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ABSTRACT - Characterisation and Mechanism of Bone Marrow Cell-Induced
Myocardial Protection — Vien Khach Lai

It is controversial whether the administration of bone marrow cells (BMCs) can repair
the heart after an ischaemic insult and whether the mechanism of the putative beneficial
effect is due to a paracrine action. By using an experimental model of simulated
ischaemia of the atrial myocardium, | set up this thesis to understand the protective
properties of BMCs on the human myocardium with different clinical conditions and to
investigate the underlying mechanism. The results provide clear data that myocardial
protection of BMCs is dose-dependent with a maximal protection, comparable to that of
ischemic preconditioning, at a dose of ~1.5x10° cells/mg wet myocardium and that the
similar effect can be achieved when BMCs were present before, during or after
ischaemia. Allogeneic BMCs are as protective as the autologous cells and their capacity
is unaffected by frozen storage or culture, but lost by magnetic isolation. In addition, the
conditioned media, obtained after 30min of incubation of BMCs, can induce a
protection similar to that of BMCs, an effect that is abolished by selective blockade of
the insulin-like growth factor-1 receptor. Furthermore, disease states such as diabetes
and poor left ventricular function or the long-term administration of the mitochondrial
Katp channel opener nicorandil prevents the protective effect of BMCs, a consequence
that appears to be due to an alteration in the myocardium for diabetes and nicorandil and
mainly due to a defect in BMCs and also to a less responsive myocardium in heart
failure. A final clinical study aimed to elucidate the effect of BMCs during cardiac
surgery showed that BMCs have no additive protection to conventional cardioplegia
during coronary artery bypass grafting. In this thesis | have characterised the
cardioprotective potential of BMCs and identified some of the underlying mechanisms.
The results are of clinical interest and they should generate novel hypotheses.
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CHAPTER 1: INTRODUCTION

According to the 2006 report of the World Health Organization, coronary heart disease
is the leading cause of death worldwide and its incidence is continuously rising and
becoming a true pandemic. Despite improvements in survival rates, in the USA, 1 in 4
men and 1 in 3 women still die within a year of a recognised first heart attack[1].

The reduction or complete cut-off of blood to the myocardium leads to the loss of
cardiomyocytes by necrosis and apoptosis, which in turn is replaced by fibrous tissue.
This results in progressive remodelling of the left ventricle that can ultimately cause

irreversible heart failure.

A large portfolio of therapies to combat ischaemia/reperfusion injury has been
investigated for the last few decades. Among these, ischaemic preconditioning (IP), a
powerful natural mechanism of protection in which short episodes of ischaemia
followed by reperfusion prevent the damage from prolonged subsequent ischaemia and
reperfusion injury, was discovered in 1986 by Murry and his colleagues[2], has been
thoroughly studied experimentally and clinically. However, IP still has limitations when
applied in the clinical setup and because of this, investigators have tried to activate the
cellular mechanisms responsible for the cardioprotection by pharmacological means to

achieve a similar outcome as that of IP.

The discovery that haematopoietic and mesenchymal stem cells (MSCs) from bone
marrow cells (BMCs) can acquire mature cell lineages different from their tissue of
origin has started a new intriguing scientific revolution[3, 4]. The belief is that the
administration of BMCs can help to repair the injured myocardium following a heart

attack[5] although the capacity of BMCs to trans-differentiate into heart tissue has been
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recently challenged[6-10], other investigators, including ourselves, have demonstrated
that these cells may reduce myocardial ischaemic injury and improve cell survival, an

effect that is possibly medicated by a paracrine factor(s)[11-13].

1.1 Myocardial ischaemia/reperfusion injury

1.1.1 Ischaemic injury

Both hypoxia and ischaemia represent a phenomenon in which the oxygen supply to the
tissue is interrupted, but in ischaemia the blood flow is also discontinued which in turn
causes the accumulation of lactic acid and other waste products from the anaerobic
metabolism of cells[14]. A lack of oxygen results in the inhibition of oxidative
phosphorylation and in a dramatic loss of ATP with a concomitant rise in ADP, AMP
and Pi. This metabolic process is incapable of producing sufficient ATP and as a result
normal cardiac contraction can not be maintained. In addition, CO, and lactic acid
accumulate[15] causing tissue and cellular acidosis, leading ultimately to cell death[16].
Alterations in the ion transport systems of the sarcolemma and organellar membranes
develop[17, 18], which are responsible for the development of ventricular arrhythmias.
An increased osmotic load caused by the accumulation of metabolites and Pi leads to an
increase in K* efflux and an increase in free Mg?* which is then followed by a decrease
in total Mg?*. With a substantial decline in ATP, the Na'/K*-ATPase pump is inhibited,
resulting in a further decline in intracellular K* and an increase in Na®. The influx of
Na*, CI” and water leads to cell swelling. An early increase in cytosolic Ca** also
develops due to multifactorial changes in transport systems in the sarcolemma and
sarcoplasmic reticulum. The rise in cytosolic Ca®" induces activation of proteases

causing alterations in contractile proteins that, together with a decreased sensitivity to
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Ca?*, are responsible for sustained impairment of the contractility despite the elevated
cytosolic Ca?*. If ischaemia is prolonged, myocytes undergo structural changes
including swelling of mitochondria and sarcoplasmic reticulum, with enlargement of the
cytoplasm and physical defects in the sarcolemma, and also clumping of nuclear
chromatin and linear densities in the mitochondria. The progression from reversible to
irreversible myocardial cell injury is accompanied by changes in the myocardial
interstitium and microvasculature and, al together, the necrosis of myocytes and
nonmyocytes triggers an inflammatory reaction with subsequent tissue organization and

healing[19].

Global ischaemia is an essential feature of cardiac surgery whereas regional ischaemia
is a more common clinical circumstance caused by partial or complete coronary
occlusion with drastic reduction in coronary blood supply. Ischaemia can also be seen in
cases of increasing myocardial oxygen demand, of reducing oxygen supply or a

combination of the two.

1.1.2 Reperfusion injury

The concept of reperfusion injury has been a topic of debate for many years and
whether cardiomyocytes are injured primarily during ischaemia, which may be revealed
at the start of reperfusion, or whether additional injury occurs during reperfusion
remains unclear. This point has important clinical implications, because if additional
injury occurs on reperfusion, this would allow an opportunity to intervene with
cardioprotective drugs on reperfusion[20, 21]. The potential mechanisms of reperfusion
induced injury are complex and include the release of oxygen-derived free radicals,

dysregulation of intracellular and mitochondrial calcium, microvascular dysfunction
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leading to incomplete return of blood flow to areas of the microcirculation (the non-
reflow phenomenon), and an inflammatory reaction involving influx of various
populations of immune cells.

Below | expand on each of these mechanisms that contribute to cell death during

reperfusion.

Reactive oxygen species (ROS)

During reperfusion with the return of oxygen and nutrients there is a large formation of
ROS. These radicals are generated mainly during the early reperfusion period leading to
extensive oxidative tissue damage and the loss of cell viability[22-24]. VVanden Hoek et
al[25] found in isolated cardiomyocytes that irreversible cell membrane injury, as
measured by propidium iodide uptake, increased from 4% of cells at the end of
ischaemia to 73% after reperfusion and implied that ROS participated in the injury. A
potential mechanism through which ROS leads to cellular toxicity may be complement
activation and an increasing binding ability of neutrophils[26]. More recently, the
production of ROS during early reperfusion has been linked to the opening of
mitochondrial permeability transition pore (MPTP) which in turn leads to cell

death[27].

