissue is to repair and
regenerate the tissue in which they reside. Stem cells are able to self-renew and to
differentiate into at least one mature cell type. Under normal conditions, stem
cells divide to produce progenitor cells that can, depending on the tissue, go
through many subsequent cell divisions and differentiation steps to produce a
varied selection of mature cells. (Grove et al. 2004). Bone marrow contains
several stem cell populations with overlapping phenotypes, including
hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), multipotent
adult progenitor cells (MAPCs) and endothelial progenitor cells (EPCs) (Masuda
& Asahara 2003). HSCs are the precursors of all blood lineages and MSCs give
rise to stromal cells of the bone marrow including osteogenic, chondrogenic and
adipogenic lineages (Dimarakis et al. 2005). In addition, bone marrow HSCs and
MSCs have been shown to be the source of circulating EPCs (Ballard & Edelberg
2008). MAPCs have the ability to give rise to all three germ layers: endoderm,
ectoderm and mesoderm, and they have been shown to form many different cell
types, such as hepatocytes, endothelial cells and neurons, which differentiate from
these layers in vitro. MAPCs have also been reported in several in vivo studies to
contribute to multiple tissues such as brain, retina, lung, bone marrow, muscle,
intestine, kidney, spleen, blood, skin, and myocardium. (Grove et al. 2004).
Hematopoietic stem cells can be divided into different subpopulations based on
the cell surface markers. CD34 or CD133 antigens can be used to distinguish
subpopulations enriched in HSCs in humans (Dimarakis et al. 2005). The CD34+
subset of bone marrow cells contains the pluripotent stem cells as well as the
precursors of each of the distinguishable hematopoietic lineages (Simmons et al.
1992). CD34 is coexpressed in the majority of CD133+ cells. It has been suggested
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that CD133+/CD34- stem cells are early hematopoietic progenitors and that this subset
precedes the CD133+/CD34+ subset of cells (Handgretinger et al. 2003).
Mesenchymal stem are able to adhere to culture dishes as well as to differentiate
into a variety of tissues in response to the appropriate conditioning. In addition to
these two main characteristics, these cells appear uniformly negative for typical
hematopoietic surface markers. (Dimarakis et al. 2005). MSCs are very rare among
bone marrow cells, representing only 1 in 10 000 nucleated cells. However, they are
easy to isolate from the bone marrow mononuclear cell fraction and they have a good
expansion capability in vitro. Individual MSC clones have the ability to differentiate
into cartilage, bone, muscle, adipose, and stromal tissues. Unlike HSCs, MSCs do not
express CD34 or CD45 surface antigens. Other markers characteristic to MSCs
include CD29, CD44, CD71, CD90, CD106, CD120a, CD124, SH2, SH3, and SH4.
(Zimmet & Hare 2005).
The EPCs can be identified by their ability to acquire endothelial cell
characteristics in culture and in vivo. They express cell surface makers such as
CD133, vascular endothelial growth factor receptor-2 kinase (VEGFR-2), CD34 and
vascular endothelial cadherin. (Joggerst & Hatzopoulos 2009). After vascular injury,
EPC generation and mobilization from the bone marrow have been shown to increase
in response to VEGF and granulocyte colony-stimulating factor (G-CSF) upregulation
(Ballard & Edelberg 2008, Joggerst & Hatzopoulos 2009). In animal models, EPCs
have been shown to be incorporated into sites of active neovascularisation in ischemic
tissue (Yoon et al. 2005a). In addition, both unselected BMCs and EPCs can
promote a functional recovery in preclinical models of myocardial and peripheral
ischemia, and positive trends in perfusion have been observed in early clinical
trials (Tongers et al. 2010).
2.2.2 Cardiac stem cells
Historically, the mammalian heart has been viewed as a terminally differentiated,
postmitotic organ. In contrast to previous beliefs, it is now known that heart is a
plastic organ with regenerative capacity. The existence of human cardiac stem
cells (hCSCs) that can acquire the myocyte, smooth muscle cell and endothelial
cell lineages in vitro and in vivo have been reported by several independent
groups (Bearzi et al. 2007, Beltrami et al. 2003, Parmacek 2006, Smith et al.
2008). Cardiac stem cells or progenitor cells have been identified and isolated in adult
or postnatal hearts of humans and other mammalian species based on surface
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expression of stem cell markers (e.g. c-KIT, SCA-1 and ISL1) traditionally associated
with blood- or bone marrow-derived stem cells (Smith et al. 2008).
The resident cardiac stem cells have been postulated to be generated during
embryonic development but to remain in the heart until needed for cardiac repair.
An alternative hypothesis is that the pool of cardiac stem cells in the heart is
being continually replenished. However, since cardiomyocytes have been isolated
both from the bone marrow and the heart and the progenitor cells are able to
produce vascular cells, a more valid hypothesis would be that these two cell
sources represent separate reservoirs of progenitor cells connected by the
bloodstream. (Ballard & Edelberg 2008). In fact, a small population of cells with
the capacity to differentiate into endothelial cells in vitro has been isolated from
peripheral blood (Porat et al. 2006). Other tissues, including human fetal and
adult liver, skeletal muscle and adipose tissue have also been shown to harbour
stem cells capable of differentiation into cardiovascular cell types. These findings
further support the hypothesis that cardiac stem cells are present in the systemic
circulation which acts as a transport mechanism for stem cell delivery from
different organs to the heart in response to cardiovascular injury. (Ballard &
Edelberg 2008).
2.2.3 Mobilization of stem cells in response to myocardial injury
The ability of injured myocardium to recruit extracardiac stem cells after injury is
critical to aid in myocardial repair and regeneration. The injured myocardium
releases signals into the peripheral blood to trigger the mobilization of
extracardiac stem cells from bone marrow into the peripheral circulation. It has
been shown that CD133+ progenitor cells, endothelial progenitor cells as well as their
precursors, CD34+ bone marrow stem cells, are mobilized during an acute ischemic
event in humans (Schömig et al. 2006, Shintani et al. 2001). The amount of stem cells
in the peripheral circulation reaches a peak value one week after the ischemic event
(Shintani et al. 2001). The stem cells mobilized into the circulation then find their
way to the site of myocardial injury by following a trail marked by specific
signals. Several of the signalling molecules participating in this pathway have
been identified, e.g. granulocyte/macrophage colony-stimulating factor (G-CSF),
stem cell factor (SCF), vascular endothelial growth factor (VEGF), stromal cell
derived factor (SDF-1), and erythropoietin (EPO) belong to these mobilizing
cytokines. G-CSF has been the most widely studied mobilizing cytokine and it
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has also been used in several clinical trials to improve the repair process of the
heart after myocardial infarction (Liao et al. 2007).
2.3

Autologous stem cells in the treatment of acute myocardial
infarction

The endogenous repair mechanisms that are activated in the human body in
response to tissue injury have limited potential to repair the extensive damage
caused by myocardial infarction. Moreover, despite the major advances in
traditional treatment methods of AMI, prevention of the progression of the disease
and the development of heart failure is still challenging. Thus, alternative
therapies for restoration of the myocardial damage need to be developed. Stem
cell mobilization, as well as direct transplantation of different types of stem cells
into the infarcted heart, has been under intense investigation for the past decade.
Animal studies performed in the beginning of the 21st century gave promising
results about the beneficial effect of stem cell transplantation after AMI. However,
the clinical trials have resulted in only a modest improvement of the functionality
of the heart after stem cell mobilization or direct administration in AMI patients.
In addition, there are still many unresolved problems in relation to cell therapy,
such as determining the optimal cell type, cell number, time point of the cell
delivery, and methods for the cell delivery. The mechanism by which the
transplanted cells contribute to the repair process of the infarction injury has also
remained unclear.
2.3.1 Experimental studies
In the study of Orlic et al. (2001a) it was illustrated that BMCs were able to
transdifferentiate into cardiomyocytes when injected into infarcted mouse
myocardium, thereby replacing dead tissue. Subsequent studies have also
demonstated that transplanted BMCs can express the cardiac-specific markers
troponin I (Yoon et al. 2005b) and cardiac myosin (Kajstura et al. 2005). However,
the excitement over the concept of transdifferentiation into cardiomyocytes has
diminished as only few laboratories (Kudo et al. 2003, Nagaya et al. 2004,
Thompson et al. 2005) have managed to replicate the results of Orlic et al.
(2001a). It has been claimed that what was thought to be transdifferentiation was
in fact cell fusion (Fukuda & Yuasa 2006, Hagege et al. 2003, Murry et al. 2006,
Terada et al. 2002, Uemura et al. 2006, Wollert & Drexler 2005). As well as direct
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actions, BMCs have also been suggested to have paracrine effects that can enhance
the function of surviving cardiomyocytes and resident cardiac stem cells in the
injured myocardium (He et al. 2005, Kinnaird et al. 2004, Rehman et al. 2003).
The true mechanism behind the favourable effect of stem cell transplantation may be
a combination of these factors. The transdifferentiation process of stem cells is likely
a rare event and, thus, a minor contributor in the repair process.
One of the major drawbacks encountered with the stem cell transplantations
has been the observation that the injected stem cells may not remain in the heart
but instead be relocated to other areas, especially to lung (Dow et al. 2005, Price
et al. 2006), and possibly to liver kidney and spleen (Dow et al. 2005). In
addition, in many experimental studies, the grafted cells have been detectable in
the heart from the first days to 4 weeks after the injection (Agbulut et al. 2006,
Kudo et al. 2003, Mäkelä et al. 2007, Nagaya et al. 2004, Wisenberg et al. 2009)
but absent later, e.g. at 1–4 months (Agbulut et al. 2006, Jameel et al. 2010,
Limbourg et al. 2005, Wisenberg et al. 2009) after the injection. Multiple methods
of delivery for autologous stem cells have been investigated (Figure 1) but the optimal
route is still unclear. Stem cells have been delivered to infarcted myocardium for
example by injecting them directly into the cardiac muscle. The target regions
may be the normal myocardium, the infarcted area or the border zone, or a
combination of these sites. Another approach is to deliver the stem cells into the
systemic vasculature system with the theory that the stem cells can migrate to
injured myocardium. The site of circulatory system introduction includes
intravenous injection, intracoronary injection, intra-aortic root administration and
retrograde venous infusion. Intracoronary delivery enables the application of a
maximum dose of cells homogeneously to the site of injury although this mode is less
efficient for delivery to nonperfused regions of the infarct related artery. (Dai et al.
2005, Piepoli 2009). Unsorted BM-derived mononuclear cells transplanted
intramyocardially have been reported to home more efficiently to the infarcted
area of the myocardium compared to cells transplanted intracoronarily (Mäkelä et
al. 2009). The optimal delivery route for cell transplantation depends also on the
administered cell type. Homing of intraarterially applied progenitor cells requires
their extravasation and migration to the surrounding ischemic tissue. Although BMCs
and hematopoietic stem cells can extravasate, this has not been shown for all cell
types and larger, less motile cells may even obstruct the microcirculation (Dai et al.
2005, Piepoli 2009). For large cells, such as mesenchymal stem cells, direct injection
into the injured myocardium is a more suitable delivery method (Hale et al. 2008,
Piepoli 2009). Thus, identifying the optimal delivery route for the stem cells in the
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future will be influenced also by the ability to enhance the migratory capacity of stem
cells.

Fig. 1. Routes for delivery of cell therapy. Delivery methods that have been
successfully used in animal models but have yet to be used in clinical trials are
marked with an asterisk. All the direct methods have already been used in clinical
trials.

Despite the lack of certainty about the optimal methods, several studies have
described enhanced cardiac function after MI in animals following transplantation
of bone marrow-derived stem cells or progenitor cells (Table 1). The most
common finding in these animal studies has been an improvement in LV systolic
or diastolic function (see references1 in Table 1). Many studies have also reported
that stem cell injection can result in a reduction in the infarct size (Amado et al.
2005, Graham et al. 2010, Kudo et al. 2003, Moelker et al. 2006, Nagaya et al.
2004, Orlic et al. 2001a, Wisenberg et al. 2009). In addition, a favourable effect
of stem cell injection on blood vessel formation has been reported in several
studies (Halkos et al. 2008, Nagaya et al. 2004, Piao et al. 2005, Tang et al. 2004,
Zhang et al. 2004). However, there have also been trials where no significant
difference between the BMC group and the control group has been found in either
the infarct size or LV function after MI. These kinds of negative results have been
reported in swine (Moelker et al. 2006), rat (Agbulut et al. 2006), and mouse
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(Boomsma et al. 2007) as well as dog (Wisenberg et al. 2009) model of MI.
Obviously, the practical issues and the type of animals differ greatly between the
individual studies which may have accounted for the conflicting results. The size
of the experimental infarction injury and the time point and route of cell delivery
are important factors that affect the outcome after stem cell treatment. In addition,
different follow-up times and different methods in the measurement of LV
function or infarct size exacerbate the comparison of the experimental studies.
However, the promising results of the first animal studies favoured the initiation
of clinical trials in which the patient’s own BMCs were used in the treatment of
acute myocardial infarction.

27

Table 1. Experimental studies using bone marrow-derived cell transplantation in the
treatment of myocardial infarction.
Study

MI Model Cell type

Orlic et al.

Mouse

Route of cell delivery

Outcome

Lin- c-kit+ BM

Intramyocardial injection of Reduced infarcted area and end-

2001a

cells

3 x 104 to 2 x 105 cells

1

BM-MNCs

Intramyocardial injection of Increased LVEF (p<0.05) and

Kamihata et Swine

108 cells

al. 2001

diastolic pressure (p<0.05 for both).

decreased perfusion defect
(p<0.01).

Shake et al.

Swine

2002

BM-derived

Intramyocardial injection of Expression of muscle-specific

MSCs

6 x 107 cells

proteins in engrafted MSCs.
Attenuation of contractile
dysfunction (p<0.05).

Kudo et al.

Mouse

2003

MSCs or Lin-

Intramyocardial injection of Reduced infarct size and fibrosis

BM-MNCs

5 x 104 to 5 x 105 cells

(p<0.05 for both). Differentiation of
transplanted cells into
cardiomyocytes and vascular cells.

1

Tang et al.

Rat

2004

BM-derived

Intramyocardial injection of Improved LVEF (p<0.01) and

MSCs

107 cells

BM-derived

Intravenous injection of

Reduced infarct size and end

MSCs

5 x 106 cells

diastolic pressure, increased

increased blood vessel density
(p<0.01).

1

Nagaya et

Rat

al. 2004

capillary density (p<0.05 for all).
Differentiation of transplanted cells
into cardiomyocytes.
1

Zhang et al. Rat

BM-MNCs

Intramyocardial injection of Long-term improvement in LV
5 x 106 cells

2004

function and remodelling (p<0.01
for both). Reduced infarct size and
enhanced neovascularisation
(p<0.05 for both).

1

Thompson

Rabbit

et al. 2005

BM-derived

Intramyocardial injection of Improved regional systolic function

progenitor

108 cells

cells

(p<0.05) and global diastolic
relaxation (p<0.02). Differentiation
of BM cells towards myogenic,
contractile phenotype.

1

Amado et al. Swine

2005

Allogeneic

Intramyocardial injection of Reduced infarct size (p<0.05).

porcine BM-

2 x 108 cells

Improved LVEF and systolic and

Sca-1+ C-kit+

Intravenous injection of

Improved LV dimensions and

Lin- BMCs

7.5 x 103 cells

function (p<0.05). No long-term

derived MSCs
1

Limbourg et Mouse

al. 2005

diastolic function (p<0.05).

engraftment
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Study

MI Model Cell type

Route of cell delivery

Outcome

1

Swine

Allogeneic

Intravenous injection of

Improved LVEF (p=0.01) and less

porcine BM-

3.2 x 108 cells

wall thickening of non-infarct

Price et al.

2006

MSCs

myocardium (p=0.03).