Evidence for a role of ROS in myocardial stunning in human beings, myocardial
stunning: mechanical dysfunction that persists after reperfusion despite the absence of
irreversible damage and despite restoration of normal or near-normal coronary flow[28],
has also been provided[29], and treatment with antioxidants in vivo and in vitro studies

reduced ROS production and stunning[30]. However, despite these findings, there is
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still controversy on the role of antioxidants with clinical trials failing to prove a

reduction in infarct size[31-33] while experimental studies showing benefits[34, 35].

Calcium loading

During ischaemia, ATP declines and pH decreases due to anaerobic glycolysis. The
increase in proton stimulates Na‘*/H" exchange and in turn the Na‘/Ca®* exchange,
results in an increase in cytosolic Ca**[36, 37]. Much of the ATP generated by
glycolysis is consumed by the reverse mode of the mitochondrial F;Fo-ATPase, which
uses the energy to generate mitochondrial membrane potential and then can be used to
take up Ca?" into the mitochondria[38]. The increase in mitochondrial Ca?* can activate
the MPTP, but the existing low pH inhibits the pore during ischaemia so that this is not
activated until reperfusion, when the pH is restored to normal[20]. During reperfusion,
extracellular pH rapidly returns to normal. However, initially, the intracellular pH is still
acidic, and this pH gradient facilitates extrusion of H* from the cell in exchange for Na*
via the Na'/H" exchange. The increased cytosolic Na* can be extruded by Na'/K'-
ATPase pump and also by the Na*/Ca** exchanger, thereby raising, at least transiently,
cytosolic free Ca** concentration ([Ca®]; ). Arrhythmias can be triggered by altered Ca?*
homeostasis and that is a major cause of death during ischaemia/reperfusion. In the
absence of arrhythmias, [Ca?']; returns quickly to near-normal levels in myocytes that
survive[20]. However, in some cases, [Ca’']i remains high during reperfusion,
accompanied with the cell re-energization, can lead to hypercontracture that per se will
contribute to further decline in ATP and deterioration of the myocyte resulting in
irreversible injury[39, 40]. The dysfunction of the sarcoplasmic reticulum contributes to
the Ca* oscillations leading to further ATP depletion and exacerbation of

arrhythmias[20]. Therefore, targeting the sarcoplasmic reticulum during the initial of
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reperfusion can regulate Ca’* cytosolic levels and reduce ischaemic reperfusion
injury[41, 42]. The administration of Na'/H" exchange inhibitors at the beginning of
reperfusion may also improve [Ca®']; regulation and elicit protection[43]; however,
initial clinical trials have failed to show a benefit with the administration of these

agents[44, 45].

Neutrophils

Artery occlusion critically reduces blood flow to the portion of the myocardium
subserved, markedly impairing the energy metabolism. In occlusions of the coronary
arteries as short as 5min, functional abnormalities of the reperfused myocardium are
observed for as long as 24-48 hrs. These abnormalities are not followed by lethal injury
and the ischaemic myocardium is ultimately recovered. Ischaemia of significant
duration to induce infarction results in an inflammatory response, which is both
accelerated and augmented if the ischaemic tissue is reperfused. Evidence that
inflammation can extend myocardial injury has come from the administration of anti-
inflammatory strategies in animal models of myocardial ischaemia and reperfusion[26].
The systemic administration of corticosteroids was shown to decrease infarct size in a
canine model of experimental myocardial infarction, but it may also delay healing and
collagen deposition that, in turn, may cause catastrophic results by increasing the
incidence of ventricular arrhythmias and extending infarct size[26]. By employing
neutrophil depletion in an animal model undergoing 90min ischaemia followed by
reperfusion, a marked reduction in infarct size was found, leading to the belief that
neutrophils may contribute to the mediation of reperfusion injury by releasing oxidants
and proteases and possibly the expression of factors capable of increasing

chemotaxis[46, 47]. Indeed, the release of chemo-attractants after an acute myocardial
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infarction draws neutrophils into the infarct zone during the first 6 hours of reperfusion
and then during the next 24 hours they migrate into the myocardial tissue, a process that

is facilitated by cellular adhesive molecules.

Neutrophils have been implicated as primary and secondary mediators of lethal injury
after reperfusion to coronary vascular endothelium and cardiomyocytes. However,
whether neutrophils are directly involved in the pathogenesis of lethal reperfusion injury
in the myocardium, are just the first responders to inflammatory signals released after
the onset of reperfusion, or are important to an early but not clinically important phase
of pathology are still points of controversy[48]. Experimental studies have shown
reductions in infarct size of up to 50% with several interventions aimed at neutrophils
during myocardial reperfusion. These interventions include leukocyte-depleted blood,
antibodies against the cell-adhesion molecules such as P-selectin, CD11 and CD18, and
the intercellular adhesion molecule-1 and also pharmacological inhibitors of
complement activation. Yet again, despite the positive animal studies, clinical trials
have failed to demonstrate meaningful cardioprotective effects from such

interventions[28].

1.1.3 Consequences of Myocardial Ischaemia: Cell Death by
Necrosis, Apoptosis and Autophagy

Classically there are two recognized patterns of cell death: necrosis and apoptosis. A

third cellular process known as autophagy has been recently described as another

potential cellular mechanism. The precise proportion of cell death following ischaemic

reperfusion may be varied and much depends on the model of experimental designs.

Below | describe the three forms of cell death. Other consequences of myocardial
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ischaemia such as arrhythmias and myocardial stunning derived from mild, non-lethal

ischaemia are beyond the scope of my thesis and are not discussed.

Necrosis

The term "necrosis" is derived from the Greek "nekros" for corpse. Necrosis came to be
used to describe an uncontrolled process or accidental/pathologic cell death. Necrotic
cell death was believed to occur as a result of an irreversible bioenergetic compromise.
The cell dying by necrosis has been viewed as a victim of extrinsic events beyond its
control. The fundamental feature that distinguishes most forms of necrosis is the rapid
loss of cellular membrane potentials. The inability to maintain the electrochemical
potentials results in cytoplasmic and mitochondrial swelling, rupture of the plasma
membrane, and cytolysis without severe damage to nuclei[49]. This loss of membrane
potential may be the consequence of cellular energy depletion, damage to membrane
lipids, and/or loss of function of homeostatic ion pumps/channels. It is difficult to
determine whether the loss of ATP production or the disruption of channel function

occurs first, but these defects can amplify in the induction of necrotic cell death.

The necrosis-induced release of cytosolic components results in an inflammatory
response which is, as discussed before, a critical event of ischaemia/reperfusion injury.
The release of cardiac enzymes such as troponins and creatine kinases seen after
ischaemia/reperfusion is likely to be the product of necrosis of intracellular components.
Until recently, necrosis was thought to be an unregulated process. However, recent
evidence suggests that a cell can initiate its own deterioration by necrosis in a
programmed manner. The genetic components of this programmed cell necrosis may

involve (1) gene products that function in the dying cell to induce an irreversible
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bioenergetic compromise that results in cell death, and (2) gene products that are
selectively released into the extracellular environment to trigger a host response[50].
Therefore, programmed cell necrosis can be the consequence of extracellular signalling
or can be initiated as a form of cellular suicide in response to intracellular perturbations.
Programmed cell death by necrosis is not only a cardiac phenomenon but also plays a
role in a number of diseases including neurodegenerative diseases, infection,

inflammatory diseases, exposures to toxins, and cancer[50].