Agbulut et al. Rat

BM derived

Intramyocardial injection of No engraftment or differentiation of

2006

progenitor

5 x 106 cells

the injected cells. No improvement

cells

in LVEF (p=0.06).

Moelker et al. Swine

BM derived

Intracoronary injection of

Reduced infarct size (p=0.045). No

2006

cells or BM-

50 x 106 cells

significant improvement in LV

MNCs
1

Boomsma et Mouse

function.

Lin- BM-MSCs Intravenous injection of
0.5 x 106 cells

al. 2007

No change in infarct size.
Enhanced systolic function
(p<0.05).

1

Mäkelä et al. Piglet

BM-MNCs

Intramyocardial injection of Improved LVEF (p=0.02). Larger
108 cells

2007

quantity of viable cells in the
necrotic area of the infarct. Larger
number of MSCs in the border zone
of the infarct (p<0.001 for both).

1

Halkos et al. Swine

Allogeneic pig Intravenous injection of

Improved LV function and

2008

BM-MSCs

39.20 to 374.36 x 106 cells myocardial perfusion. Augmented

Wisenberg et Dog

BM-MNCs or

Intramyocardial injection of No change in LV volume, end-

al. 2009

stromal cells

2-3 x 107 BM-MNCs or 1.5- diastolic volume or regional wall

(3 groups)

1.7 x 107 stromal cells

vasculogenesis. (p<0.05 for all).

motion scores. Slightly reduced
infarct size (p=0.046).

1

Jameel et al. Miniswine BM-derived

2010

multipotent

Intramyocardial injection of Improved LVEF. Reduction in
50 x 106 cells

progenitor

dilatation (p<0.05 for all). No

cells
1

Graham et

al. 2010

Swine

BM-MNCs

infarct size, LV hypertrophy and
significant engraftment.

Intracoronary injection of

Reduced infarct size (p<0.03).

1.6 x 107 cells

Improved infarct volume
(p<0.0001).

1

= Studies that have reported improvement in LV systolic or diastolic function.

BM = bone marrow, LVEF = left ventricular ejection fraction, MNC = mononuclear cell (=cell fraction of
unsorted bone marrow cells), MSC = mesenchymal stem cell.

2.3.2 Clinical trials using stem cell mobilization
Cytokine-induced mobilization of bone marrow stem cells has been shown to
induce angiogenesis and repair the damaged myocardium, which results in
improved left ventricular function and better survival after myocardial infarction
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in experimental animal models (Orlic et al. 2001b). G-CSF is an effective
stimulus for mobilization of BMCs into the peripheral blood. The use of G-CSF
as a less invasive stem cell-based strategy for myocardial regeneration has been
evaluated in a number of clinical trials (Table 2). In all the trials presented in
Table 2, G-CSF has been reported to effectively mobilize CD34+ cells into the
circulation. In a meta-analysis of the trials, the efficacy of the mobilization has
been found to be dose-dependent (Zohlnhöfer et al. 2008). In all the trials
presented in Table 2, the primary endpoint has been the change in LVEF. However,
the imaging modalities used in the measurement of LVEF have varied greatly.
Echocardiography has been used in four trials (Ellis et al. 2006, Ince et al. 2005b,
Leone et al. 2007, Ripa et al. 2006), magnetic resonance imaging (MRI) in three
trials (Engelmann et al. 2006, Ripa et al. 2006, Zohlnhöfer et al. 2006), and single
photon emission computed tomography (SPECT) in two trials (Takano et al. 2007,
Valgimigli et al. 2005). In the study of Kuethe et al. (2005), radionuclide
ventriculography (RNV) was used to measure LVEF. Only the FIRSTLINE-AMI
trial (Ince et al. 2005b) and the Riginera Study (Leone et al. 2007) have reported
a significant difference between the two treatment groups in the change of LVEF
between baseline and follow-up. In the FIRSTLINE-AMI trial, the favourable
effects of G-CSF injection on LVEF were still detectable at the one year followup assessment (Ince et al. 2005a). However, in most of the clinical trials, the GCSF injections have failed to improve LVEF (see Table 2). Furthermore, in a
meta-analysis of the clinical trials conducted by Zohlnhöfer et al. (2008) it was
concluded that stem cell mobilization by G-CSF did not seem to have any
beneficial effects on LVEF in patients with AMI after reperfusion. However,
based on subgroup analyses, it has been postulated that G-CSF may be potentially
beneficial in patients with lower baseline myocardial function (LVEF<50%) and
if given within 37 hours after PCI (George 2010). The reperfusion treatment and
time of G-CSF treatment after reperfusion have differed between the trials (see
Table 2). Whereas in the FIRSTLINE-AMI trial the G-CSF treatment started very
early, within one hour after successful PCI (Ince et al. 2005b), in the REVIVAL-2
trial (Zohlnhöfer et al. 2006) and in the Riginera study (Leone et al. 2007), G-CSF
was given as late as 5 days after PCI. It has been suggested that the timing of cell
mobilization therapy after reperfusion can influence the treatment efficacy
because the myocardial milieu is likely to be more receptive at certain time points
(Zohlnhöfer et al. 2008). Thus, the timing discrepancies between these different
trials may partly explain the variation in patient outcomes.
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In addition to the change of LVEF, a few studies have reported also other
effects of the G-CSF treatment. In the Riginera Study (Leone et al. 2007) a
significant unfavourable increase in LV end-diastolic as well as end-systolic
volume from baseline to follow-up was observed in the control group but not in
the G-CSF group. In the FIRSTLINE-AMI trial (Ince et al. 2005a) the G-CSF
treatment was shown to result in enhanced resting wall thickening in the infarct
zone compared to control group. In addition, under inotropic challenge with
dobutamine, the wall motion score index was shown to improve and this was
coupled with sustained recovery of wall thickening four months after treatment.
In the study of Kuethe et al. (2005), a significant improvement of the regional wall
motion and fewer wall perfusion abnormalities were found in G-CSF group compared
to control group.
The G-CSF injection has not been reported to produce any negative impacts on
cardiac regeneration after AMI (Zohlnhöfer et al. 2008). Moreover, treatment with GCSF has inhibited apoptosis and improved survival of cardiomyocytes at higher doses
in mice after AMI (Harada et al. 2005). On the contrary, experimental studies in mice
and early-phase clinical trials in patients with coronary artery disease indicated that
G-CSF may promote atherosclerosis with the potential of adverse outcomes in these
patients (Haghighat et al. 2007, Hill et al. 2005). However, in a recent meta-analysis
of the clinical trials conducted by Zohlnhöfer et al. (2008), the overall rate of major
adverse cardiac events was reported to be very low and it did not differ between
patients treated with G-CSF and control patients.
In conclusion, G-CSF treatment seems to be safe though a rather inefficient
treatment method of AMI. However, there are still many unresolved issues,
considering the practical implementation of the treatment, which may have a major
impact on the treatment efficacy and the patient outcome. All these factors need to be
clarified and optimised in future studies so that more definitive conclusions about the
benefits of BMC mobilization therapy can be made.
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32
Study

RC

Ince et al. 2005a

PCI only (n=25)

GCSF (n=14)

PCI only (n=9)

GCSF (n=10)

Placebo (n=39)

REVIVAL-2

Ripa et al. 2006

PCI only (n=22)

Takano et al. 2007

2.5 µg/kg x 5d

10 µg/kg x 5d

x 5d
PCI<5h post MI

GCSF <24d post PCI

PCI<6h post MI

GCSF 5d post PCI

GCSF 4752

Control 4649

GCSF 4045

Control 3838

GCSF HD 3439

2 (p=n.a)

5 (p=0.02)

HD -3 (p=NS)

LD -3 (p=NS)

1 (p=0.8)

2 (p=0.4)

-1 (p=0.1)

10 (p<0.001)

5 (p=0.1)

3 (p=0.07)

in GCSF group – Change of LVEF in control group (%)

L=low dose, m=months, MI=myocardial infarction, n=number, n.a=not available, NR=non-randomized, NS=non-significant, R = randomized. *Change of LVEF

Patients in all studies underwent percutaneous coronary intervention (PCI). C=controlled, d=days, GCSF=granulocyte colony-stimulating factor, H=high dose,

GCSF (n=18)

GCSF (n=14)

Riginera Study
RC

RC

Leone et al. 2007

PCI only (n=27)

HD: 10 µg/kg

GCSF <30h post PCI

x 5d

HD GCSF (n=6)

Control 3342
GCSF LD 3741

PCI<12h post MI

LD: 5 µg/kg

Placebo (n=6)
LD GCSF (n=6)

RC

Ellis et al. 2006

Control 4450

GCSF 5160

Placebo 5562

GCSF 5152

Placebo 4951

GCSF 4854

Control 4743

GCSF 4048

Control 4043

GCSF 4150

Placebo 4248

change (%)

Mean baseline LVEF (%) *Difference in LVEF
 LVEF at follow up (%)

GCSF 4147

PCI<40h post MI

GCSF 28h post PCI

PCI 4h post MI

GCSF 5d post PCI

PCI<12h post MI

GCSF 1h post PCI

PCI<5h post MI

GCSF 48h post PCI

PCI<8h post MI

GCSF <24 h post PCI

PCI<12h post MI

Timing

GCSF 35h post PCI

Placebo (n=21)
GCSF (n=23)

G-CSF-STEMI

10 µg/kg x 5d

10 µg/kg x 6d

10 µg/kg x 5d

10 µg/kg x 6d

5 µg/kg bid x 7d

5 µg/kg x 4d

GCSF dose

Engelmann et al. 2006 RC

GCSF (n=39)

STEMMI

RC

Placebo (n=58)
GCSF (n=56)

Zohlnhöfer et al. 2006 RC

GCSF (n=25)

NR C

Kuethe et al. 2005

Placebo (n=10)

Groups

FIRSTLINE-AMI

RC

design

Valgimigli et al. 2005

Study

Table 2. Clinical trials of stem cell mobilization by G-CSF therapy in acute myocardial infarction.

2.3.3 Clinical trials using stem cell injection
Several clinical trials have reported that stem cell administration after AMI has
beneficial effects on the function of the heart. However, there have also been
many trials that have failed to show any beneficial treatment effects after stem
cell injection (Table 3). In the majority of clinical trials, the primary end point has
been the change in left ventricular volumes and ejection fraction in comparison
with the control group over time. In addition, clinical trials in humans have
primarily used autologous bone marrow-derived stem cells in the transplantation
process. Only a few studies have used other cell types, such as peripheral blood
derived cells (Assmus et al. 2002, Kang et al. 2006, Li et al. 2007, Tatsumi et al.
2007). Skeletal myoblasts have been used in the treatment of non-acute
myocardial infarction in several studies (Biagini et al. 2006, Gavira et al. 2006,
Hagege et al. 2006, Ince et al. 2004, Menasche et al. 2001, Siminiak et al. 2004,
Siminiak et al. 2005) but only one randomized, placebo controlled study has been
published (Menasche et al. 2008). Most of the trials with AMI patients have
probably used BMCs because their use alleviates concerns of yield as with
peripheral blood-derived cells or the possible arrhythmic side effects (Gavira et al.
2006, Menasche et al. 2001) as with skeletal myoblasts.
In experimental studies, the delivery of BMCs into the infracted myocardium
has been attempted by various routes, including intracoronary, intravenous,
intramyocardial, endomyocardial, retrograde coronary venous, and transvenous
intramyocardial approaches (George 2010). However, in clinical trials there has
been less variation in delivery routes. Direct intramyocardial injection is the
preferred route for cell delivery in patients presenting late in the disease process when
an occluded coronary artery prevents transvascular cell delivery, such as in patients
with chronic myocardial ischemia. Direct injection into ventricular wall is also
appropriate when cell homing signals are expressed at low levels in the heart because
of scar tissue. (Wollert & Drexler 2005). Intramyocardial injection of cells has been
used in only a few trials during coronary artery bypass grafting in patients with
recent MI (Ahmadi et al. 2007, Mocini et al. 2006, Stamm et al. 2003). In patients
with acute MI, cell delivery by direct injection is technically very challenging because
the cells need to be injected into the border zone of the infarct and have to avoid
perforation of the friable necrotic tissue (Wollert & Drexler 2005). The most
widely used cell delivery method in AMI patients has been intracoronary injection
(Table 2). In the setting of AMI, when PCI is routinely performed,
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the intracoronary route seems to be the most feasible option. However, the
optimal delivery route for clinical use is still a matter of debate.

34

35

R NC

Assmus et al. 2002

REPAIR-AMI

2006

Schächinger et al.

ASTAMI

Lunde et al. 2006

TCT-STAMI

Ge et al. 2006

RC

RC

RC

Janssens et al. 2006 RC

BMC (n=101)

Placebo (n=103)

BMC (n=50)

PCI only (n=50)

BMC (n=10)

Placebo (n=10)

BMC (n=33)

Placebo (n=34)

BM CD133 (n=19)

+

PCI only (n=16)

Bartunek et al. 2005 NR C

PCI only (n=30)
BMC (n=30)

RC

Wollert et al. 2004

BM-MSC (n=34)

Placebo (n=35)

BMC (n=11)

PBC (n=9)

(n=11)

Reference group=

BMC (n=10)

PCI only (n=10)

Groups

BOOST

RC

Chen et al. 2004

TOPCARE-AMI

NR C

design

Study

Strauer et al. 2002

Study

2 x 108

7 x 107

4 x 107

2 x 108

1 x 107

2 x 109

9 x 109

2 x 108

1 x 10

7

3 x 107

BM cell count

BMCs/PL 4d post PCI

PCI<7h post MI

BMC 48.353.8

Placebo 46.949.9

Control 46.949.0
BMC 45.748.8

BMCs 6d post PCI

BMCs/PL <24h post PCI
PCI<4h post MI

Placebo 58.256.3
BMC 53.858.6

PCI<8h post MI

Placebo 46.949.1
BMC 48.551.8

BMCs/PL <24h post PCI

BM CD133+ 45.052.1

Control 44.348.6

PCI<4h post MI

BM CD133+ 12d post PCI

PCI<10h post MI

Control 51.352.0
BMC 50.056.7

BMCs 5d post PCI

BMC 49.067.0

Placebo 48.054.0

BMC 51.960.7

PBC 51.359.5

Reference 51.053.5

BMC 57.062.0

Control 60.064.0

 LVEF at follow up (%)

Mean baseline LVEF (%)

PCI<9h post MI

BMC/PL 18d post PCI

PCI<12h post MI

BMCs 5d post PCI

PCI<24h post MI

BMCs 7d post PCI

PCI<12h post MI

Timing

2.5 (p=0.01)

0.6 (p=0.77)

6.7 (p=n.a)

1.1 (p=0.36)

2.8 (p=n.a)

6.0 (p=0.0026)

12.0 (p=n.a)

reference group)

(p=NS in both groups vs.

BMC 6.3

PBC 5.7

1.0 (p=NS)

change (%)

*Difference in LVEF

Table 3. Clinical trials of intracoronary injection of bone marrow-derived stem cells in acute myocardial infarction.
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Tendera et al. 2009

4 x 108

6 x 107

Placebo 55.761.4
BMC 53.555.3

BMCs/PL 6d post PCI

BMC 51.659.5

PCI<15h post MI

Control 50.852.4

BMCs 7d post PCI

BMC 35.044.0

PCI<19h post MI

Control 33.038.0

35.038.0

-3.9 (p=0.88)

7.9 (p<0.01)

4.0 (p<0.05)

3.0 (p=0.19)

CD34+CXCR4+

BMC 3.0 (p=0.17)

-1.5 (p=0.84)

5.0 (p=0.05)

terminated)

(Study prematurely

-2.0 (p=NS)

High 3.0 (p=0.041)

Low 1.0 (p=0.53)

change (%)

*Difference in LVEF

NS=non-significant, PBC=peripheral blood cells, R = randomized. *Change of LVEF in BMC group – Change of LVEF in control group (%)

MSC=bone marrow-derived mesenchymal stem cells, MI=myocardial infarction, n=number, n.a=not available, NC=not controlled, NR=non-randomized,

Patients in all studies underwent percutaneous coronary intervention (PCI). C=controlled, d=days, BMC=bone marrow cells (=mononuclear cell fraction), BM-

BMC (n=29)

Placebo (n=13)

RC

Wöhrle et al. 2010

PCI only (n=62)
BMC (n=62)

NR C

Yousef et al. 2009

BMC (n=38)

PCI only (n=18)

(n=80)

CD34+CXCR4+

BMC 36.039.0

Control 39.039.0

BMCs 7d post PCI

2 x 106

CD34+CXCR4+

Placebo 53.057.8
BMC 55.759.2

PCI<12h post MI

BMCs 7d post PCI

1 x 108

PCI<12h post MI

BMCs/PL <24h post PCI

PCI<4h post MI

BMC 58.865.9

post thrombolysis

CD34+CXCR4+

8

61.6 63.1

Placebo

BMC 39.045.0

Control 3947.0

High 41.046.0

Low 42.045.0

Control 42.044.0

 LVEF at follow up (%)

Mean baseline LVEF (%)

PCI and BMCs/PL 46h

Thrombolysis <3h post MI

BMCs 9d post PCI

PCI<8h post MI

BMC (n=80)

4 x 10

4 x 10

8

3 x 109

BMC 2 x 108

PCI only (n=40)

BALANCE

RC

Plewka et al. 2009

REGENT

Placebo (n=34)
BMC (n=33)

RC

Placebo (n=40)

Herbots et al. 2009

RC

Huikuri et al. 2008

BMC (n=17)

PCI only (n=10)

BMC (n=40)

RC

Penicka et al. 2007

BMCs 7d post PCI

High 1x108

Low dose (n=22)
High dose (n=22)

PCI<5h post MI

Timing

Low 1x107

BM cell count

PCI only (n=22)

Groups

FINCELL

RC

design

Study

Meluzin et al. 2006

Study

In addition to LVEF, the effects of BMC delivery on other clinical parameters
have also been studied. Strauer et al. (2002) were the first to report that
intracoronary delivery of BMCs resulted in a reduction in the size of the infarct
zone and an improvement in perfusion, even though they could not detect any
significant difference in LVEF recovery between the BMC and the control group.
Reduced perfusion defect scores have later been reported also by Chen et al.
(2004), Bartunek et al. (2005), and Ge et al. (2006). Beneficial effects on regional
wall motion in the infarcted zone (Assmus et al. 2002, Herbots et al. 2009,
Plewka et al. 2009, Schächinger et al. 2006, Yousef et al. 2009) or the border
zone (Assmus et al. 2002, Wollert et al. 2004) have also been observed in several
trials. In addition, a direct effect on the size of the infarction injury has been
detected by Assmus et al. (2002) in the TOPCARE-AMI study, as well as by
Janssens et al. (2006), and Yousef et al. (2009) in the BALANCE study.
Improvements in left ventricular end systolic (Assmus et al. 2002, Chen et al.
2004, Strauer et al. 2002) and end diastolic volume (Chen et al. 2004, Plewka et
al. 2009) have also been reported.
Despite the observed favourable effects of BMC therapy after AMI, also
unfavourable results have been reported. Several trials have failed to detect any
significant difference between the BMC group and the control group in the
change of LVEF 3–6 months after cell therapy (Herbots et al. 2009, Janssens et
al. 2006, Lunde et al. 2006, Penicka et al. 2007, Strauer et al. 2002, Tendera et al.
2009, Wohrle et al. 2010). In the ASTAMI trial, also longer follow-ups at 12
months and 3 years observed the same finding (Beitnes et al. 2009, Lunde et al.
2008). Although initially reporting favourable results for the BMC group at 6
months, the 18-month (Meyer et al. 2006) as well as the 5-year (Meyer et al.
2009) follow-up in the BOOST trial revealed no difference in LVEF improvement
between the two treatment groups. However, the baseline characteristics of the
patients have been shown to affect the functional recovery after BMC treatment.
The LVEF recovery has been reported to be more marked in BMC treated patients
with a poorer baseline LVEF (Schächinger et al. 2006, Tendera et al. 2009,
Wollert et al. 2004). In a meta-analysis of the randomized controlled trials, the
most marked difference in LVEF in favour of BMC group has been reported when
the treatment has been administered later than 7 days after AMI. In addition, the
most significant difference in LVEF in favour of the BMC treatment has been
observed when the BMC dose administered has been higher than 108 BMC. These
data suggest that the timing of BMC infusion and the dose of BMC administered are
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very crucial factors that contribute to the clinical and statistical heterogeneity
observed among the clinical trials (Martin-Rendon et al. 2008).
Regarding the safety issues of stem cell treatments, it is noteworthy that one
clinical trial had to be prematurely terminated because several study patients
developed serious complications during the stem cell treatment (Penicka et al. 2007).
One patient had a ventricular septal rupture before the injection of BMCs, and he died
3 months later as a result of severe heart failure. One patient suffered a stent
thrombosis with reinfarction immediately after the BMC harvesting. He had
experienced a complicated PCI followed by coronary artery bypass grafting and died
2 weeks later from sepsis and acute respiratory distress syndrome. Another patient
had biliary carcinoma diagnosed 6 weeks after BMC transfer and died 2 months later.
In addition, one BMC patient suffered from reinfarction due to occlusion of the left
anterior descending artery distally to the implanted stent 9 months after
randomization. (Penicka et al. 2007). Large-scale studies with long-term follow-up
have later addressed the issues of safety and the potential increase in ventricular
arrhythmias associated with BMC therapy after AMI. The two-year results from the
REPAIR-AMI trial demonstrated that intracoronary BMC therapy was a significant
predictor of favorable clinical outcome without any evidence of increased ventricular
arrhythmias or neoplasms (Assmus et al. 2010). The three-year results from the
ASTAMI trial found no increases in adverse events in the BMC therapy group
(Beitnes et al. 2009). In the BALANCE trial, a 5-year follow-up confirmed safety and
suggested additional evidence of decreased mortality rates after BMC therapy
(Yousef et al. 2009). The 5-year follow-up of the BOOST trial also revealed no
increases in mortality or other adverse events (Meyer et al. 2009). Additionally, data
from two meta-analyses has shown that intracoronary injection of cells is safe, and
that cell therapy is associated with a trend towards a decreased risk of reinfarction,
less need for rehospitalisation for heart failure, and fewer deaths (Abdel-Latif et al.
2007, Martin-Rendon et al. 2008).
2.4

The role of inflammatory response in myocardial infarction

Inflammation is part of a complex biological response by vascular tissues to
harmful stimuli, such as pathogens or the presence of damaged cells.
Inflammation is a protective attempt by the organism to remove the injurious
stimuli and to initiate the healing process. (Ferrero-Miliani et al. 2007). The tissue
damage caused by myocardial infarction also evokes an inflammatory reaction.
During the past two decades, inflammation at the site of infarction injury has been
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an intensively investigated topic. The role of inflammation has found to be
paradoxical because it is present and active in both the acute and the healing
phase of the myocardial infarction.
2.4.1 Inflammation in the acute injury of the infarcted myocardium
Ischemia at the infarction site evokes cardiomyocyte necrosis and the necrotic
cells release their subcellular membrane constituents rich in mitochondria, which
are capable of triggering components of the complement system. Complement
activation mediates neutrophil and monocyte recruitment to the injured
myocardium. In addition, a series of cytokine and chemokine activated pathways
lead to leukocyte activation. NF-κB is known to be a key regulator of many
cytokine and adhesion molecule genes. NF-κB is activated by many cytokines
such as tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1.
(Frangogiannis et al. 2002). In experimental models, mast cells have been
recognized as being an important source of cytokines, chemokines and growth
factors. There is rapid mast cell degranulation and mediator release following
myocardial ischemia and this initiates a process called the inflammatory cascade.
(Frangogiannis et al. 1998, Gordon & Galli 1990, Gordon et al. 1990). TNF-α
mediated IL-6 release from infiltrating mononuclear cells contributes to leukocyte
activation. After the inflammatory stimulus has been applied, leukocytes roll
along the post-capillary venules and extravasate into the injured area. It is known
that members of the selectin and intergrin families of adhesion molecules mediate
the capture of leukocytes from bloodstream. (Frangogiannis et al. 2002).
Neutrophils, monocytes and macrophages, among other cells, migrate to the
injured myocardium and clear the infarct zone of dead cells. This inflammatory
response serves to repair the damaged tissue. However, the infarct healing
inevitably results in molecular and structural remodelling with scar formation to
replace the lost cardiomyocytes in the infarct zone and reactive hypertrophy of the
noninfarcted area. The subsequent chronic elevation of tissue inflammation
results in continued fibrosis and cardiomyocyte loss and this contributes to
unfavourable cardiac remodelling and finally, in the worst case scenario to the
development of heart failure. (Jiang & Liao 2010).
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2.4.2 Inflammation in the healing process of myocardial infarction
Both experimental and clinical studies have shown that an open infarct vessel
promotes repair even when reperfusion occurs at the time when no myocardial
tissue can be saved (Anonymous 1993, Jugdutt 1997). Reperfusion-induced
inflammation has an important role in the repair process (Michael et al. 1999,
Richard et al. 1995). Infiltrating monocytes differentiate into macrophages and
accumulate with mast cells in the healing scar. These cells organize the cardiac
repair process through a complex cascade involving cytokines and growth factors
that induce fibroblast production. Lymphocytes and macrophages synthetize the
anti-inflammatory cytokine, IL-10, which is involved in tissue remodelling by
regulating the expression of matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs). (Frangogiannis et al. 2002). At the
same time, the expressions of different angiostatic factors decrease and those of
angiogenic factors increase as the vascular repair process is initiated. Vascular
endothelial growth factor (VEGF) is one of the most important cytokines and its
expression increases in endothelial and smooth muscle cells, thus enhancing the
angiogenic activity. (Nian et al. 2004). In addition, chemokine IL-8 has been
shown to induce the mobilization of peripheral blood progenitor cells and, thereby,
to contribute to the generation of new blood vessels after myocardial infarction
(Schömig et al. 2006). All these complex reactions are needed for the recovery of
the injured myocardium and the restoration of the myocardial function after an
ischemic event.
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2.5

Biomarkers of cardiovascular damage and dysfunction

2.5.1 The levels of inflammatory cytokines and the patient outcome
after myocardial infarction
Since the inflammatory response is closely related to the pathogenesis of
myocardial infarction, there are many publications examining the inflammatory
mediators and their significance in predicting the patient outcome. C-reactive
protein (CRP), a nonspecific marker for inflammation, has been the most
extensively studied predictor of cardiac morbid events after acute myocardial
infarction (AMI). Elevated levels of IL-6 and TNF-α have also been associated
with a poorer prognosis in patients with AMI.
C-reactive protein
CRP is an acute phase protein, the levels of which rise in response to
inflammation. Its physiological role is to bind to the phosphocholine expressed on
the surface of dead or dying cells in order to activate the complement system
(Thompson et al. 1999). There are a number of studies demonstrating that CRP
levels increase dramatically during AMI (Brunetti et al. 2006, Pudil et al. 1999,
Sanchis et al. 2004, Zairis et al. 2002, Ziakas et al. 2006) and reach a peak value 2
to 4 days after the onset of symptoms (Kushner et al. 1978, Pudil et al. 1999, Ziakas
et al. 2006). The CRP concentration returns to the baseline level within 3 to 4 weeks
(Kushner et al. 1978). CRP levels as measured with a high-sensitivity assay are <1.0
mg/dl in 98% of healthy persons. Even when relatively elevated within this
“normal” range, CRP has been shown to be predictive of a first cardiovascular
event in previously healthy men and women. (Ridker et al. 1997, Ridker et al.
2000a). CRP also has been reported to be predictive of future events in patients
with established coronary artery disease (CAD) (Haverkate et al. 1997, Horne et
al. 2000, Tommasi et al. 1999). Peak CRP levels are associated with the size of the
infarct and are attenuated by early reperfusion (Barrett et al. 2002, Pietilä et al. 1997).
In addition, peak CRP levels after infarction have been associated with diastolic
dysfunction (Arruda-Olson et al. 2010), cardiac rupture (Anzai et al. 1997, Ueda
et al. 1996) and in both the short- (Pietilä et al. 1996, Theroux et al. 2005) and
long-term (Berton et al. 2003, Hartford et al. 2007, Suleiman et al. 2006, Zebrack
et al. 2002) risk of death. The CRP level on admission to the hospital has been
claimed to predict the time-course of heart failure in patients with AMI (Berton et
41

al. 2003, Suleiman et al. 2006). However, also conflicting results about the
prognostic value of CRP have been presented. Sukhija et al. (2007) did not detect
any association between serum levels of hsCRP or IL-6 with coronary
atherosclerotic burden or with major adverse coronary events in patients with
CAD. In addition, Danesh et al. (2004) have reported that in comparison with the
major established risk factors, such as an increased total serum cholesterol
concentration and cigarette smoking, the CRP concentration was only a relatively
moderate predictor of the risk of CAD and added only marginally to the predictive
value of the established risk factors for coronary heart disease in patients with
myocardial infarction. Hartford et al. (2007) have reported that in patients with an
acute coronary syndrome, the levels of CRP and IL-6 were associated with long-term
mortality and heart failure, but not with reinfarction. In an attempt to attenuate the
bias that measurement of only one biomarker may cause on the prediction of
cardiovascular events, also some useful multimarker analyses combining
inflammatory mediators, markers of left ventricular overload and markers of tissue
necrosis have been proposed (Morrow & Braunwald 2003, Sabatine et al. 2002,
Tello-Montoliu et al. 2007).
Interleukin-6
IL-6 is a proinflammatory cytokine involved in the differentiation of B cells,
antibody production, and the activation of T cells, and it is considered to be the
key interleukin in the stimulus of synthesis and secretion of CRP and in the
initiation of the acute phase reaction (Castell et al. 1989, Heinrich et al. 1990).
IL-6 can also upregulate circulatory concentrations of soluble adhesion molecules
and inflammatory cytokines, including IL-6 itself (von der Thusen et al. 2003). An
increased level of IL-6 in the serum of patients with MI was reported for the first time
by Sturk et al. (1992) and this finding has been later confirmed by numerous other
investigators. The IL-6 level has been found to increase very early, within a few hours
after the onset of symptoms, and to reach its maximum value 9–36 hours later. (Ikeda
et al. 1992, Pannitteri et al. 1997, Pudil et al. 1999, Sturk et al. 1992). Levels of IL-6
have been shown to remain elevated for as long as 12 weeks post-infarction. This may
be attributable to myocardial stress due to depressed LV systolic function, as well as
the on-going healing process in the myocardium (Gabriel et al. 2004).
An elevated IL-6 level has been shown to be a strong predictor of serious
coronary events in patients with unstable angina (Ferroni et al. 2007, Koukkunen
et al. 2001). It has been proposed that IL-6 is released from the ruptured vulnerable
42