Apoptosis

Apoptosis , a term derived from the Greek word describing the falling off of petals from
a flower or leaves from a tree, is a form of programmed cell death originally described
by Kerr et al in 1972[51]. Apoptosis can happen under physiological or pathological
conditions as a result of endogenous or exogenous stimuli. The morphological features
of apoptosis are characterized by nuclear and cytoplasmic condensation with blebbing
of the plasma membrane, cell shrinkage and eventually break up into particles, which
contain apoptotic bodies including intact organelles as well as portions of the
fragmented nucleus. These apoptotic bodies are then rapidly phagocytised by other
cells. Apoptosis is an important process to maintain normal cell turnover during
embryogenesis and in adult tissues that typically does not release intracellular

components and then it does not induce inflammation or tissue scarring.

The mechanism of apoptosis may involve a series of molecular, biochemical, and
morphological events including (1) gene activation (programmed cell death); (2)
activation of a cascade of cytosolic aspartate specific cysteine proteases (caspases); (3)

mitochondrial alterations such as loss of membrane potential, initiation of the MPTP,
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and cytochrome C release; (4) endonuclease activation leading to double-stranded DNA
fragmentation; and (5) selective alteration of cell membranes and their permeability
with an increased expression of phosphatidylserine in the outside of cells[19, 51, 52].
The inhibition of these mechanisms can reduce the occurrence of apoptosis. Thus, for
example, the inhibition of caspases, that target a number of mitochondrial proteins can
result in limitation of infarct size after a lethal ischaemia[53-55], although some
investigators have argued that the inhibition of caspases while decreasing apoptosis may
switch on other pathways of cell death such as necrosis or autophagy[56, 57]. Certainly,
the role of caspases in ischaemia/reperfusion injury still remains the subject of

debate[58, 59].

Autophagy

Besides apoptotic and necrotic cell death, another important cellular pathway that has
been recently implicated in cardiac cell death is autophagy. Autophagy is generally
defined as a cellular self-process involved in the breakdown of intracellular proteins and
organelles via lysosomal degradation. There are three pathways for autophagy that have
been detected in mammalian cells: (1) microautophagy involves the local uptake of
protein by the lysosome itself; (2) chaperone-mediated autophagy relies on the delivery
of proteins to the lysosome; (3) macroautophagy is the most common and active form of
autophagy, and the term autophagy in the literature generally refers to

macroautophagy[60].

The process of autophagy begins with the processing of an intracellular membrane

fragment called a phagophore that may have been synthesized de novo, or may have

originated in the sarcoplasmic/endoplasmic reticulum[60]. It is believed that autophagy
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is a homeostatic cellular process required for the recycling of proteins and damaged
organelles, and to promote cell survival. At present, there is accumulating evidence that
autophagy can also trigger and mediate programmed cell death under certain
pathological situations and that over-activation of autophagy can lead to a complete self

digestion of the autophagic cell particularly when mitochondria is also damaged[61].

Experimental in vitro studies have reported that autophagic activity during hypoxia
confers protection[62, 63] and, similarly, the induction of autophagy in vivo
experimental animal models has been shown to promote functional recovery of the heart
after ischaemia/reperfusion[64], supporting the hypothesis that up-regulation of
autophagy provides protection against ischaemia/reperfusion injury[65]. Therefore, The
role of autophagy seems to be protective but the molecular events involved in this

process during ischaemia/reperfusion still remains unclear[60].

There are a number of connections between autophagy and other forms of cell death and
death following ischaemia/reperfusion injury appears to be a mixture of apoptosis,
autophagy, and necrosis. It has been speculated that the distinction between the modes
of death may not be important, since recent data suggest that all three forms of cell death
are interrelated[20]. Obviously, the importance is that cell death during
ischaemia/reperfusion appears to be a regulated active process, which can be inhibited

with appropriate interventions.
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1.2 Cardioprotection by ischaemic preconditioning

1.2.1 Preconditioning the non-pathological myocardium

In 1986, Murry and colleagues observed in the dog heart that four sublethal ischaemic
periods of 5min each, induced by occlusion of the coronary artery, interspaced by short
reperfusion periods of also 5min duration prior to prolonged ischaemia resulted in a
75% infarct size reduction[2]. This phenomenon, known as IP, has been proposed as
"the strongest form of in vivo protection against myocardial ischaemic injury other than
early reperfusion"[66]. The infarct size reduction by IP occurred when hearts were
subjected to approximately 60-90min of ischaemia with lost of benefit when the
coronary occlusion was prolonged to two to three hours or more, this showing the
critical importance of early reperfusion even after lethal ischaemia[2]. The
cardioprotection by IP is bimodal with a first phrase of protection (first window or
classical preconditioning) lasting 1-2 hours after the preconditioning trigger, followed
by an unresponsive period of between 1-4 hours according to models and species[67,
68], and finally by a second window of protection (SWOP) that is less effective but
longer than the first window lasting approximately between 24 and 72 hours after the IP

stimulus[69]. (See figure 1).

Figure 1 has been removed due to copyright issue. Please refer to Figure 2 of reference

69.
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Figure 1: Diagrammatic representation of the temporal nature of the two windows of
preconditioning[69].

The mechanism of IP has been thoroughly investigated although the precise signal
transduction sequence and the potential end-effector(s) remain unclear. Initially, it was
proposed that protection was induced by slowing the consumption of high energy
phosphates in the dog heart[2, 70]. However, other investigators demonstrated in the
isolated rat heart that in fact ATP consumption was accelerated in preconditioned hearts
that also went into ischaemic contracture earlier and this was translated in a better
recovery of contractility during reperfusion in the preconditioned hearts than in the non-
preconditioned hearts[71]. It is accepted that the phenomenon is mediated by the
activation of A1 and A3 adenosine receptors and other surface receptors such as opioid,
muscarinic and adrenoreceptors leading to the activation of protein kinase C coupled
with G proteins and the opening of Karp channels in the mitochondria rather than
sarcolemma, that in turn and via activation of various protein kinases would result in
inhibition of the MPTP, which has been suggested as the potential end-effector[20, 69,

72].

In 2003, it was demonstrated that the myocardium can also be salvaged at the time of
reperfusion, with the same potency as that of IP, by applying short periods of ischaemia
and reperfusion following prolonged ischaemia, a phenomenon that was termed

postconditioning[73]. It was reported in an in vivo rabbit model that postconditioning is
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only effective if applied within the first 10min of reperfusion[74], and if coronary
occlusion duration is not extended more than 45min in the conscious rat model[75].
Interestingly, it has been shown that postconditioning confers protection through
activation of similar mediators involved in IP, including the activation of several protein

kinases and the inhibition of the MPTP[76-79].