atherosclerotic plaque and that the subsequent activation of macrophages is
involved in the occlusive process of coronary artery in acute myocardial
infarction (Funayama et al. 2004). The circulating IL-6 level in the acute phase
has been found to predict both the short and the long-term survival after AMI
(Jaremo & Nilsson 2008, Tan et al. 2009, Ziakas et al. 2006) and it is also
associated with the infarct size and left ventricular function (Puhakka et al. 2003).
In addition, increased IL-6 levels after hospital discharge were reported to be
associated with depressed left ventricular function and heart failure (Gabriel et al.
2004). It has been postulated that IL-6 can regulate collagen formation and thus
the remodelling of left ventricle in the healing phase of MI (Puhakka et al. 2003).
However, the IL-6 level is also associated with many traditional cardiovascular risk
factors such as age, smoking, obesity and a number of morbidity factors of the
cardiovascular and respiratory system. In addition, the IL-6 level displays a strong
correlation with the CRP level (Gabriel et al. 2004, Miyao et al. 1993).
Nonetheless, these associations only partly explain the prognostic value of IL-6 in
predicting cardiac morbid events, because after adjusting for major CAD risk
factors, IL-6 still retained a significant association with AMI (Ferroni et al. 2007).
Tumor necrosis factor alpha
TNF-α is a proinflammatory cytokine that is produced by monocytes,
macrophages, mast cells, cardiac fibroblasts and cardiomyocytes (Vandervelde et
al. 2005). It is known that the secretion of TNF-α from these cells is induced by
ischemia (Frangogiannis et al. 1998). TNF-α can bind to cell surface receptors and
trigger intracellular signalling cascades resulting in the activation of several
transcription factors such as nuclear factor-κB (NF-κB) or death domain effectors
such as caspases (Nian et al. 2004). TNF-α induces inflammatory reactions via IL-6
production, but it can also activate endothelial cells, stimulate angiogenesis, and
induce the proliferation of smooth muscle cells (Abbasi & Boroumand 2010). The
TNF-α level has been shown to be elevated during the acute phase of myocardial
infarction without any significant peak (Li et al. 1999, Pudil et al. 1999). In
individuals at increased risk for recurrent coronary events, the plasma
concentration of TNF-α has remained elevated for many months after MI (Ridker
et al. 2000b). An elevated level of TNF-α is known to be a strong predictor of the
risk of serious coronary events also in patients with unstable angina (Koukkunen
et al. 2001). In contrast, no association has been found between serum levels of
TNF-α and the coronary atherosclerotic burden or major adverse coronary events
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in CAD patients (Sukhija et al. 2007). Studies investigating the association
between myocardial viability and TNF-α level in CAD or post-MI patients have also
yielded conflicting results. Hirschl et al. (1996) postulated that the change in the
TNF-α level could represent a reliable method of assessing damage severity in the
myocardium after AMI. Kosmala et al. (2005) have also reported that elevated plasma
levels of TNF-α and IL-6 early after AMI decline more quickly in patients with a
dysfunctional myocardium comprising not only necrotic but also of viable segments.
In contrast, Puhakka et al. (2003) found that patients with left ventricular dysfunction
had similar TNF-α levels at entry and at discharge as the corresponding levels in
patients with preserved left ventricular function, and furthermore that TNF-α levels
exhibited no association with the size of the infarction injury. Due to the low and
stable plasma TNF-α level and the conflicting results about its usefulness in
predicting the patient outcome, it is not likely that the measurement of TNF-α
concentration will become a part of AMI treatment in the near future.
2.5.2 The levels of vasoactive peptides and the patient outcome after
myocardial infarction
The loss of viable myocardium caused by acute myocardial infarction leads to
activation of the neuroendocrine systems e.g. increased activity of the
sympathetic nervous system and the renin-angiotensin-aldosterone axis, and in
response to these neurohumoral actions, plasma concentrations of vasoactive
peptides become elevated (Levine 1990). Several studies have established the
prognostic value of these biomarkers in patients with AMI.
Brain natriuretic peptide
Brain natriuretic peptide (BNP) and the N-terminal part of its prohormone, NTproBNP, are released mainly from the cardiac ventricles in response to increased
stretch and wall tension (Levin et al. 1998). Cardiac ischemia also elevates BNP
and proBNP concentrations (Goetze et al. 2003). BNP or NT-proBNP levels have
been shown to predict survival and major adverse coronary events in patients with
AMI (Arakawa et al. 1996, Omland et al. 1996, Wu et al. 2006), in patients with
acute coronary syndrome (Heeschen et al. 2004, Morrow et al. 2005), and in
patients with unstable CAD (Jernberg et al. 2003). An increase in the plasma BNP
concentration during the acute phase also has been shown to reflect the infarction
size, and left ventricular function in patients with AMI (Arakawa et al. 1994,
44

Uusimaa et al. 1999). In addition, plasma NT-proBNP and BNP levels, measured
within a few days of AMI, independently predict death and heart failure in the
presence or absence of preserved ejection fraction and are related to the risk of new
ischemic events specifically in those patients with impaired systolic function
(Richards et al. 1999, Richards et al. 2003). Elevated BNP levels measured at hospital
discharge have also been linked to the risk of sudden cardiac death independent of
other clinical variables and the value of left ventricular ejection fraction (Tapanainen
et al. 2004). Thus, measurements of the plasma B-type natriuretic peptides together
with measures of left ventricular contractile function have been claimed to permit a
useful refinement of risk stratification beyond that provided by either marker alone
(Richards et al. 2003). A model consisting of NT-proBNP and simple traditional risk
factors like age, sex, waist-hip ratio, diabetes, systolic blood pressure, ratio of fasting
LDL/HDL cholesterol, and smoking status has also been found useful in predicting
future fatal and nonfatal cardiac events in individuals with existing cardiovascular
disease (Blankenberg et al. 2006). In the recent study of Verouden et al. (2010), NTpro-BNP was found to be the strongest independent predictor of ST-segment
recovery at the end of primary PCI for ST-segment elevation myocardial
infarction (STEMI) compared to the other serum biomarkers reflecting
myocardial cell damage, renal function, and the presence of inflammation.
The brain natriuretic peptides have been under intense investigation already
for two decades. As a result, the measurement of BNP is nowadays part of the
routine clinical practice in diagnosing or excluding heart failure. The measurement of
NT-proBNP is also emerging into wider use in the risk stratification in patients with
acute coronary syndromes or AMI.
Atrial natriuretic peptide
Atrial natriuretic peptide (ANP) is a natriuretic, diuretic and vasodilating
hormone secreted from the cardiac atria together with its N-terminal fragment of
proANP (NT-proANP) in response to atrial wall stretch. ANP is expressed also in
ventricles but in much smaller amounts than the main ventricular natriuretic peptide,
BNP. NT-proANP levels mostly reflect changes in atrial distension caused by acute
left ventricular dysfunction after infarction. (Ruskoaho 1992). The plasma ANP level
has been found to peak soon after AMI; in contrast the BNP concentration reaches its
peak level much later, approximately 16–20 hours after the onset of symptoms.
Plasma levels then fall, although this reduction is less pronounced in the case of NTproANP, the levels of which remain almost constant by the middle of day two. By the
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end of day two or on the third day, a second increase in plasma level is observed, with
peak levels occurring on day 3 or day 4. Subsequently, ANP, BNP and NT-proANP
levels remain relatively stable and are comparable with each other. (Venugopal
2001).
The plasma ANP level measured in the early phase of AMI has been found to
correlate with systolic function of the heart (Korup et al. 1995). In addition, it has
been shown in that the baseline NT-proANP level is a strong and independent
predictor of two-year changes in end-diastolic volume index (Hole et al. 2004) and
adverse events such as cardiac death, recurrent myocardial infarction and heart failure
after AMI (Jarnert et al. 2007, Kettunen et al. 1994, Otterstad et al. 2002). Jarai et al.
(2005) also reported that patients with unstable coronary artery disease who have
elevated NT-proANP levels but normal NT-proBNP levels experience significantly
higher mortality rate than patients with normal NT-proANP levels. Thus, they
proposed that the determination of NT-proANP could improve risk assessment in
patients with unstable CAD, especially when NT-proBNP was in the normal range
(Jarai et al. 2005). In addition, Squire et al. (2004) have reported that NT-proBNP is
useful in predicting the short term (under 30 days) whereas NT-proANP reflects the
long term (over 30 days) mortality or heart failure after AMI. Thus, they concluded
that consideration of both NT-proANP and NT-proBNP would be one way to identify
a greater number of patients at risk of death or suffering heart failure than either
peptide alone.
Adrenomedullin
Adrenomedullin (ADM) is a vasoactive peptide originally isolated from human
pheochromocytoma. Since its discovery, ADM has been detected also in other
tissues including adrenal medulla, brain, lung, kidney, gastrointestinal organs, and
heart. (Yanagawa & Nagaya 2007). Inflammatory cytokines, humoral factors,
mechanical stress, hypoxia, ischemia, oxidative stress, and hyperglycemia are
factors that have been reported to induce ADM production and secretion from cardiac
tissues (Eto et al. 2003). ADM has powerful direct vasodilator effects and it is able
to increase cardiac output, diuresis and natriuresis. ADM levels have been
reported to be elevated in patients with essential hypertension, cardiac
hypertrophy, heart failure, acute myocardial infarction, and peripheral arterial
occlusive disease. (Yanagawa & Nagaya 2007). In patients with AMI, the plasma
ADM levels rise slowly and steadily, reaching a maximum after 2–3 days, and
returning to baseline approximately 3 weeks after the onset of symptoms
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(Kobayashi et al. 1996, Yoshitomi et al. 1998). However, the measurement of
plasma ADM level is complicated because of its short half-life, rapid clearance,
and the presence of a binding protein. ADM is derived from a larger precursor
molecule and a more stable mid-regional fragment of pre-pro-ADM (MRproADM) has been identified. ADM and MR-proADM are secreted in equimolar
amounts and therefore MR-proADM can be used as a surrogate for ADM levels
(Struck et al. 2004). MR-proADM has been shown to be a powerful, novel
biomarker of risk of adverse events, death, or rehospitalisation after non-STEMI.
In addition, the admission MR-proADM level is a particularly strong predictor of
early mortality after non-STEMI (Dhillon et al. 2010). MR-proADM has also
been reported to be a powerful prognostic marker of death or heart failure and the
combined end point of both outcomes in patients with AMI, independent of
established conventional risk factors. In the same study, a multimarker approach
with MR-proADM and NT-proBNP was found to be even more informative than
either marker alone and useful for risk stratification in AMI patients (Khan et al.
2007). The mature-type ADM has also been reported to be related to poor patient
outcome, deterioration of left ventricular systolic function and mortality after
AMI (Katayama et al. 2004, Katayama et al. 2005, Nagaya et al. 1999, Richards
et al. 1998).
In a number of animal studies, an elevated level of ADM after AMI has been
shown to have a cardioprotective effect. Furthermore, ADM administration has been
reported to limit infarct size (Hamid & Baxter 2006, Nishida et al. 2008) and
reperfusion injury (Hamid & Baxter 2005, Okumura et al. 2004), and to ameliorate
the progression of LV remodelling and heart failure (Nakamura et al. 2004) in
experimental myocardial infarction. In one clinical study, it was reported that
intravenous administration of adrenomedullin could enhance left ventricular
myocardial contraction and improve left ventricular relaxation (Nagaya et al. 2002).
In addition, in the clinical study of Yasu et al. (2005), it was proposed that increased
levels of mature-type ADM in the coronary circulation exerted a cardioprotective
effect via paracrine mechanisms in patients with LV dysfunction after reperfused
AMI.
Apelin
Apelin is a bioactive peptide that is produced and secreted by adipocytes (Lee et
al. 2006). In addition, it is produced in cardiovascular tissues in response to
hypoxia (Ronkainen et al. 2007) and ischemic cardiomyopathy (Atluri et al. 2007)
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in rats. Apelin has also been associated with a positive hemodynamic profile (Grisk
2007) and has positive inotropic effects in normal and failing rat hearts (Berry et al.
2004) and in isolated cardiomyocytes (Farkasfalvi et al. 2007). TNF-α is known to
increase blood plasma apelin levels and apelin production in adipose tissue when
administered to mice by intraperitoneal injection (Daviaud et al. 2006). Apelin has
been shown to be present also in human plasma and myocardium, and the left
ventricle apelin mRNA levels increase in chronic heart failure due to coronary heart
disease and dilated cardiomyopathy (Foldes et al. 2003). In addition, the apelin
plasma levels have been reported to increase, especially in the early stage of left
ventricular dysfunction (Chen et al. 2003, Foldes et al. 2003). In contrast, apelin
plasma levels are known to be significantly lower in subjects with stable angina
compared with controls (Li et al. 2008). Low serum apelin levels are also inversely
associated with the severity and the acute phase of CAD (Kadoglou et al. 2010). Weir
et al. (2009) showed for the first time that the plasma apelin concentration was
reduced after AMI in patients with left ventricular systolic dysfunction. In a
recent study, also Kuklinska et al. (2010) reported that Apelin-36 concentrations
were reduced in low-risk first STEMI patients during the first days after infarction.
However, they could not detect any significant difference in the decrease of apelin
between the groups of patients with LVEF <50% and >50% or between those
patients who reached the composite endpoint, which included death, stroke, and
recurrent ischemic event, and those who did not. Thus, it is still unclear whether
apelin is a useful marker of injury and prognosis in AMI.
2.6

Summary

In summary, acute myocardial infarction (AMI) results from the occlusion of a
coronary artery following the rupture of a vulnerable atherosclerotic plaque. The
resulting ischemia leads to severe myocardial injury. Despite the rapid
development of novel treatment methods for AMI and the effective function of
endogenous repair mechanism in response to tissue damage, such as stem cell
mobilization from bone marrow to the site of injury, the comprehensive repair of
the myocardial damage is still a challenge.
New stem cell based methods have been developed to complete the
traditional treatments of AMI. Enhancement of stem cell mobilization as well as
direct injection of stem cells into the infarcted heart has been a topic of intense
investigation for the past ten years. Intracoronary injection of autologous BMCs
into the infarct-related artery after PCI has been shown to slightly improve the LV
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function in patients with AMI. However, the effect of the stem cell treatment on
other clinical endpoints has been poorly studied. Furthermore, the mechanisms
behind the favourable effects of the injected stem cells remain to be resolved.
Paracrine effects of stem cells and interference with the inflammatory reactions in
the injured myocardium have been proposed to be potential mechanisms of action.
It is known that inflammation plays an important role in the pathogenesis of
myocardial infarction and that the levels of inflammatory cytokines and
vasoactive peptides are increased in the blood after AMI. Many of these peptides
and cytokines serve as markers of tissue damage and measurement of these
markers has been shown to provide valuable information about patient outcome
after an acute ischemic event. Therefore, the interplay between inflammation and
stem cells in the healing process of AMI needs to be further studied.
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3

Purpose of the present study

The overall aim of the present study was to assess the effects of intracoronary
BMC injection used as a treatment of STEMI after thrombolytic therapy and PCI.
The specific aims were:
1.

2.

3.

4.