1.2.2 Preconditioning the pathological myocardium: role of diabetes,

Katp channel openers, and heart failure

There is conflicting evidence on whether the diabetic myocardium can be protected by
IP as some studies have reported a beneficial effect[80, 81] and others have shown an
absence of protection[82, 83]. It has been proposed that the loss of protection by IP in
the diabetic myocardium is due to dysfunction of mitochondrial Kare channels[84, 85]
that have been altered in ventricular myocytes from diabetic rats[86]. However, by
increasing the cycles of IP from 1 to 3, a manoeuvre that induced a greater Akt
phosphorylation[87], there is suggestion that sufficient intensity of the trigger ischaemia
is needed to elicit protection. It is clear that more research is required to fully elucidate

the role of IP in the diabetic heart.

Mitochondrial Kate channels are central to the signal transduction mechanism of IP and
their opening has been demonstrated to induce cardioprotection[88]. Furthermore, there
are clinical trials showing that the intravenous administration of nicorandil, a specific
Kate channel opener, during coronary angioplasty induces cardioprotection[89, 90]. It
could be argued that the regular administration of nicorandil could result in a state of
permanent protection, however the myocardium of patients receiving nicorandil as an

anti-anginal treatment was unresponsive to protection by IP[91]. Nonetheless,
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protection could still be obtained when the protein kinases PKC and p38 MAPK, placed
downstream of the mitochondrial Katp channels in the signalling transduction pathway
of IP, were activated[91]. These results are of clinical importance by opening a window

of therapeutic potential.

The severity of heart failure corresponds with the degree of oxidative stress which was
lead to the notion that free radicals may play an important role in the progression of
heart failure. Indeed, mitochondria isolated from failing cardiac myocytes produce 2.8
folds more superoxide than normal and this may alter the response of the myocardium
to ischaemic stress[92, 93]. Our laboratory has demonstrated that, using an in vitro
model of simulated ischaemia, the myocardium from patients with poor heart function
(EF <30%) can not be protected by IP while exhibiting a degree of injury similar to that
of patients with a greater EF[94]. The study also showed that the mitochondrial Kartp
channel opener diazoxide is capable of eliciting protection of the muscle from hearts
with poor EF, this suggesting that the deficit of cardioprotection in patients with heart
failure is due to a defect in the signal transduction pathway upstream of mitochondrial
Kate channels and, importantly that the therapeutic interventions targeted to
components of the signal transduction pathway beyond the malfunctioning point can be

used with identical potency to that of IP[94].

1.3 Myocardial self-renewal and repair

A stem cell is defined by three main criteria: self-renewal, ability to differentiate into
multiple cell types, and ability to achieve the phenotype of tissue where is seeded. A
fertilized egg is capable of not only forming cells of the mesoderm, endoderm and

ectoderm layer, and germ cells, but also supporting the trophoblast that is required for
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the survival of the developing embryo. These cells that are at the top of the hierarchy of
stem cells are termed ‘totipotent’. Embryonic stem cells and embryonic germ cells,
isolated from the inner cell mass of the blastocyst or from primordial germ cells of an
early embryo, give rise to mesoderm, endoderm, ectoderm and germ cells but not extra-
embryonic tissues, and are therefore termed ‘pluripotent’. Stem cells isolated from
various adult organs that self-renew and differentiate into multiple organ-specific cell
types are termed ‘multipotent stem cells’. Committed cells that have limited or no self-
renewal ability and differentiate into only one defined cell type are termed *progenitor
cells’ or “precursor cells’[95].

For decades it has been widely accepted that the adult mammalian heart is a post-mitotic
organ, based on the belief that cardiomyocytes can not re-enter the cell cycle and the
mature heart possesses a relatively constant number of cardiomyocytes from shortly
after birth and throughout adulthood and senescence and that the heart lacks
stem/progenitor cells to re-constitute dying cells with new myocytes. According to this
concept, the response of the heart to stresses such as pressure and volume overload
would consist in myocardial hypertrophy and nuclear hyperplasia. However, in 2001,
Orlic et al[5] reported that cardiac muscles can be regenerated in mice and the infarcted
area reduced after ligature of the left anterior descending coronary artery when BMCs
were injected in the damaged myocardium. These results contradicted the above dogma
and opened the possibility that the heart may be a self-renewable organ with capacity
for repair. Other investigators were unable to replicate these findings using an identical

species and experimental model[7, 8], creating an intense debate in the field.
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1.3.1 Cardiac progenitors, stem cells and cardiac regeneration

The concept that the heart possesses a pool of stem/progenitor cells which can
contribute to myocardial regeneration is an exciting and promising prospect, which
challenges the belief that the heart is a terminally differentiated organ. Up to date, adult
hearts have been reported to contain cells such as c-kit", sca-1%, isl1®, and side
population cells considered to be cardiac stem/progenitor cells. These cells have the
ability to proliferate and differentiate into myocardial cells both in vitro and in vivo, and
therefore they might have the potential to regenerate the injured heart. Stem cells have
been delivered to the infarcted areas through different routes (direct intramuscular,
intracoronary, intravenous injection), however, myocardial proliferation appears to be
restricted to the viable myocardium in the peri-infarcted zone or in remote areas from

the infarction rather than in the ischaemic region[12, 96].

Cardiac c-kit positive cells

C-kit" stem cells were first isolated from adult rat hearts using an antibody against the
surface marker c-kit[97]. The isolated c-kit positive cells were negative for blood linage
makers (Lin7/c-kit" cells), did not possess specific protein markers for the myeloid,
lymphoid, and erythroid lineages (CD34, CD45, CD20, CD45R0O, CD8, and TER-119),
but partially expressed cardiac transcription factors Nkx2.5, a-sarcomeric actin,
GATA4, and MEF2. C-kit* cardiac stem cells are self-renewing, clonogenic, and
multipotent and also have the ability to differentiate into three minimum cell types of
the heart such as myogenic, endothelial and smooth muscle cell lineages in vitro. When
implanted into the border zone of a myocardial infarcted heart, these cells or a mixture
of cells including c-kit™ cells differentiate into myocardium, forming new vessels and

myocytes with the characteristics of young cells, in the absence of cell fusion, and
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resulting in significant improvement of the heart performance[97]. It has also been
suggested that injection of c-kit" cells from the bone marrow favourably influence the
myofibroblast response in infarcted hearts, preventing infarct expansion and improving

the recovery of cardiac function[98].

Cardiac sca-1 positive cells

The adult mammalian heart also has cells expressing the stem cell antigen-1 (sca-1)
that has also been depicted as another cardiac progenitor population. Sca-1" cells
expressed CD31 but not c-kit, CD45, CD34, Flt-1 or Flk-1. They possess the properties
of side population cells able to extrude the Hoechst 33342 dye but differ from
haematopoietic stem cells (HSCs), endothelial progenitor cells (EPCs), and muscular
progenitor sca-1" cells. Treatment with the cytosine analog 5’-azacytidine allows these
cells to differentiate into cells expressing the cardiac specific marker Nkx2.5. When
cardiac sca-1" cells were given intravenously in a mouse model of coronary occlusion,
they were able to home to injured myocardium and generate cardiomyocytes both with
and without cell fusion in a roughly equal distribution[99]. In addition, sca-1" cells
treated with oxytocin improve the gene expression for cardiac specific transcription
factors and contractile proteins and cells develop sarcomeric structures and spontaneous
beating. Treatment of these cells with isoproterenol increases the beating rate with

characteristic intracellular Ca?* transients[100].