To study the levels of natriuretic peptides and inflammatory mediators before
and after STEMI and to assess if these biomarkers could be used as
determinants of left ventricular functional recovery in patients treated with
intracoronary injection of autologous BMCs (I)
To study the levels of natriuretic peptides and inflammatory mediators before
and after the BMC treatment and to assess if the intracoronary injection of
autologous BMCs has a beneficial effect on these well established prognostic
biomarkers in patients with STEMI (II)
To assess if the BMC treatment after STEMI affects the left ventricular
diastolic function or pulmonary artery pressure since the diastolic dysfunction
is a common complication after STEMI and the BMCs injected into the
infarct-related artery are known to easily migrate to pulmonary area (III)
To study in vitro the effect of inflammation on BMCs derived from STEMI
patients since the inflammatory reaction is known to be an active part of the
repair process of myocardial injury (IV)
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4

Materials and methods

For detailed descriptions of the materials and methods, see the original articles IIV.
4.1

FINCELL study population

The FINCELL clinical trial examined a consecutive series of STEMI patients
treated with thrombolytic therapy who were admitted to the University Hospital
of Oulu (n=68) and University Hospital of Turku (n=12), Finland, between
October 2004 and February 2007 (Huikuri et al. 2008). Inclusion criteria were age
<75 years, both electrocardiogram (ECG) and enzymatic evidence of STEMI, and
thrombolytic therapy initiated within 12 hours after the onset of symptoms.
Exclusion criteria were primary PCI, cardiogenic shock, rescue PCI due to chest
pain, hemodynamic instability or lack of resolution of ST-segment elevations after
thrombolysis, or severe coexisting condition that would have interfered with the
ability of the patient to comply with the protocol. Written informed consent was
obtained from the patients within 2 days after thrombolytic therapy. The study
protocol conformed to the Declaration of Helsinki and was approved by the
Ethical Committee of The Northern Ostrobothnia Hospital District.
The characteristics of all the study patients are presented in Table 4. One
patient randomised into BMC group in fact was not administered the cells and
was excluded because of normal coronary angiography, and one patient was
excluded from the placebo group due to the failure of PCI to open the totally
occluded target vessel. Adequate contrast opacification of left ventricular
angiograms both at baseline and at six months were available for 36 patients in
each group. The two groups were well matched with respect to all baseline
characteristics, including their pharmacological therapy at the time of discharge
from hospital and at 6 months after STEMI.
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Table 4. Characteristics of the FINCELL study patients and major complications.
Patient characteristics

BMC (n=40)

Placebo (n=40)

Age (years)

60±10

59±10

Male sex (%)

90%

85%

Hypertension

16 (41%)

13 (33%)

Diabetes mellitus

5 (13%)

3 (8%)

Previous angina

8 (21%)

7 (18%)

Current smoking

8 (21%)

7 (18%)

anterior

21 (54%)

23 (59%)

inferior

17 (43%)

15 (39%)

other

1 (2%)

1 (2%)

mean

2.8±2.3

3.1±3.9

median

2.0

2.0

19 (49%)

19 (49%)

circumflex coronary artery

6 (15%)

8 (21%)

right coronary artery

14 (36%)

12 (30%)

85±18

79±19

90

85

1-vessel

18 (46%)

24 (62%)

2-vessel

15 (39%)

13 (33%)

3-vessel

6 (15%)

2 (5%)

Electrocardiographic location of infarction

Time delay to thrombolysis (hours))

Infract-related vessel
left anterior descending
coronary artery

%-stenosis of the infarct related artery before PCI
mean
median
Severity of CAD

Number of injected BMCs
Number of mononuclear cells (x106)
mean
median

402±196
360

Number of of CD34+ cells (x106)
mean

2.6±1.6

median

2.6

Time to cell/placebo injection from thrombolysis
(hours)
mean

70±36

80±36

median

60

70
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Patient characteristics

BMC (n=40)

Placebo (n=40)

aspirin

39 (100%)

39 (100%)

clopidogrel

38 (97%)

39 (97%)

warfarin

4 (10%)

5 (13%)

beta-blocker

38 (97%)

39 (100%)

blocker

33 (85%)

32 82%)

statin

39 (100%)

39 (100%)

diuretic

6 (15%)

10 (26%)

n=39

n=38

aspirin

39 (100%)

38 (100%)

clopidogrel

38 (97%)

38 (100%)

warfarin

2 (5%)

1 (3%)

beta-blocker

36 (92%)

38 (100%)

ACE inhibitor/AT II receptor blocker

31 (79%)

30 (79%)

statin

39 (100%)

38 (100%)

diuretic

4 (10%)

5 (13%)

major bleeding

1 (3%)

3 (8%)

no reflow of the infarct artery after PCI

1 (3%)

0

Stent thrombosis

1 (3%)

3 (8%)

CHF needing hospitalization

0

1 (3%)

Recurrent AMI

0

2 (5%)

Death

0

1 (3%)

PCI/CABG during follow-up

3 (8%)

3 (8%)

Medication at discharge

ACE inhibitor/AT II receptor

Medication at 6-months’ follow-up

Major complications
Before discharge from hospital:

During the 6 months’ follow-up:

Values are means ± standard deviation and/or medians. ACE=angiotensin converting enzyme,
AMI=acute myocardial infarction, AT=angiotensin receptor, BMC= bone marrow cell, CABG=coronary
artery bypass grafting, CAD = coronary artery disease, CHF=congestive heart failure, PCI= percutaneous
coronary intervention.

4.2

FINCELL study design

The day of thrombolysis of acute STEMI was defined as day 0. On days 1–2,
patients were randomly assigned, in a double-blinded fashion and in a 1:1 ratio to
either the BMC group or the placebo group, as described previously (Huikuri et al.
2008). Bone marrow aspiration and the preparation of cells were performed
locally in both study centres in the morning preceding the PCI. The cell
administration and PCI was performed 2–6 days after thrombolysis. The efficacy
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of the treatment was assessed by measurement of LVEF by angiography and 2-D
echocardiography, measurement of restenosis by intravascular ultrasound,
measurement of various arrhythmia risk variables by different methods,
measurement of pulmonary artery pressure and LV diastolic function by 2-D
echocardiography, and measurement of various biomarkers from blood samples at
baseline and six months’ follow-up.
4.3

Cell preparation and administration

A total of 80 ml of bone marrow was aspirated into heparin-treated syringes from
the posterior iliac crest under local anesthesia. Mononuclear cell fraction (i.e. a
mixture of bone marrow cells) was isolated from the aspirate using density
gradient centrifugation on Ficoll-Hypaque. After being washed twice with
heparinized physiological saline, the mononuclear cells were suspended in 10 ml
of medium containing 5 ml of the patient´s own serum and heparinized
physiological saline. Then the BMC suspension was filtered through 100µm
nylon mesh (BD Falcon™ Cell Strainer, BD Biosciences, Erembodegem,
Belgium) and subjected to quality-control procedures, i.e. microbial culture for
sterility and flow cytometer analysis for CD34+ cell counting (Sutherland et al.
1996) in the accredited laboratory of the Oulu University Hospital which is
subjected to both outside and inside quality control. The BMC separation
procedure took about 3 h and the intracoronary injection of the cells was
performed within 3 h after the procedure. The placebo medium contained
physiological saline. The validity of the cell preparation system was assessed as
described previously (Huikuri et al. 2008).
PCI of the culprit coronary lesion supplying the infarct area was performed
by standard techniques with the implantation of paclitaxel drug-eluting stents in
all patients. After stenting, the medium containing the BMCs or placebo medium
was injected intracoronarily by using intermittent balloon inflation in the stent at
the time of injection.
4.4

Blood sampling and biochemical determinations

All the patients underwent blood sampling 0–10 days after the onset of symptoms.
The first sample was taken on the day of BMC injection and PCI, and the next
samples 2 and 4 days after BMC injection (study II). The mean baseline sampling
time was 3.5 days after STEMI (study I). The last sample was taken six months
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after BMC injection (studies I and II). Serum was prepared by allowing the blood
to clot for 30 minutes followed by centrifugation at 2000 × g for 10 minutes. The
serum was stored at -20ºC until analyzed. Blood samples for plasma extraction
were collected on ethylenediamine tetraacidic acid (EDTA) tubes on ice,
immediately spun and the plasma was stored at -70ºC until analyzed.
The concentration of high-sensitivity CRP (hsCRP) was determined from
serum and the concentration of troponin-I (TnI) from plasma samples with
Innotrac Aio! analyzer. Immunofluorometric Innotrac Aio!™ ultrasensitive CRP
assay and Innotrac Aio!™ 2nd generation cardiac troponin-I assay (Innotrac
Diagnostics, Turku, Finland) were used.
Serum IL-6 and TNF-α levels were analyzed using a sandwich, enzymelinked immunosorbent assay (ELISA) (Quantikine High Sensitivity Immunoassay,
R&D Systems Inc., Minneapolis, MN).
The plasma concentrations of NT-proANP and NT-proBNP were determined
with radioimmunoassay utilizing antisera directed to NT-proANP46–79 and NTproBNP10–29, as described in detail previously (Ala-Kopsala et al. 2004, AlaKopsala et al. 2005) Apelin and adrenomedullin were assayed from SepPak C18
extracted plasma samples with goat antisera specific to preproapelin66-77 (apelin12) and preproadrenomedullin119-133 (adrenomedullin25–39), respectively, using
methods described previously (Miettinen et al. 2007, Romppanen et al. 1997).
4.5

Measurement of left ventricular ejection fraction

Left ventricular angiograms were performed at the time of baseline cardiac
catheterization and PCI and repeated with identical standard projections at 6
months after STEMI. An experienced investigator in a central core laboratory
quantitatively analyzed the left ventricular angiograms (LV cineangiography) with
Philips Integris BH5000 system (Philips Medical System, Netherland B.V, The
Netherlands), unaware of the patient´s treatment assignment. Left ventricular
volumes and LVEF were calculated with the use of the biplane area-length
method including the LV outflow tract in the measurements (Huikuri et al. 1992).
4.6

Assessment of pulmonary artery pressure, left ventricular
filling pressure and diastolic properties of the left ventricle

A 2-dimensional echocardiogram was performed within 2 days after the PCI and
at 6 months after STEMI. Systolic PA pressure was derived from the peak
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velocity of the tricuspidal regurgitation. Left ventricular diastolic function and
filling pressure (LVFP) were derived from the transmitral and pulmonary venous
velocities and mitral annulus motion. Measurements from the transmitral flow
were early (E) and late diastolic wave velocity (A), deceleration time of early
diastolic wave (Edec) and isovolumic relaxation time. The ratio between early and
late diastolic wave velocity (E/A) was calculated. Parameters measured from the
pulmonary venous flow were systolic and diastolic forward flow wave velocity
and their ratio. Tissue Doppler measurements from the septal mitral annulus were
the velocity of early (E´) and late mitral annulus motion (A´) and their ratio(E´/A´)
was calculated. For the assessment of LVFP, the ratio between early diastolic
wave velocity and early diastolic velocity of mitral annulus (E/E’) was calculated.
On the basis of these parameters, the patients were assigned to four groups:
normal diastolic function or mild, moderate or severe diastolic dysfunction.
Diastolic function was considered normal when the E/A ratio was in the range
between 0.75 and 1.5 and E/E´ < 10. Mild dysfunction was considered when E/A
< 0.75, moderate when E/E´ > 10 and severe when E/A > 1.5 and E/E´ > 10. In
borderline cases, isovolumic relaxation time, deceleration time of early diastolic
wave and pulmonary venous flows were used in the classification as previously
described (Quinones 2005, Redfield et al. 2003). Patients whose parameters after
these considerations were borderline and suggestive but not definitive for
diastolic dysfunction were classified as indeterminate (Quinones 2005, Redfield
et al. 2003).
4.7

In vitro studies with bone marrow-derived stem cells

4.7.1 Human mesenchymal stem cell (MSC) culture
Those cells that were not used for the treatment of the FINCELL patients were
cultured for study IV. One aliquot of the BMC fraction was plated into 25 cm2
tissue culture flask and cultured in 5ml medium containing alpha MEM (Gibco,
Paisley, UK) buffered with 20 mM HEPES (Gibco) and containing 10% heatinactivated fetal calf serum (FCS; Bioclear, Netherlands), 100 U/ml penicillin, 0,1
mg/ml streptomycin, 2 mM L-glutamine (Gibco). Cells were cultured at +37°C in
5% CO2 and 95% air. After one day, the medium was changed and non-attached
cells were washed away. The attached cells were cultured in a flask and the
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medium was replaced two times per week until near-confluence. The cells were
passed two times before the analyses.
4.7.2 TNF-α exposure and MTT proliferation assay
hMSCs were cultured in 96-well plates in six replicates. 500 cells/well were
plated and after one day of culture, the medium was removed and a new medium
containing 3ng/ml of TNF-α (Invitrogen, Carlsbad, CA, USA) was added to the
cells. The TNF-α exposure was continued for 1 day or 4 days and after that, the
cells were further cultured for two weeks. Cell proliferation was measured by the
MTT assay after 1, 4, 7, and 14 days culture. The absorbance of the reduced form
of MTT was measured at 550 nm and 650 nm (background) in a plate reader
(Victor 2, Wallac Oy, Turku, Finland).
4.7.3 Flow cytometric analysis of cell surface antigens
hMSCs were detached from culture flasks, counted and suspended in PBS with
0.5% BSA in a concentration of 100 000 cells/ml. The minimum criteria panel of
cell surface markers for hMSCs proposed by International Society for Cellular
Therapy (ISCT) (Dominici et al. 2006) was evaluated. Cells were labeled with the
following positive panel of conjugated antibodies: CD90, CD73, HLA, CD105
and CD54. The following negative panel of conjugated antigens was incubated
simultaneously as a group: CD45, CD14, CD34, CD19 and HLA-DR. After 20
minutes of incubation at room temperature with the conjugated antibodies, cells
were washed once with PBS + 0.5% BSA then suspended in the same buffer and
analyzed with FACSCalibur (Becton Dickinson). Signal spillover was
compensated offline with FlowJo software (TreeStar Inc.Ashland, OR). All data
analysis was also performed with FlowJo.
4.7.4 Two-dimensional difference gel electrophoresis (2D DIGE) and
mass spectrometry (MS)
For the proteomic study, TNF-α exposed (1 and 4 days) and unexposed hMSC`s
were cultured in flasks for three passages, washed twice with PBS, detached using
trypsin–EDTA solution (Gibco) and stored at -70°C. Three biological replicates
were studied. Proteins were purified by acetone precipitation, resuspended in urea
buffer (7 M urea, 2 M thiourea, 4% [w/v] CHAPS, 30 mM Tris, pH8.5) and
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incubated for 10 minutes in an ultrasonic bath. After centrifugation and protein
determination of the supernatants, the protein aliquots (50 µg) were stored at 20ºC. Protein labelling was performed with CyDye DIGE Fluor minimal dyes
(GE Healthcare, Piscataway, NJ) according to the manufacturer`s protocol using
400 pmol Cy3 (pooled standard) and Cy5 (controls, treated) for 50 µg protein.
Proteins were separated as described earlier (Annunen-Rasila et al. 2007). For the
protein identification, excised spots were digested as described (Annunen-Rasila
et al. 2007).
Peptide masses were measured with a VOYAGER-DETM STR (Applied
Biosystems, Foster City, CA) and the peptide sequences were obtained with a QTOF (Micromass, Milford, MA). Proteins were identified by full database search
(Aldente database version 11/02/2008, [http://au.expasy.org/tools/aldente/] with
the following parameters: 20 ppm; 1 missed cut; [M+H]; +CAM; +MSO; Mascot
[http://www.matrixscience.com/search_form_select.html]). Further information
about the proteins was obtained from the UniProtKB database
(http://www.uniprot.org/).
4.7.5 Co-culture of human MSCs with THP-1 cells and peripheral
blood mononuclear cells (PBMC)
THP-1 cells (i.e. undifferentiated macrophages) (ATCC number TIB-202) (1×105
/ ml) were cultured on 24-well plates in 500 µl medium containing RPMI 1641
medium (Lonza, Switzerland)) buffered with 20 mM HEPES and containing 10%
heat-inactivated fetal calf serum, 100 U/ml penicillin, 0,1 mg/ml streptomycin, 2
mM L-glutamine. THP-1 cells were treated with 100 ng/ml PMA (Sigma-Aldrich)
for 2 days. Before the co-culture with hMSCs, the PMA treatment was stopped
and the THP-1 cells were washed twice with PBS.
hMSCs were grown in 75 cm2 cell culture flasks and passed two times before
the analyses. Half of the cells were treated with 3ng/ml of TNF-α (Invitrogen,
Carlsbad, CA, USA) for 4 days and the other half of the cells were controls. After
the TNF-α exposure, the hMSCs were detached from culture flasks, counted, and
cultured on 24-well plates 1:1 with THP-1 cells in 500 µl medium containing
alpha MEM, 20 mM HEPES, 100 U/ml penicillin, 0,1 mg/ml streptomycin, and 2
mM L-glutamine. The following assays were performed both with TNF-α
exposed MSCs and control MSCs: (1) MSCs (1×105 / ml) + THP-1 cells (1×105 /
ml) + LPS (055:B5 E. coli, Sigma-Aldrich, 100 ng/ml), (2) MSCs + THP-1 cells,
(3) MSCs + LPS, and (4) MSCs. In addition, the following THP-1 control assays
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were performed: (5) THP-1 cells (1×105 / ml) + LPS (100 ng/ml) and (6) THP-1
cells. Three different MSC lines were used and three parallel samples were
included in each assay. Supernatants were then collected at 24 hours and stored at
-70°C until use. IL-10 and TNF-α levels in the cell culture supernatants were
determined by ELISA assay.
PBMCs from blood buffy coats were isolated using Ficoll-Hypaque
(Amersham Biosciences, Piscaway, NJ, USA) gradient centrifugation. The coculture assay of MSCs and PBMCs was performed using the same method as in
the co-culture of MSCs and THP-1 cells.
4.8