Cardiac isl1-positive cells
The isl1* cells identified in the postnatal rat, mouse and human myocardium have also
been considered as cardiac progenitors. These cells have the ability to self-renew and

are capable of adopting a fully differentiated cardiomyocyte phenotype. Isl1-positive
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cells do not express the Hoechst 33342 dye and do not express c-kit or sca-1,
demonstrating that isl1* cardiac stem cells are distinct from other populations. When co-
cultured with neonatal rat myocytes, isl1” cells can adopt the phenotype of authentic
endogenous cardiac progenitors (cardioblasts) that displayed highly efficient conversion
to mature cardiomyocytes with stable expression of myocytic markers in the absence of
cell fusion, intact Ca** cycling, and the generation of action potentials[101]. Recently, it
has been reported that the embryonic isl1* cardiac cells of 1-5 days old mice are able to
differentiate to all three lineages[102], however it is not clear if the same population

exists in adult mammalian hearts.

Cardiac side population cells

The side population (SP) cells, first identified in bone marrow by their ability to extrude
to Hoechst 33342, can be found not only in the bone marrow but also in non-
haematopoietic tissues serving as progenitors for haematopoietic cells, skeletal muscle,
and endothelium[103-105]. Recent studies have demonstrated that the adult heart
contains SP cells, which are high positive for sca-1, but low positive for c-kit, CD34,
and CD45, and are capable of proliferating and differentiating into myocytes[106, 107],
and participating in myocardial repair when injected intravenously after cold burned
injury was induced to the mouse heart[108]. SP cells appear as a mixture of vascular
endothelial cells, smooth muscle cells, and mesenchymal stem/progenitor cells
including potential cardiomyogenic cells[109]. Interestingly, it has been reported that
among cardiac SP cells, the greatest potential for cardiomyogenic differentiation is

restricted to CD317/scal” cells[110].

Bone marrow stem cells
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Bone marrow, the soft tissue found in the hollow interior of bones, constitutes around 2-
5% of total body weight. In adults, bone marrow produces new blood cells, and contains
a pool of MSCs, EPCs[111], side population cells[112] as well as an undefined
population termed as multipotent progenitor cells[113] which are capable of generating
all three germ layers. There is strong evidence that circulating mobilised BMCs can
home into the myocardium as transsexual allogeneic human cardiac transplants have
shown that female hearts in a male host had a significant number of y-chromosome
positive cardiomyocytes, vascular endothelial and smooth muscle cells[3]. A number of
studies have suggested that adult bone marrow stem cells retained the capacity to
produce cells of wunrelated tissues, including cardiomyocytes and vascular
endothelium[5, 114, 115]. Also, it has been warned that transplantation of unselected
bone marrow cells into acutely infarcted myocardium can cause intramyocardial
calcification, an effect that might be due to the differentiation potential of MSCs into

bone, cartilage, fat, and a connective tissue[116, 117].

In 2001, Orlic et al reported that lin/c-kit® HSCs isolated from bone marrow can
differentiate into cardiomyocytes, vascular endothelial and smooth muscle cells when
injected in the border zone of infarcted myocardium in mice, causing an extraordinary
regeneration of more than 60% of the infarcted area and improving cardiac function[5].
The same investigators have reported that HSCs mobilization from BM by
administration of growth factors such as stem cell factor and granulocyte colony-
stimulating factor may result in reduced mortality and improved cardiac function in
mice with ligation of the left coronary artery[118]. They also showed substantial tissue
repair with proliferating myocytes and newly formed vessels in mice receiving growth

factors than in the control animals[118]. As mentioned earlier in the chapter, other
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investigators have not been able to reproduced the above results with injection of BMCs
using an identical experimental model[7, 8] and this has fuelled the controversy on the
regenerative potential of BMCs. It is important to clarify that these experiments were
performed using the whole unfractionated BMCs and that the various cell fractions
might have different degrees of regenerative potential. Thus, for example, the SP
population (CD347°%, c-kit*, sca-1" cells) isolated from BMCs have been reported to
migrate and trans-differentiate into cardiomyocytes and endothelial cells, contributing to

the formation of functional myocardium in ischaemic mice hearts[98, 115, 119]

Similarly, MSCs have been shown to differentiate in vitro into cardiac myocytes, as
recognized by the formation of myotube-like structures and typical sarcomeres,
spontaneous beating, and expression of muscle-specific proteins when treated with 5-
azacytidine[120]. Several in vivo animal studies have also shown that MSCs from the
bone marrow regenerate cardiac tissue and improve heart function[121-123]. Human
MSCs, labelled with lacZ and transplanted into myocardial infracted areas in mice, have
been shown to trans-differentiate, in spite of low frequency, into cells with de novo
expression of desmin, 3-myosin heavy chain, =-actinin, cardiac troponin T, sarcomeric
contractile proteins and phospholamban at levels comparable to those of the host
cardiomyocytes, suggesting in situ differentiation of MSCs into myocytes[121]. Other
studies in rats[124] and pigs[125] have also demonstrated the feasibility and functional
effect of MSCs when injected into infarcted myocardium, although different levels of

MSCs engraftment were reported.

EPCs have been derived from human umbilical cord blood, as well as from bone

marrow and peripheral blood. Mature EPCs express a variety of endothelial markers
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such as CD34, VE-cadherin, CD31, von Willebrand factor, and a vascular endothelial
growth factor receptor called fetal liver kinase[105, 126]. It is recognised that EPCs
could be mobilised from bone marrow into the peripheral circulation and incorporated
into foci of neovascularisation in adult animals, particularly in the presence of
ischaemia in responding to stimuli[127, 128]. Ex vivo expanded EPCs have been proved
to form significant greater capillary density and reduce scarring formation than controls
in an in vivo animal model of myocardial infarction[129, 130]. Also, in in vitro studies,
it has been shown that human EPCs can trans-differentiate into functionally active
cardiomyocytes when co-cultured with neonatal rat cardiomyocytes and in the presence

of E-cadherin[131].

One population of multipotent adult progenitor cells (MAPCs) expresses minimal levels
(less than 3%) of CD90, CD105, and CD117, and is capable of differentiating into cells
forming all germ layers including those expressing cardiac-specific genes. Another
population of MAPCs expresses CD34, CD45, c-kit, sca-1, FIk-1, Thy-1, CD13, and
stage-specific antigen 1; however, compared with the former population they do not
show a similar range of trans-differentiation[126]. The potential of MAPCs is not fully
defined and other investigators have reported that MAPCs although having the potential
to differentiate into liver, lung, gut and haematopoietic lineages, do not seem to

differentiate into skeletal or cardiac muscle[113].

Recently, a novel human bone marrow stem cell has been described to be able to expand
in vitro with multipotent activity and characteristics that do not appear to belong to any
previously described bone marrow stem cell population[132]. The cells have been tested

in vivo for therapeutic and differentiation potential and shown to have the capacity to
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induce neovascularisation and cardiomyogenesis by both differentiation and

fusion[132]. Certainly, a greater definition of this cell type is required.