Statistical analysis

The data were analysed using the SAS system, version 9.1 for Windows (SAS
Institute Inc., Cary, NC, USA) (study I), SPSS 14.0 (SPSS Inc, Chicago, IL)
(studies II and IV), and SPSS 16.0 (study III). All variables are expressed as
means ± standard deviation (studies I and III), means ± standard error of the mean
(studies II and VI), or medians with interquartile range with skewed data.
In study I, Kruskal-Wallis test was applied to determine the differences of the
natriuretic peptide and inflammatory marker levels between the two treatment
groups (BMC/placebo) at baseline. A change in the LVEF measured by left
ventricular cineangiography was used as an index of functional recovery.
Spearman’s correlation analysis was used to determine the predictors of the
absolute change in LVEF in stem cell and placebo groups. The most important
clinical and laboratory variables were included in the correlation analysis. The
association of certain laboratory values with the change in LVEF were further
analysed with linear regression model. The possible interaction between
inflammatory markers or natriuretic peptides and treatment group were added to
the regression model to investigate whether the inflammatory markers or
natriuretic peptides and the change in LVEF had different associations in the two
treatment groups. Logarithmic transformation was performed for laboratory
measures, and the baseline LVEF was squared to correct the skewness of the
distributions. For further analyses, patients were divided into subgroups based on
their median value of LVEF. The absolute change of LVEF in different subgroups
was analysed using a univariate analysis-of-variance model.
In studies II and IV, data were compared using one sample t-test. The
between-group comparisons were performed using Mann-Whitney tests in study
II and analysis-of-variance model in study IV. Correlation analyses in study II
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between inflammatory markers and natriuretic peptides were conducted using
Spearman’s correlation analysis.
In study III, analysis of covariance was used to compare the differences in PA
pressure, individual parameters of diastolic function and LVFP between the
groups including each baseline variable as a covariate. Changes in diastolic
classification were analyzed with Wilcoxon signed ranks test. Categorical values
except for diastolic function were analyzed with χ2 -test or Fisher’s exact test, as
appropriate. Correlations were tested with Pearson’s correlation test. All P values
were two-tailed and statistical significance was set at P<0.05.
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5

Results

5.1

Determinants of the change of ejection fraction in STEMI
patients after intracoronary BMC injection (I)

The associations of several demographic, clinical and laboratory values with the
absolute change of LVEF between baseline and six months’ follow-up are shown
in Table 5. There was a strong association between the baseline LVEF and the
change of LVEF (r=-0.58, P<0.001) and between baseline NT-proBNP level and
the change of LVEF (r=0.33, P=0.050) in the BMC group but not in the placebo
group. In addition, the effect of the time delay from STEMI to thrombolysis was
statistically significant in the BMC group (r=0.38, P=0.024). It is notable that the
maximum level of troponin-I (TnI), the marker of the size of the infarction injury,
was not associated with the change of LVEF in either group (Table 5).
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Table 5. Association of baseline demographic characteristics and laboratory values
with the absolute change of global left ventricular ejection fraction.
Variable

BMC Group

Placebo Group

Spearman’s r

P value

Spearman’s r

Age

0.072

0.67

-0.067

P value
0.70

Gender

0.076

0.66

-0.19

0.26

Body mass index

0.033

0.86

-0.012

0.95

Diabetes mellitus

-0.12

0.49

0.024

0.89

Current smoking

-0.032

0.86

-0.11

0.55

Previous angina

0.68

-0.058

0.74

-0.072

Time from AMI to thrombolysis (h)

0.38

0.024

0.13

0.47

LVEF (%)

-0.58

<0.001

-0.28

0.096

Severity of CAD

0.079

0.65

0.050

0.77

-0.084

0.63

0.11

0.51

0.15

0.39

0.024

0.91

-0.064

0.71

-0.023

0.89

(number of vessels 1/2/3)
Infarct-related vessel (LAD/Cx/RCA)
Number of injected CD34+ cells
Time from AMI to cell/placebo injection
(hours)
Baseline NT-proANP (pmol/L)

0.093

0.59

-0.011

0.95

Baseline NT-proBNP (pmol/L)

0.33

0.050

-0.25

0.14

Baseline IL-6 (pg/mL)

0.13

0.45

0.23

0.18

Maximum value of CRP (mg/L)

-0.036

0.85

-0.23

0.21

Maximum value of TnI (µg/L)

-0.11

0.56

-0.16

0.39

AMI=acute myocardial infarction, LVEF=left ventricular ejection fraction, CAD=coronary artery disease,
LAD=left anterior descending coronary artery, Cx=circumflex coronary artery, RCA=right coronary artery,
NT-proANP=N-terminal proatrial natriuretic peptide, NT-proBNP=N-terminal probrain natriuretic peptide,
IL-6=interleukin-6, CRP=C-reactive protein, TnI=troponin-I.

According to the correlation analysis, the level of NT-proBNP appeared to be the
only laboratory value associated with the change of LVEF. However, the change
of LVEF was so strongly dependent on the baseline value of LVEF that it was
reasonable to adjust the further analyses with this variable. A linear regression
model was applied to assess whether baseline IL-6, NT-proANP, or NT-proBNP,
in addition to baseline LVEF, were predictors of the change of LVEF in BMC and
placebo group. A test of interaction was included in the model to compare the
associations between the two treatment groups. In the adjusted model, a strong
interaction was found between the change of LVEF and baseline NT-proBNP
(P<0.001, Figure 2A) and the change of LVEF and baseline NT-proANP (P=0.052,
Figure 2B) in the BMC group but not in the placebo group. No significant
association was found between IL-6 and the change of LVEF in either group
(Figure 2C).
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Fig. 2. Association of natriuretic peptides and interleukin-6 with the absolute change in global left ventricular ejection fraction

(LVEF). Associations were determined with linear regression model adjusted with baseline LVEF.

In a further analysis, patients were divided into two subgroups according to the
baseline LVEF. Patients with baseline LVEF at or below median (≤62.5%)
experienced a significantly greater improvement of the global LVEF
(+12.7±12.5%units, P<0.001) after BMC therapy than patients with baseline
LVEF above the median (-0.8±6.3%units, P=0.12). In the placebo group, the
improvement of global LVEF did not differ between patients with LVEF below
and patients with LVEF above the median (Figure 2).

Fig. 3. Interaction between baseline left ventricular ejection fraction (LVEF) and the
absolute change in global LVEF shown as box (25%-75% percentiles) and whiskers
…

(range) with median (-) and mean ( ). P values for interactions were determined by
analysis-of-variance.

5.2

Effect of the intracoronary BMC injection on the biomarker
levels of STEMI patients (II)

In the time period from baseline to six months, a significant decrease occurred in
the levels of natriuretic peptides NT-proBNP (-178.21±77.17 pmol/L, P<0.001),
apelin (-0.63±0.31 pmol/L, P=0.044) and adrenomedullin (-2.92±0.47 pmol/L,
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P<0.001) in the whole patient population. However, no difference in the levels of
NT-proANP, NT-proBNP, apelin or adrenomedullin was observed between the
BMC and placebo group at either 2–4 days after stem cell injection or at six
months (Table 6, Figure 4). Furthermore, there was no difference between the
groups in the absolute change in the peptide concentrations (Table 7). The NTproBNP concentration displayed a strong positive correlation with IL-6 (r=0.39,
P=0.001), CRP (r=0.40, P=0.002), and TNF-α (r=0.31, P=0.008) concentrations
2–4 days after stem cell injection. In addition, the NT-proANP concentration
correlated with CRP (r=0.29, P=0.027) levels 2–4 days after stem cell injection.
The maximum level of TnI (Table 6) correlated with natriuretic peptides NTproANP (r=0.30, P=0.02) and NT-proBNP (r=0.40, P=0.001), but did not
associate with the levels of inflammatory mediators CRP (r=0.15, P=0.3) or IL-6
(r=0.22, P=0.09) at baseline.
Table 6. The concentrations of natriuretic peptides and inflammatory markers at
baseline and six months’ follow-up.
Variable
NT-proANP
(pmol/L)
NT-proBNP

BMC group (n=39)

Placebo group (n=39)

Baseline

6 months

Baseline

6 months

1346

1308 (395 to 3490)

1197

1371 (475 to 4422)

264 (41 to 1287)

132 (41 to 1402)

259 (41 to 1095)

99 (41 to 937)

3.68

3.00 (1.31 to 6.00

3.48

3.34 (1.31 to 16.47)

(601 to 5293)

(443 to 3707)

(pmol/L)
Apelin (pmol/L)

(1.31 to 10.99)
Adrenomedullin
(pmol/L)
IL-6 (pg/mL)

(1.31 to 8.90)

13.90

12.90

15.50

(7.60 to 29.90)

(3.70 to 19.60)

(2.20 to 26.10)

6.73

1.92 (0.64 to 9.34)

(1.90 to 40.90)
CRP (mg/L)
TNF-α (pg/mL)

1.19 (0.20 to 12.96)

(1.20 to 56.63)

25 (4.0 to 190)

1.33 (0.1 to 34.9)

23 (3.0 to 157)

1.08 (0.20 to 9.80)

1.07

0.92 (0.44 to 5.17)

1.53

1.86 (0.08 to 50.07)

(0.32 to 48.12)
maxTnI (µg/L)

9.63

11.15 (6.70 to 30.90)

10.72

(0.15 to 47.57)
not measured

(1.17 to 154)

5.54

not measured

(0.20 to 198)

Data are shown as median and range. CRP= C-reactive protein, IL-6=interleukin-6, maxTnI=maximum
level of troponin-I, NT-proANP=N-terminal proatrial natriuretic peptide, NT-proBNP=N-terminal probrain
natriuretic peptide, TNF-α=tumor necrosis factor alpha
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Fig. 4. Serum

levels

of

(A)

NT-proANP,

(B)

NT-proBNP,

(C)

apelin

and

(D)

adrenomedullin 2–4 days and 6 months after stem cell injection shown as box (25%-75%
percentiles) and whiskers (range) with median (-).

There was a significant decrease in the levels of IL-6 and CRP from baseline to
six months in the whole patient population (-6.87±1.46 pg/mL, P<0.001 and 34.98±5.30 mg/L, P<0.001, respectively). However, the stem cell injection did
not significantly affect the levels of IL-6 or CRP after PCI as compared to placebo
injection (Figure 5A and 5B). In addition, there was no difference between the
BMC and placebo groups in the absolute levels of CRP and IL-6 at 6 months
(Table 6) or in the change of IL-6 or CRP levels between baseline and 6 months
(Table 7). The mean baseline IL-6 level correlated with the IL-6 concentration 6
months after infarction (r=0.47, P<0.001). In addition, the maximum IL-6 value
measured at baseline correlated with the maximum value at 6 months (r=0.45,
P<0.001).
Stem cell injection did not significantly affect the TNF-α level after PCI
(Figure 5C). In addition, there was no difference between the BMC and placebo
groups in the TNF-α concentration at 6 months (Table 6). Also the change in
68

TNF-α concentration was similar between the groups (Table 7). The mean
baseline TNF-α level correlated with the TNF-α concentration 6 months after
infarction (r = 0.87, P < 0.001).

Fig. 5. Median levels of (A) IL-6, (B) CRP, and (C) TNF-α after stem cell injection. Filled
square = BMC group (n = 39), filled circle = placebo group (n = 39).
Table 7. The change in the levels of natriuretic peptides and inflammatory markers
from baseline to six month’s follow-up.
Variable

BMC group

Placebo group

NT-proANP (pmol/L)

-54 (-2422 to 1771)

+112 (-1062 to 1059)

P value
0.48

NT-proBNP (pmol/L)

-88 (-1140 to 1049)

-115 (-1009 to 114)

0.78

Apelin (pmol/L)

-1.09 (-8.50 to 2.26)

-0.15 (-4.72 to 13.06)

0.19

Adrenomedullin (pmol/L)

-2.3 (-13.90 to 2.50)

-3.1 (-12.10 to 7.20)

0.65

IL-6 (pg/mL)

-3.86 (-34.57 to 0.57)

-5.61 (-56.43 to 58.65)

0.61

hsCRP (mg/L)

-20.29 (-186.90 to -2.35)

-22.36 (-153.30 to -1.92)

0.77

TNF-α (pg/mL)

-0.12 (-42.95 to 0.87)

-0.80 (-20.32 to 6.00)

0.87

Data are shown as median and range. P values for between-group differences were determined with
Mann-Whitney test.

In a further analysis, patients were divided into two subgroups according to their
baseline LVEF and the change in the levels of natriuretic peptides and
inflammatory markers was studied in patients with baseline LVEF below the
median (≤62.5%). However, even the patients with low LVEF exhibited no
difference in the levels of natriuretic peptides or inflammatory markers between
BMC and placebo group (Table 5).
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5.3

Effect of the intracoronary BMC injection on pulmonary artery
pressure of STEMI patients (III)

PA pressure could be reliably measured in 21 patients in the BMC group and 23
patients in the placebo group at baseline and at six months. Figure 6 shows PA
pressure at baseline and at the 6-month follow-up. At six months, BMC group
displayed a trend toward a reduction of systolic PA pressure (from 20.2±7.0
mmHg at baseline to 17.5±4.1 mmHg at six months, p=0.09), while the placebo
group exhibited a significant increase of systolic PA pressure (from 18.7±8.4
mmHg to 23.7±8.1 mmHg, p=0.03) (mean difference -2.7±7.0 mmHg in the
BMC vs. +4.9±10.1 mmHg in the placebo group, p=0.002 between the groups).
The change in the systolic PA pressure did not correlate with the change of LVEF,
LVFP or any of the individual diastolic parameters in either treatment groups.

Fig. 6. Comparison of baseline and 6-month follow-up PA pressure. Error bars indicate
mean ± SD.