Inspired by experimental results, even the underlying mechanisms are not clearly
understood, several clinical trials have been carried out using autologous BMC
transplantation to repair the damaged heart in acute and chronic ischaemia. The
admission of cells has been proved to be safe[133, 134] but the beneficial outcome has
been controversial with modest improvement of the left ventricular (LV) ejection
fraction (EF)[135, 136] or no evident benefit in the others[137-139]. For example, the
REPAIR-AMI (Reinfusion of Enriched Progenitor Cells and Infarct Remodelling in
Acute Myocardial Infarction) and the TOPCARE-CHD (Transplantation Of Progenitor
Cells And Recovery of left ventricular function in patients with Chronic ischaemic
Heart Disease) trials showed small but significant improvement in EF of 3-5% as
compared to controls, and concluded that patients with more severe reduction of
ventricular function obtained the greatest benefit[135, 136, 140]. By contrast, the
STEMI (ST-Elevation acute Myocardial Infarction) and the ASTAMI (Autologous
Stem Cell Transplantation in Acute Myocardial Infarction) trials performed after an
acute myocardial infarction and a recent trial from our group in which BMCs were
injected into scarred myocardium did not show improvement in global cardiac
function[137-139, 141]. The BOOST Il (BOne marrOw transfer to enhance ST-
elevation infarct regeneration) trial also performed in the acute phase of a myocardial
infarction revealed significant improved EF after 4 months followed-up, a benefit that
was dissipated after 18 months[142]. It has been argued that the different results
between trials could be due to the handling and preparation of BMCs[143]. Moreover,

meta-analyses of clinical trials on BMC administration following an acute myocardial
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infarction have also suggested the existence of a dose-response association between
injected cell number and LV EF change[144-146]. Certainly, the standardisation of the
preparation of BMCs as well as the number of cells injected and their quality need to be

defined.

Other adult stem/progenitor cells
Adipose stroma stem cells have been recently mentioned to contain pluripotent
stemness and could acquire the cardiomyocyte phenotype, including beating state, after

culture without addition of 5-azacytidine[147].

Spermatogonial stem cells derived from mice have been reported to have raised all three
germ layers. Using the hanging drop method, spermatogonial stem cells have been able
to differentiate into beating cardiomyocytes with expression of cardiac specific L-type
Ca?* channels and responding to Ca®* channel modulating drugs[148]. Differentiated
cells showed the presence of functional gap junctions among cardiomyocytes and action
potentials demonstrated the presence of pacemaker-, ventricular-, atrial-, and Purkinje-

like cardiomyocytes[148].

Skeletal myoblasts have also been described as a potential source of cells for cardiac
regeneration. Myoblast cells, the precursors of the skeletal muscle, are considered as
satellite cells and normally lie in a quiescent state under the basal membrane of skeletal
muscle fibres and proliferate to mend the injured muscle. Following successful
experimental studies[149-151], the clinical transplantation of the myoblasts showed no
improvement in the global contractile function and raised the serious concern of

development of ventricular arrhythmias[152]. Indeed, myoblasts differentiate into
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multinuclear myotubes with a lack of electrophysiological coupling with the
neighbouring host cardiomyocytes, that could be the reaction for the greater
susceptibility to induce arrhythmias[153-155]. The utility of myoblasts to repair the
damaged heart however has not yet been fully investigated and the possibility of over-
expression of gap junction proteins for a better integration with the host tissue and the

elimination of ventricular arrhythmias may appear promising.

1.3.2 Myocardial regeneration and cell fusion

The concept of cell fusion refers to the joining of two fully differentiated cells or the
coalescence of a stem cell and a differentiated cell, the growth of which is regulated by
the nucleus of the differentiated cell. The observation that BMCs or cardiac progenitors
can spontaneously fuse with other cells and subsequently adopt the phenotype of the
recipient cells including cardiac cells[99, 156-158] could be an alternative mechanism
of tissue repair although this is a rare event that may happen only occasionally[158].
Furthermore, some investigators have reported that fusion of a primitive cell with a
terminally differentiated myocyte would not be able to activate the cell cycle of the
fused cell[97, 101, 159]. Therefore, it is unlikely that cell fusion is an important
mechanism of cardiac repair as the required volume of the formed cells to be

regenerated is of at least 20,000 pm? or larger[160].

1.3.3 Paracrine action in cardiac repair

While the concept of differentiation has been questioned, other mechanisms of action
such as paracrine effects and immune modulation have been suggested. The paracrine

action of transplanted stem cells is not fully understood, although activation of
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angiogenesis, mobilisation of both circulating and bone marrow stem cells, activation of
cardiac resident stem cells and protection of myocardium from cell death have been

suggested.

Neovascularisation

Transplanted stem cells may secrete angiogenic growth factors that may be considered
as a pro-survival response to diseased states. BMCs can express vascular endothelial
growth factor (VEGF) which may enhance the survival of the host cells and also
promote angiogenesis that would result in improvement of the regional blood flow in
the ischaemic myocardium[161-163]. Transplantation of c-kit" cells[119] and
MSCs[164] induces an increase of the angiogenic factors fibroblast growth factor
(FGF)-2, VEGF, and the stem cell homing factor stromal cell-derived factor (SDF)-1 in
treated hearts compared with control hearts, this leading to an increase in capillary
density of approximately 40%. The action was also accompanied by a reduction of
proapoptotic protein in ischaemic myocardium[164], suggesting an additional
cytoprotective benefit. Furthermore, the combination of growth factors such as VEGF-1
and FGF-2 has been reported to induce mural cell recruitment and formation of
functional neovasculature[165] and the combination of VEGF to the injection of
marrow-derived stromal cells might facilitate angiogenesis and functional

improvement[166].

Mobilisation of circulating and bone marrow stem cells
Circulating EPCs can be mobilised from the peripheral circulation, and MSCs mobilised
from the bone marrow to the injured myocardium[167]. EPCs play an important role in

the physiological maintenance of the endothelium, assisting in both reendothelialisation
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and neovascularisation. Recently it has been reported that the alpha chemokine receptor
(CXCR)-4 signalling axis plays an essential role in the recruitment of stem cells to the
heart. CXCR-4 is the cell surface receptor for SDF-1 and is expressed in EPCs and
HSCs[168, 169]. It has also been suggested that monocyte chemotactic protein-3 is
another regulator for the homing of stem cells[170]. These findings suggest that
recruitment of stem cells through paracrine signalling may be one of the potential
mechanisms facilitating the migration of stem cells from the circulation or the bone

marrow to the ischaemic myocardium.

Activation of cardiac resident stem cells

The ability of stem/progenitor cells to secrete growth factors and cytokines may cause
not only myocardial survival but also myocardial proliferation in the injured cardiac
tissue[171-173]. Experimental studies have shown that the combined treatment of
insulin-like growth factor (IGF)-1/hepatocyte growth factor (HGF) can activate cardiac
progenitor cells that have the properties of stemness[174, 175], however, this potential

action needs to be further investigated.

Cardioprotection

Our group has been the first to report that BMCs have a potent anti-ischaemic effect in
human myocardium using an in vitro model. It was shown that BMCs co-incubated with
cardiac muscle during 90min ischaemia and 120min reoxygenation significantly reduce
tissue injury and cell necrosis and apoptosis, an action that was abrogated by the
blockage of the protein kinases PKC and p38 MAPK, both of which are essential

components of the signal transduction pathway of IP[11]. The results suggest that the
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beneficial action of the injection of BMCs may be due, at least in part, to

cardioprotection by diminishing ischaemic injury.

The above findings are supported by experimental animal studies. Thus, it has been
reported that the injection of BMCs and also the administration of the culture media into
ischaemic myocardium can induce angiogenesis and improve cardiac function after
myocardial infarction[13, 176, 177]. The intramyocardial injection of bone marrow
MSCs overexpressing Akt has been proved to inhibit ventricular remodelling and
restore cardiac function, an action that was suggested to be mediated by the secretion of
several growth factors such as VEGF, FGF-2, HGF, IGF-1, and thymosin -4 that
posses anti-apoptotic properties[178]. Also in a rodent model, BMCs enhanced
cardiomyocyte survival under hypoxic conditions, probably by the secretion of
cytokines like VEGF, FGF-2, SDF-1 and IGF-1[161], and preconditioning of injected

BMCs further enhanced this benefit[13].

The influences of stem cell-derived cytokines and growth factors in the cardioprotective
effect have been mentioned for years. Distinct from other secreted factors, IGF-1 has
been observed to prevent apoptosis and promote survival of cardiomyocytes, to improve
cardiac function and preserve structural damage during I/R[179-182]. Ex vivo
administration of IGF-1 has been shown to regulate the recovery of cardiac function,
limit myocardial infarction and reduce apoptosis of animal hearts subjected to
ischaemia[183-185], an action has also been seen in IGF-1 overexpression heart and in
vivo pretreatment of IGF-1[182, 186]. The downstream cascade pathway of IGF-1
stimulation in myocardial protection appears to involve activation of the Akt/PKB, PKC

and MAPK molecules[181, 186-188]. IGF-1 treatment has also shown to up-regulate
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Bcl-xL, suppress pro-apoptotic Bax protein, decrease mitochondrial cytochrome c level,
inhibit calcium sensitive mitochondrial swelling, prevent mitochondrial damage and
reduce ROS production from I/R leading to protection[179, 183, 189, 190]. In addition,
IGF-1 deficiency is known to associate with cardiac atrophy, impaired cardiac function
and increased cardiovascular mortality[187], and cardiovascular disease risk may also
be elevated among healthy individuals who have IGF-1 serum levels below the normal

range[191].

Immune modulation

Another potential mechanism by which BMCs could exert benefit is the modulation of
the inflammatory response that follows a myocardial infarction. Transplantation of
MSCs overexpressing Akt into ischaemic myocardium can inhibit cardiac remodelling
by reducing intramyocardial inflammation, collagen deposition and cardiac myocyte
hypertrophy[192]. Indeed, the inflammatory response seen in patients after an acute Ml,
as measured by the plasma level of tumor necrosis factor alpha and monocyte
chemoattractant protein 1, were slightly but significantly reduced after 3 months follow-
up in individuals receiving intracoronary autologous BMCs compared to control
subjects[193], further supporting the role of immuno-modulation in the benefit obtained

from BMCs transplantation.

1.4 Aims of the thesis

Based on the knowledge obtained from the previous works of our laboratory and the

capability of BMC-derived factors, the hypothesis of my thesis was that BMCs possess
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potent cardioprotective properties against ischaemic injuries. To further understand the

mechanisms of BMC-induced benefit, the aims of my thesis were as followed:

e To characterise the most effective dose of BMCs to induce cardioprotection

e To elucidate whether the cardioprotective effect of BMCs is as potent as that of IP

e To investigate whether the manipulation of BMCs affects their protective properties

e To characterise the best time of administration

e To investigate the mechanism underlying the cardioprotection by BMCs

e To identify the cell types within the BMCs responsible for cardioprotection

e To elucidate whether disease states (such as diabetes, heart failure) and medical
treatments such as Katp channel openers (nicorandil) alter the cardioprotective
effect of BMCs

e To investigate whether the administration of BMCs as an additive to cardioplegia

solution during cardiac surgery can reduce myocardial ischaemic injury.
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CHAPTER 2: METHODS

In this chapter | will describe in detail the methods used in my thesis

2.1 Donor patients of atrial myocardial tissue and bone marrow

The right atrial appendage was obtained from patients undergoing elective heart surgery
such as coronary bypass surgery or aortic valve surgery prior to the initiation of
cardiopulmonary bypass. All the studies were conducted according to the Declaration of
Helsinki principles and approval was obtained from the Local Ethics Committee. In
addition, all participants provided written consent. Patients with atrial fibrillation,
cancer, diabetes, infection, poor LV function (EF<30%) or with additional surgical
procedures or those being treated with opioid, catecholamines, Karp channel opener
nicorandil were excluded from the study. However, in Chapter 10 samples from patients
with diabetes or poor LV function (EF<30%) were also used and in Chapter 11 patients

treated with Katp opener nicorandil were also recruited.

2.2 Experimental preparation for the induction of
ischaemia/reoxygenation-induced injury

The experimental preparation has been previously described and fully characterized by
our laboratory[194]. Upon harvesting, samples were immediately immersed in cold
(4 °C) Krebs/Henseleit/Hepes (KHH) buffered medium containing (in mM) NaCl 118,
KCI 4.8, NaHCO; 27.2, KH,PO, 1, MgCl; 1, CaCl, 1.25, glucose 10, and Hepes 20 pre-
bubbled with 95% 0O,/5% CO, and a pH of 7.4. The tissue was immediately laid with
epicardium faced down between a filter paper fixed to a rectangular glass plate

(5x25cm) and a slide and sectioned manually with a skin-graft blade (Swann-Morton
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Ltd, Sheffield, U.K.) to slices of 300-500um thickness and 30-50mg weight. The tissue
and the apparatus were kept wet during sectioning with cold and oxygenated KHH

medium (4-10°C).

After preparation, the muscles were immersed in 25ml Erlenmeyer flasks containing
15ml KHH medium pre-bubbled with O,. Then the flasks were placed in a shaking
water bath with 80 cycles per minute under aerobic conditions (95% O,/5% CO,) and at
37°C for 50-60min equilibration. After this, the muscles were washed with KHH
medium (without glucose and at pH 6.8 for the muscles allocated to
ischaemia/reoxygenation (I/R) groups and aerobic condition for aerobic control groups)
and then immersed into new flasks containing 10ml of media and receiving different

treatments according to the study protocol.

For the induction of simulated ischaemia, the slices were subjected to 90min of
anaerobic condition at 37°C, obtained by continuously bubbling the media with 95%
N2/5% CO; in the absence of glucose and at a pH of 6.8. The used media was pre-
bubbled with 95% N2/5% CO, for at least 20min to obtain complete hypoxic conditions
before the immersion of the tissues. At the end of ischaemic period, slides were
transferred to flasks containing 10ml oxygenated media with glucose, at a pH of 7.4 and

a temperature of 37°C for further 120min of reoxygenation.

For the induction of IP, at the end of the equilibration period, the atrial muscles were
transferred to another flask containing 10ml of anaerobic solution with 95% N,/5% CO,
for 5min, followed by an additional 5min of aerobic conditions prior to induction of

ischaemia[195].
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The time-matched aerobic controls incubated for the entire experimental time were used

in every set of experiments.