5.4

Effect of the intracoronary BMC injection on LV diastolic
function and LV filling pressure of STEMI patients (III)

The parameters reflecting LV diastolic function are presented in Table 6.
According to these parameters, the patients were allocated to four groups
representing diastolic function as previously described and validated (Table 7)
(Poulsen et al. 1999, Quinones 2005, Redfield et al. 2003). No significant
differences between the BMC and placebo groups were observed in the individual
parameters representing diastolic function or LVFP at baseline or at the six month
follow-up. However, the class of the diastolic dysfunction improved significantly
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in the BMC group (p<0.001) but did not change in the control group during the
six months’ follow-up. The changes in diastolic function improved in eleven
patients and became worse in one patient in the BMC group whereas it improved
in seven patients but deteriorated in seven patients in the placebo group.
Table 8. Parameters describing diastolic function.
Variable

BMC Group

Placebo Group

Baseline

6 months

Baseline

6 months

E

64.53±17.3

64.39±14.67

64.35±19.39

63.31±16.73

A

58.46±19.37

60.36±15.23

60.19±15.80

58.97±20.48

E/A

1.17±0.55

1.13±0.38

1.19±0.52

1.23±0.79

Edec

179.49±64.28

192.41±71.04

162.33±46.87

186.74±81.78

IVRT

106.46±39.53

103.95±23.51

104.69±34.97

110.95±25.00

S

16.76±10.98

15.28±4.32

15.26±7.39

15.41±4.79

D

11.59±9.60

11.74±2.82

11.38±5.59

10.85±3.60

S/D

1.61±0.61

1.36±0.45

1.47±0.54

1.51±0.50

E´

7.10±2.08

7.45±2.57

7.30±2.63

7.43±2.83

A´

8.61±2.51

8.41±2.29

8.01±2.00

8.36±2.26

E´/A´

0.87±0.32

0.92±0.36

0.94±0.32

0.93±0.37

E/E´

9.55±2.79

9.29±2.81

9.90±4.24

9.61±4.20

Values are means ± standard deviation. E=early diastolic wave velocity, A=late diastolic wave velocity,
Edec=deceleration time of early diastolic wave, IVRT=isovolumic relaxation time (IVRT) S=systolic forward
flow wave velocity, D=diastolic forward flow wave velocity, E´=early mitral annulus motion velocity,
A´=late mitral annulus motion velocity

Table 9. Subgroup division according to diastolic parameters.
Diastolic
(dys)function

BMC Group

Placebo Group

Both Groups

Baseline

6 months

Baseline

6 months

Baseline

6 months

Normal

12 (30.8%)

22 (56.4%)

20 (51.3%)

19 (50.0%)

32 (41.0%)

41 (53.2%)

Mild

11 (28.2%)

5 (12.8%)

6 (15.4%)

8 (21.1%)

17 (21.8%)

13 (16.9%)

Moderate

7 (17.9%)

6 (15.4%)

6 (15.4%)

7 (18.4%)

13 (16.7%)

13 (16.9%)

Severe

4 (10.3%)

1 (2.6%)

4 (10.3%)

1 (2.6%)

8 (10.3%)

2 (3.9%)

Indeterminate

5 (12.8%)

5 (12.8%)

3 (7.7%)

3 (7.9%)

8 (10.3%)

8 (10.4%)

Total

39 (100%)

39 (100%)

39 (100%)

38 (100%)

78 (100%)

77 (100%)

Data are presented as n (%)
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5.5

Effects of TNF-α exposure on human bone marrow-derived
MSCs in vitro (IV)

5.5.1 Effect of TNF-α exposure on the proliferation of hMSCs
Four days of TNF-α exposure resulted in a significant enhancement of the growth
of hMSCs compared to non-exposed cells (Figure 7A). The most remarkable
growth period of the cells started after four days of incubation, when the TNF-α
exposure was stopped. The cell count after 14 days of incubation was on average
301 000 cells (33%) higher in the TNF-α stimulated cell culture than in the
control culture (Figure 7B).

Fig. 7. Effect of TNF-α exposure on the proliferation of hMSCs. (A) MTT proliferation
assay after 4 days of exposure to 3 ng/ml TNF-α. (B) The cell number was determined
by counting after the cells had been detached. The analysis was conducted at day 14
on MSCs that had been stimulated with 3 ng/ml of TNF-α for 4 days. Data are shown as
means ± SE of a representative of 11 experiments. * P<0.05 vs. control.

5.5.2 Effect of TNF-α exposure on the mesenchymal stem cell
markers, CD54, and HLA-ABC
The minimum criteria panel of cell surface markers for hMSCs proposed by
International Society for Cellular Therapy (ISCT) (Dominici et al. 2006) was
evaluated from all MSC lines analyzed, and each of the lines met the criteria. The
percentage values of positive MSC markers were CD90 99.81±0.23%, CD105
99.58±0.37%, CD73 99.66±0.28% and HLA-ABC 97.58±3.06%. The percentage
value of negative markers (CD14, CD34, CD45, CD19 and HLA-DR) was
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1.80±0.58%. Thus, the marker analysis showed that the cell cultures contained
almost purely MSCs.
Four days of TNF-α exposure resulted in a significant decrease in the MSC
markers CD90 and CD105 (Fig. 8A). Four different MSC lines were exposed to
TNF-α for 4 days and the cell surface analysis was performed and compared to
control cells. The fluorescence intensities of CD90 and CD105 were decreased by
an average of 0.7-fold and 0.6-fold, respectively, in TNF-α stimulated cells
compared to control cells. Moreover, in some cases, the number of positive cells
for stem cell markers was decreased if one used the criteria that ISCT has
proposed (data not shown). This indicates that some of the cells no longer met the
criteria of real mesenchymal stem cells. However, when the TNF-α-exposure was
stopped, the expression of these proteins returned to the control level. The
fluorescence intensity of CD73 did not change significantly during or after the
TNF-α-exposure (Fig. 8A). In addition, there were no differences between control
and TNF-α exposed cells in their expression of a negative panel of cell surface
antigens, namely CD14, CD19, CD34, CD45 and HLA-DR (data not shown).

Fig. 8. Effect of TNF-α exposure on mesenchymal stem cell markers CD90, CD73,
CD105, CD54 and HLA-ABC compared to control cells. Results are presented as the
mean of four different MSC lines. (A) Flow cytometric analysis revealed that TNF-α
exposure results in reversible changes to the expression of mesenchymal stem cell
markers and HLA-ABC. (B) Flow cytometric analysis revealed that TNF-α exposure
results in a reversible but dramatic increase in CD54 expression. The flow cytometric
analyses were conducted at day 4 and day 14 on MSCs that were exposed to 3 ng/ml
of TNF-α for 4 days.
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Four days of TNF-α exposure resulted in a significant increase in the expressions
of HLA-ABC (Fig. 8A) and CD54 (Fig. 8B). The fluorescence intensities of
HLA-ABC and CD54 were 1.7 and 36 times higher, respectively, in TNF-α
stimulated cells compared to control cells. These changes also recovered to the
control level after the TNF-α exposure was terminated.
5.5.3 Proteomic screening of MSCs to identify TNF-α-regulated
proteins
The role of TNF-α in MSC regulation and differentiation was further investigated
by 2D DIGE. The comparison of the MSC proteome without and with TNF-α
exposure (1 and 4 days) revealed 19 altered spots. Mass spectrometry analyses
identified 11 proteins within 15 spots i.e. several proteins were present in the
multiple spots (Figure 9). TNF-α exposure resulted in a minor decrease in the
levels of cystatin B (CSTB), ribose-phosphate pyrophosphokinase 1 (PRPS1) and
transgelin (TAGLN). However, the majority of changed proteins were found to be
upregulated. The expression profiles revealed that for interferon-induced protein
with tetratricopeptide repeats 1 (IFIT1) and interferon-induced GTP-binding
protein MX1 an upregulation was observed only after 4 days of exposure. In
contrast, β-2-microglobulin (B2M), proteasome activator subunit 1 and 2 (PSME1
and 2), superoxide dismutase (SOD2) and signal transducer and activator of
transcription 1 (STAT1) were already induced at an earlier stage (1 day) whereas
longer exposure (4 days) resulted in a further increase in the protein levels.
Interestingly, the comparison of different exposure times revealed also that the
induced septin 9 (SEPT9) level was only detectable after 1 day but not after 4
days. Overall, this analysis revealed early and late effects in TNF-α regulation.
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Fig. 9. 2D DIGE identified TNF-α-dependent alterations in the MSC proteome. A typical
2-D gel of TNF-α exposed MSCs is shown. Enlarged gel parts represent the altered
proteins without (co) and with TNF-α exposure for 1 and 4 days. The expression
profiles for all three replicates without (co) or with exposure for 1 and 4 days (1,4) are
shown on the right panel. Stem cell proteins were labeled with CyDye DIGE Fluor
minimal dyes and separated by 2-DE (pH 3-10 NL).
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5.5.4 Co-culture of MSCs with PBMCs and THP1-cells to analyze the
effect of TNF-α-exposure on immunosuppression
To test the effect of TNF-α-exposure on the immunosuppressive properties of
MSCs, they were co-cultured with PBMCs and THP-1 differentiated macrophagelike cells in the presence of LPS. In the co-culture of TNF-α exposed MSCs and
differentiated THP1-cells (Fig. 10A) the TNF-α levels were slightly reduced
compared to control, but the difference was not statistically significant. However,
in the co-culture of TNF-α exposed MSCs and PBMCs (Fig. 10B) there was a
significant decrease in TNF-α levels compared to controls. Overall, the decreased
TNF-α level was detected in 5 cell lines out of the 6 lines tested. Additionally, the
levels of IL-10 were higher in the co-culture of TNF-α exposed MSCs and
PBMCs compared to controls (Fig. 10C) even though the difference did not reach
statistical significance. In a co-culture of MSCs and THP-1 cells, the IL-10 levels
were below the level of detection (data not shown). Therefore, the effect of MSCs
on IL-10 production of THP-1 cells could not be determined.

Fig. 10. Effect of TNF-α exposure on immunosuppression. (A) TNF-α levels compared
to control in a co-culture of TNF-α exposed MSCs and differentiated THP-1 cells in the
presence of LPS. (B) TNF-α levels compared to control in a co-culture of TNF-α
exposed MSCs and PBMCs in the presence of LPS. (C) IL-10 levels compared to
control in a co-culture of TNF-α exposed MSCs and PBMCs in the presence of LPS.
Data are shown as means ± SE of a representative of 3 parallel samples in 3 cell lines.
* P<0.05 vs. control.

76

6

Discussion

6.1

Determinants of the left ventricular functional recovery of
STEMI patients after intracoronary BMC treatment (I)

The main finding in study I was that the baseline LVEF is the most important
determinant of left ventricular functional recovery of patients with STEMI who have
been treated with BMC. Even though the baseline LVEF was quite high in the present
study (59±11% in the BMC group and 62±12% in the placebo group), the difference
in the change of LVEF was still more marked in the BMC group (7.1±12.3%) than in
the placebo group (1.2±11.5%) after six months follow-up (P=0.05). In addition, the
recovery in global LVEF was most marked in those patients who had experienced the
most severe impairment of LVEF (≤62.5%) on admission. This result is in line with
previous studies (Schächinger et al. 2006, Tendera et al. 2009, Wollert et al. 2004). It
was also found that the baseline levels of natriuretic peptides NT-proANP and NTproBNP were associated with the LVEF recovery after stem cell treatment.
The impact of BMC dose and several different demographic and clinical
parameters on the recovery of LVEF was tested in this study. Also in the BOOST
study (Wollert et al. 2004) a subgroup analysis achieved by dividing the patient
population into different demographic categories was performed. However, these
investigators only compared the treatment efficacy between BMC and control
groups but did not assess if there was any difference in the BMC treatment effect
between the demographic subgroups. According to the BOOST study, four factors
i.e. female sex, age > 58 years, low number of traditional risk factors (diabetes,
hypercholesterolemia, hypertension and current smoking), and > 8 hours time
delay from STEMI to primary PCI resulted in a greater improvement of the LVEF
after BMC treatment. The present study examined the same variables but no such
associations were observed with the change of global LVEF. However, there are
some substantial differences between the present study and the previous reports.
All previous randomized trials (see table 2) have used primary PCI in the initial
treatment of patients compared to thrombolysis in the present study. In some
studies, the BMC delivery has occurred during the very early phase after AMI (Ge
et al. 2006, Janssens et al. 2006, Wollert et al. 2004). Furthermore, the time of
storage of BMCs has been longer in some of these studies. (Wollert et al. 2004).
Here, the BMC delivery occurred shortly after the cell aspiration. This may partly
explain the larger impact of the BMC therapy on global LV function in the present
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study in those patients with impaired baseline LV function compared to the results
achieved in previous reports.
The most widely used laboratory marker for the size of the infarction injury is
the plasma level of TnI. In the present study, the maximum level of TnI correlated
with baseline LVEF but did not associate with the absolute change of LVEF after
stem cell treatment. In addition, TnI did not correlate with markers of
inflammation. These results indicate that even though the myocardial infarction
evoked strong inflammatory reactions, which appeared to be independent of the
size of the infarction injury, the administration of stem cells did not interfere with
inflammatory processes. However, the injected stem cells seem to have
interactions with several other proteins, such as natriuretic peptides, suggesting
that their mechanism of action is more likely hemodynamic rather than antiinflammatory.
The NT-proBNP level measured at hospital admission is known to be closely
associated with mortality both in the acute phase and at long term follow-up after
myocardial infarction treated with primary PCI (Kwon et al. 2009, Valente et al.
2009). In addition, the concentration of NT-proANP measured 2–7 days after
acute myocardial infarction in patients with low LVEF has a strong and
independent prognostic value for predicting subsequent cardiac morbid events
(Otterstad et al. 2002). In study I, the baseline levels of these natriuretic peptides
also predicted the change of LVEF in the BMC group i.e. the higher the levels of
the natriuretic peptides, the more marked the improvement in LVEF. These results
suggest that BMC therapy may produce more beneficial effects in those patients
with more marked hemodynamic deterioration after the AMI.
6.2

The levels of inflammatory markers and natriuretic peptides of
STEMI patients after intracoronary BMC treatment (I-II)

There is an elevation in blood cytokine levels after myocardial infarction
attributable to the local inflammatory reaction in the myocardium (Frangogiannis
et al. 2002). It has been postulated that the proinflammatory cytokine IL-6 could
regulate collagen formation and remodelling of the left ventricle after AMI
(Puhakka et al. 2003). The level of IL-6 is known to be associated in long term
survival after STEMI i.e. patients with high inflammatory marker levels during
the acute phase of myocardial infarction have a poorer prognosis than patients
with low levels of this cytokine (Jaremo & Nilsson 2008). In study I, the baseline
IL-6 level was found to correlate with baseline LVEF, but it was not related to the
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absolute change of LVEF in either treatment group. In addition, in study II it was
found that intracoronary injections of BMC did not have any significant effect on
the levels of inflammatory mediators IL-6, CRP or TNF-α. These results suggest
that, after all, transplanted BMCs may not interfere with the cytokine cascade and
the inflammatory process in the myocardium, even though previous studies have
claimed that the positive effects of BMC injections could be explained by
secretion of cytokines and growth factors (Heil et al. 2004, Uemura et al. 2006,
Ziegelhoeffer et al. 2004). Prior to this study, there has been only one publication
examining the levels of inflammatory markers after BMC transplantation in
patients with myocardial infarction. Solheim et al. (2008) stated that BMC
injection created a short-term systemic inflammatory response in myocardial
infarction patients. These workers found that in the BMC group the levels of IL-6
increased significantly after the BMC injection, whereas they declined in the
control group. The CRP level was found to decrease in both groups but the
change was more prominent in the control group. The levels of TNF-α increased
to a lesser extent in the BMC group compared to the control group, but although
statistically significant, the difference between the changes was rather modest. In
contrast to the study of Solheim et al. (2008), here no difference could be detected
between the BMC group and the control group in the change of inflammatory
mediators after stem cell injection. The difference in the results of these two
studies is paradoxical, because the median number of injected mononuclear cells
was significantly smaller in the study of Solheim et al. (2008) (68×106) compared
to the present study (360×106). This fact suggests that the apparent difference in
the inflammatory marker levels between the BMC and the control group observed
by Solheim and coworkers cannot be explained by the activity of the injected cells
themselves. Instead, the procedural balloon inflation with subsequent myocardial
ischemia during the intracoronary injections of BMC may have induced an
inflammatory response. Unlike in our study, Solheim and coworkers did not
administer placebo injections to the control group, and that also may have been
responsible for the difference between these two patient groups. In addition, there
are two reports of a transient increase in circulating levels of IL-6 and CRP after
PCI without BMC injection (Aggarwal et al. 2003, Liuzzo et al. 1998).
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6.3

Pulmonary artery pressure and left ventricular diastolic
function of STEMI patients after intracoronary BMC treatment
(III)

Cardiac diseases frequently cause pulmonary dysfunction because of the close
structural and functional association between the heart and lungs. Myocardial
infarction results in decreased LV function and increasing LV filling pressures.
This may evoke an increase in pulmonary arterial pressure which in turn is
associated with a ‘reactive’ increase in pulmonary vascular resistance and socalled secondary pulmonary hypertension (Houweling et al. 2006, Merkus et al.
2007, Moller et al. 2005). There are data suggesting that elevated pulmonary
pressure after myocardial infarction is independently predictive of subsequent
mortality (Moller et al. 2005). The results of study III suggest that intracoronary
injection of BMCs can prevent the subsequent increase of PA pressure often
encountered in the STEMI patients. The changes in PA pressure were not related
to the corresponding changes in the LVEF or measures of LV diastolic properties.
These data suggest that BMC therapy may have direct pulmonary effects
independent of its cardiac effects. Although progenitor cell therapy has been
tested in the treatment of primary and secondary pulmonary hypertension (KankiHorimoto et al. 2006, Patel et al. 2007, Rochefort et al. 2005, Spees et al. 2008,
Wang et al. 2007, Zeng et al. 2007, Zhao et al. 2005) no protective effects of
BMCs on the subsequent changes of PA pressure after an acute cardiac event have
been previously reported. However, several previous studies have indicated that
the initial uptake of progenitor cells is restricted primarily to lungs after their
intravenous delivery. Freyman et al. (2006) demonstrated that a considerable
number of cells are engrafted in the lungs also after intracoronary infusion, i.e.>
20% of the total dose when considering the mass of the lungs. Furthermore, in the
study of Kraitchman et al. (2005), the initial uptake of mesenchymal stem cells
was restricted primarily to the lungs. Thus, it is apparent that a large proportion
BMCs seems to migrate into the lungs after their intracoronary injection in
patients with STEMI, providing a plausible explanation for the present
observation. It is possible that the homing of BMCs to the pulmonary vasculature
early after STEMI has similar effects on PA pressures as those observed in
chronic pulmonary hypertension (Kanki-Horimoto et al. 2006, Rochefort et al.
2005). The injected BMCs may also have a wider beneficial effect on the
pulmonary function but this topic will require further clarification. However,
since postoperative pulmonary complications are common causes of mortality and
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morbidity related to surgery and anesthesia (Canet & Mazo 2010), the possibility
of using stem cell injection as a protective procedure in this contex is truly worth
studying in the future. Even though it has become apparent that engraftment of
exogenously administered adult stem cells as airway and alveolar epithelial cells
is generally a rare occurrence, stem cell administration has been postulated to
evoke many beneficial paracrine effects. It has been shown in mouse models of
lung disease that intratracheal administration of MSCs four hours after
intratracheal endotoxin administration decreases mortality, tissue inflammation,
and concentration of pro-inflammatory mediators in bronchoalveolar lavage fluid
compared with endotoxin-only treated mice. Systemic MSC administration has
also been shown to decrease lung inflammation following endotoxin
administration in mice. In addition, co-culturing of MSCs and lung cells obtained
from LPS-treated mice has been reported to result in decreased pro-inflammatory
cytokine release from the lung cells. (Sueblinvong & Weiss 2009, Sueblinvong &
Weiss 2010).
LV diastolic dysfunction is a common complication of acute myocardial
infarction and its presence predicts a poor prognosis. Furthermore, the presence of
diastolic dysfunction is a predictor for the development of heart failure and
confers a higher risk of mortality. (Deswal 2005, Poulsen et al. 1999). At present,
the effect of BMC therapy on LV diastolic function has been studied in acute
myocardial infarction patients only in one study (BOOST trial) where an
improvement was observed in some of the echocardiographic parameters
(Schaefer et al. 2006). In study III, BMC therapy did not seem to exert any
significant effects on individual parameters reflecting LV diastolic function nor
were any significant changes observed in diastolic function when comparing the
baseline and six month values of all patients. Several echocardiographic diastolic
parameters like E/A ratio, deceleration of time of early diastolic wave and
isovolumic relaxation time are converted to pseudonormal values when diastolic
function is severely impaired. In this study, 27% of the patients at the baseline and
17% at six months had pseudonormal echocardiographic parameters i.e in these
patients the E/A ratio is unreliable for the estimation of diastolic function. Thus,
in the present study several parameters were used to classify the patients into four
groups according to their diastolic function: normal diastolic function or mild,
moderate or severe diastolic dysfunction. In the BMC group, with this division, it
was possible to detect improved diastolic function at six months while in the
placebo group diastolic function tended to deteriorate. Diastolic dysfunction has
been shown to have independent prognostic value in both the general population
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and in individuals who have suffered a myocardial infarction (Poulsen et al. 1999,
Redfield et al. 2003). The results of study III indicate that intracoronary infusion
of BMCs can improve diastolic function, providing further indirect evidence of
the potential beneficial clinical effects of the BMC therapy.
6.4

Effects of TNF-α exposure on human bone marrow-derived
MSCs in vitro (IV)

It is well known that MSCs are capable of attenuating inflammation but the
influence of inflammation on MSCs is still poorly understood. Since MSCs are
easy to culture from the bone marrow mononuclear cell fractions, they were used
in study IV to model the possible responses of the cells that are injected to the site
of active inflammation in AMI patients undergoing stem cell treatment. TNF-α
was used as an inflammatory mediator because it is one of the major cytokines
released at the site of active inflammation and it is known to induce MSC
invasion. The results of study IV indicate that TNF-α exposure enhances the
growth of human bone marrow derived stem cells. This effect has been also
previously reported by Böcker et al. (2008). However, in their study, a
significantly higher TNF-α concentration (50 ng/ml) was used than in the present
study (3 ng/ml). This lower TNF-α concentration is much closer to the
physiological TNF-α level in humans (Ojeda Ojeda et al. 2002). In contrast, the
TNF-α exposure time was longer in the present study (4 days) than in the
previous study (1 day). These results indicate that similar effects on cell
proliferation can be attained with a very low concentration but longer exposure
time of TNF-α. It was also found that during the exposure to TNF-α, the
intensities of cell surface markers characteristic to hMSCs were decreased and in
some cases, the number of positive cells for certain markers decreased below the
criteria of ISCT. This indicates that some of the cells no longer meet the criteria
of real mesenchymal stem cells. Obviously, the MSC culture used here contained
a heterogenous population of progenitor cells and it is likely that the TNF-α
exposure has transiently enriched the growth of some small cell population rather
than promoted the differentiation of the MSCs. In addition, the decrease in the
expression of MSC markers CD105, CD90 and CD73 was reversible: when the
TNF-α exposure was stopped, the expression of these markers returned to the
control level. However, the specific cell type undergoing proliferation as a result
of the TNF-α exposure remains unknown. The study of Böcker et al. (2008) also
investigated the effect of TNF-α on mesenchymal stem cell markers CD105,
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CD90 and CD73. In contrast to the present results, they reported that TNF-α did
not change the expression profile of these markers. The timing distinction in
TNF-α exposure between these two studies could be one explanation for the
discrepancy in the results with respect to the stem cell markers. Rapid, intense
exposure to high concentrations of pro-inflammatory cytokines may indeed
produce very different cellular responses compared to longer exposure and lower
concentrations.
In study IV it was noted that TNF-α mediated inflammation resulted in a
transient increase in the expression of CD54 (intracellular adhesion molecule 1,
ICAM-1) and HLA-ABC in human MSCs. This result is in line with the previous
trial of Majumdar et al. (2003). In the present study, TNF-α exposure increased
the ICAM-1 expression by up to 35-fold and HLA-ABC expression by up to 1.7
fold compared to control cells. This finding is in line also with the observations of
Ren et al. (2010). In a recent study, Ren et al. (2010) stated that ICAM-1 and
vascular cell adhesion molecule 1 (VCAM-1) were required for lymphocyte-MSC
adhesion and thus these adhesins appear to play an important role in MSCmediated immunosuppression in mice. They also observed that ICAM-1 and
VCAM-1 in mouse MSCs were upregulated by interferon-γ and TNF-α and that
the upregulation rendered MSCs more adhesive to T cells. VCAM-1 and ICAM-1
mediated cell-cell adhesion is known to be critical for T cell activation and
leukocyte recruitment to inflammation sites and to play an important role in
evoking effective immune responses. Ren et al. (2010) also showed that the
greater the expression of ICAM-1 and VCAM-1 by MSCs, the greater their
immunosuppressive capacity. In the protein analysis in the present study, an
increase in β-2-microglobulin (B2M) expression was found during TNF-α
exposure. This change is also connected to the increase in HLA-ABC expression
since the best characterized function of B2M is to stabilize the tertiary structure of
MHC class I (HLA-ABC) α-chain (Björkman & Parham 1990). The increased
expression of PSME1 and 2 observed in this study can also be explained by their
connection to the function of MHC class I antigens (Tanaka & Kasahara 1998). In
addition, the results of the protein analysis showed that the expression levels of
several signalling proteins increased (SOD2, STAT1, IFIT-1, MX1, septin-9) or
decreased (CSTB, PRPS1) during TNF-α exposure. All these signaling molecules
could be linked to enhanced cell proliferation (septin-9, PRPS1) or to
immunosuppressive reactions (SOD2, STAT1, IFIT-1, MX1, CSTB) (Becker &
Kim 1987, Darnell et al. 1994, Holzinger et al. 2007, Luciano-Montalvo &
Melendez 2009, Ohmori et al. 1997, Surka et al. 2002, Wong et al. 1989). Taken
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together, these results suggest that MSCs respond to TNF-α mediated
inflammation by enhancing the expression of adhesion molecules (ICAM-1) and
MHC class I proteins (HLA-ABC). After the end of the inflammatory exposure,
the expression of these immunosuppressive proteins returns to the normal level.
Changes in the expression levels of signalling proteins further support the concept
of multi-level immunosuppression activation in MSCs during TNF-α exposure.
To further test the immunosuppressive effect of TNF-α exposure, the exposed
MSCs were co-cultured with PBMCs and THP-1 differentiated macrophage-like
cells in the presence of LPS. A decrease in TNF-α levels was found in the coculture of TNF-α exposed MSCs and differentiated THP-1 cells as well as in the
co-culture of exposed MSCs and PBMCs. In addition, an elevated IL-10 level was
detected in the co-culture of exposed MSCs and PBMCs. It has been previously
reported that IL-10 production by macrophages is increased in the presence of rat
(Weil et al. 2010) and mouse (Nemeth et al. 2009) MSCs after stimulation with
LPS. However, the effect of TNF-α exposed MSCs on the cytokine production of
macrophages has not been investigated previously. The results of the present
study indicate that TNF-α exposure may enhance the immunosuppressive effect
of MSCs on macrophages by up-regulating the production of anti-inflammatory
cytokine IL-10 or down-regulating the production of TNF-α. However, these
observations need to be confirmed since there was only a trend towards an IL-10
increase, and also the TNF-α decrease could be confirmed only in PBMCs and not
in differentiated THP-1 cells.
A recent review article carried out an extensive analysis about the host
response to allogeneic and xenogeneic MSCs (Buja & Vela 2010). It was
considered possible that at the site of active inflammation, the inflammatory cells
contribute chemical mediators to the paracrine effects triggered by the stem cells,
or the inflammatory and immunologic reactions may lead to destruction of stem
cells and impairment of their potential effects. The results of study IV revealed
many immunosuppressive defence mechanisms used by stem cells to protect
themselves from inflammation. Thus, all the information provided by this study is
valuable and will be of use in future studies that try to resolve the mechanism by
which the stem cells contribute to tissue repair.
6.5

Study limitations

There are some substantial limitations in all the present studies that have to be
considered when evaluating the overall results. The small sample is an obvious
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limitation in studies I-III. A larger number of patients would be needed to allow
generalization of the results. Especially in the subgroup analyses, the number of
patients was relatively small from a statistical point of view, but from a clinical
point of view, these preliminary data may guide further research in this area. In
this respect, the data provided by these studies should be interpreted as
descriptive rather than confirmatory. The number of cytokines analyzed in study
II was also limited. However, it was wished to examine those proinflammatory
cytokines and natriuretic peptides that have been shown to be clinically
meaningful markers and proposed to have prognostic value after STEMI (Järemo
& Nilsson 2008, Kwon et al. 2009, Tousoulis et al. 2007, Valente et al. 2009).
The selection of the blood sampling time points may also have affected the results.
The possible differences in peptide or cytokine levels between the treatment
groups may have been more evident later, for example one to two weeks after the
BMC treatment. In addition, the size of the infarction injury was quite small in all
patients in this study (mean baseline LVEF 62.5%). It is possible that the effects
of the stem cell treatment would have been more marked in a patient population
with lower baseline LVEF, though this seems unlikely, since it was not possible to
demonstrate any significant effect of the BMC injection on natriuretic peptides or
inflammatory markers even in those patients with baseline LVEF values below
the median.
It is notable that study III differs in many respects from previous trials
assessing the role of progenitor cells in pulmonary hypertension. First, the
primary objective of the FINCELL study was to assess the effects of BMCs on LV
systolic function and to evaluate the arrhythmia risk profile and extent of
restenosis. Secondly, the coronary artery was used as a route of delivery of the
cells, whereas previous studies have mostly utilized the intravenous route. Thirdly,
only a few patients of the present study had clearly elevated baseline PA pressure,
assessed indirectly from the peak velocity of the tricuspid valve regurgitation jet.
Based on the results of study IV, no general conclusions can be made about
the immunosuppressive mechanisms of bone marrow-derived stem cells after
exposure to inflammation, since the cells used in this study were almost purely
mesenchymal stem cells. Thus, the bone marrow mononuclear cells that were
used in the stem cell injections in studies I-III may produce somewhat different
responses in the inflammatory environment of the infracted myocardium than
MSCs. However, these mechanisms remain to be elucidated in future studies.
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6.6

Summary

In summary, the results of studies I-IV indicate that intracoronary injection of
BMCs after STEMI has beneficial effects on the systolic and diastolic function of
the heart as well as on pulmonary pressure. These effects are more evident in
patients with poorer function of the left ventricle and more extensive
hemodynamic damage after STEMI. The stem cells injected to the infracted area
may utilize different immunosuppressive defence mechanisms to survive in the
inflammatory environment. However, the mechanisms by which the injected stem
cells produce their beneficial effects in the infarcted heart seem to be
hemodynamic rather than anti-inflammatory.
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Conclusions
The results of the present study indicate that low baseline LVEF as well as
high levels of natriuretic peptides NT-proANP and NT-proBNP, which reflect
the severity of the hemodynamic and neurohumoral reactions evoked by the
myocardial damage, exhibit a considerable association to a better response to
stem cell therapy after an acute STEMI (I).
After STEMI, intracoronary injections of BMC do not significantly alter the
circulating levels of natriuretic peptides NT-proANP, NT-proBNP, apelin or
adrenomedullin as compared to the placebo group. Furthermore, the BMC
injection has no effect on the levels of inflammatory markers CRP, IL-6 or
TNF-α. It seems that the recovery of LV dysfunction after BMC therapy is
not associated with the severity of the inflammation evoked by STEMI.
Further studies with larger sample sizes and more measurement points will be
needed to confirm these preliminary findings. More studies will also be
needed to clarify the paracrine effects of BMCs and the role of the natriuretic
peptides and inflammatory process in stem cell mediated repair of the
infarcted myocardium (II).
Intracoronary BMC injection improves the LV diastolic function after STEMI.
In addition, the injected BMCs can prevent the subsequent increase of PA
pressure after STEMI. The changes in PA pressure are not related to the
corresponding changes in the LVEF or measures of LV diastolic properties.
This result suggests that BMC therapy may have also pulmonary effects
independent of its cardiac effects (III).
The results of the present study confirm that exposure to the inflammatory
cytokine, TNF-α, can enhance the cell growth of a human bone marrowderived MSC culture. MSCs respond to TNF-α mediated inflammation also
by enhancing the expression of MHC class I proteins (HLA-ABC) and
adhesion molecules (ICAM-1), as well as many other immunosuppressive
and signalling proteins. Two possible mechanisms through which the MSCs
may mediate their immunosuppressive effects are the down-regulation of
macrophage TNF-α production or the up-regulation of IL-10 production (IV).
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