2.3 Aspiration of bone marrow and preparation of bone marrow

cells

Under general anaesthesia and before the initiation of surgery, 40-120ml (10ml in 1000
units of heparin) of bone marrow was aspirated from the iliac crests of patients using a
special harvesting needle (Medical Device Technologies Inc., Gainesville, Florida,
USA). The bone marrow was placed in 50ml Falcon tubes (BD Biosciences, New

Jersey, USA) and immediately immersed in ice for transportation to the laboratory.

— 20ml diluted bone marrow

— 10ml lymphoprep

Figure 2: Illustration of bone marrow and lymphoprep layers.

For the separation of cells, the bone marrow was diluted at a ratio of 1:1 with normal
saline, every of 20ml diluted bone marrow solution was gently pipetted onto a 50ml
conical centrifuge Falcon tube containing 10 ml Lymphoprep (Axis-Shield PoC AS,
Oslo, Norway) in such a way that the bone marrow laid over the Lymphoprep, and the
two layers were clearly demarcated by a line. Then the tubes were centrifuged at 800G

for 20min at 10°C without braking. Fat and clots were removed from the tubes and the
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separated mononuclear cell layer was collected without shaking the tubes. The
mononuclear fraction was spun for further 10min at 500G and 10°C condition.
Following this, supernatant was discarded and the cells were washed using 10ml KHH
medium and re-suspension and centrifugation at 500G and 10°C. The number of cells
was counted using the Coulter Counter (Beckmancoulter, Fullerton, California, USA).

All the procedures were performed under aseptic conditions.

For the experiments using fresh bone marrow cells, the cells were suspended in KHH

solution at the concentration of 5x10° cells per 100 pl medium.

For culturing, fresh cells were re-suspended in DMEM F12 (1:1) GlutaMAX media
(Gibco, Invitrogen corporation, California, USA) containing 10% FBS (Hyclone, Utah,
USA) and penicillin/streptomycin at the concentration of 100 IU/ml and 100ug/ml,
respectively (Lonza, Basel, Switzerland). Then cells were seeded to 6 wells plates
(Nunc Brand Products, Roskilde, Denmark) at the concentration of 15-20x10° cells per
well in 4.5 ml cultured medium and incubated for 7 days in normothemic conditions and
5% CO,/ 95% O, without changing the media. Initial studies from our laboratory have
determined that under this condition, GlutaMax media allows BMCs to maintain their
viability and number during 7 days of incubation. After this, cells were re-suspended
and the adherent cells were de-attached in 4-5min with 0.05% Trypsine EDTA (Lonza,
Basel Switzerland) at 37°C. Trypsine was then neutralised by FBS. After this, cells were
placed into a 50ml Falcon tube and centrifuged at 100G and 10°C for 5min, the
supernatant was discarded and the cells were washed and centrifuged with 10ml KHH
solution. The cells were then counted using the Coulter Counter and re-suspended in

KHH solution at the concentration of 5x10° cells per 100 pl medium.
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For freezing, the fresh cells were re-suspended in FBS containing 10% dimethyl
sulfoxide (DMSO, Sigma-Aldrich, Dorset, UK), placed into cryovials and stored at -
80°C in a jacket over night and then transferred to liquid nitrogen until cells were used.
When they were required for experimentation, cells were quickly thawed at 37°C for 3-
4min and then centrifuged at 100G and 10°C for 5min. The supernatant was removed
and cells were re-suspended and transferred into a 50ml Falcon tube and washed with
10ml KHH. The cells were then counted using the Coulter Counter and re-suspended in

KHH medium at the concentration of 5x10° cells per 100 pl solution.

To assess the BMCs viability, 40 ul of medium containing cells was incubated with the
same amount of Trypan blue (Sigma-Aldrich, Dorset, UK) for 5min at room
temperature, and then cells were counted under an ordinary microscope. The viability of
BMCs, assessed by Trypan blue exclusion, after processing and immediately before
administration was > 95%. Cell viability was calculated as follows:

Living cells y
Living cells + Dead cells

Percentage of BMC viability =

The bone marrow cells from each individual were used a maximum of twice, one with
the atrium from the same donor and another time with the atrium from a different

subject.
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2.4  Study groups

After equilibration, the sliced myocardial muscles from a single donor were not used
twice for the same groups and were randomly allocated to one of the various groups as
described in each Chapter. For all the studies, myocardial slices were aerobically
incubated for the entire duration of the protocol (aerobic control) and the remaining
muscles were subjected to the 90min ischaemia/120min reoxygenation alone (ischaemic
control) or in co-incubation with different treatments according to the protocol. IP was
induced by 5min of ischaemia followed by 5min of reoxygenation before the I/R

protocol.
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Figure 3: Study protocols to characterise the cardioprotective potential of BMCs.

Various groups of experiments were used depending on the aims of the studies.

2.5 Assessment of tissue injury

Tissue injury was assessed by measurement of creatine kinase (CK) release into the

media during the 120min reoxygenation period. The enzyme activity was measured by



an ultraviolet method based on the formation of NADP employing a commercial assay
kit (30-3060/R2: Abbott Laboratories, Diagnostic Division, Kent, UK). The enzymatic

reactions involved in the assay are as follows:

Creatine phosphate + ADP CK Creatine + ATP
ATP + Glucose P HK . ADP + G-6-P
G-6-P + NADP <« G6PDH > 6-PG + NADPH

During this oxidisation, the amount of NADP reduced to NADPH is read at an
absorbance of 340nm. The rate of change in absorbance (AA/min) represents the CK

activity.

For this assay, the two reagents used were mixed together and then incubated with the
media at 37°C for 1min. After that, the incubation medium was dispensed into a 96 well
flat bottom micro plate (Costar, Corning Life Sciences, Lowell, Massachussetts, USA)
and measured at 0,1,2,3,4min using a spectrophotometer (Benchmark, Bio-Rad
Laboratories, California, USA). The CK activity expressed, in units per litre, was

calculated using the formula:

(AA/min x TV x 1000)

Cactivity (I0) = == LPx5V)

TV: Total reaction volume (ml)

¢ = 6.22: Millimolar absorptivity of NADPH at 340nm
LP: Light patch =1

SV: Sample volume (ml)

1000: conversion of units per millilitre to units per litre
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For each experiment, single samples were performed in triplicate with a variation of
values less than 10%. The mean of calculated CK activity was then divided by the
weight of the muscle, measured at the end of the experiments, so that the results were

expressed as 1U/mg wet weight.

2.6 Assessment of cell death

At the end of the experimental protocol, tissues were incubated for 15min at room
temperature on the rocker with 20pug/ml propidium iodide (PI, Sigma-Aldrich, Dorset,
UK) in phosphate buffered saline (PBS) at a pH of 7.4 to identify the necrotic nuclei.
Muscles were then washed with PBS twice for 5min each time before fixation in 4%
paraformaldehyde. They were kept overnight at 4-10°C and then transferred to sucrose
30% until the tissue sunk. All the above steps were performed in the dark to avoid
exposure to light. Following this, the muscles were embedded with Optical Cutting
Temperature embedding matrix (Tissue-Tek®, Agar Scientific Ltd, Essex, UK). Frozen
sections were then cut at 7um thickness in a Bright cryotome (model OTF) at circa -
25°C, and sections were collected on SuperFrost Plus slides (Menzel Glasser,

Braunschweig, Germany). The slides were then kept at -80°C.

To assess apoptosis, the slides were brought from -80°C to room temperature, washed
with 20mM PBS, and then permeabilised for 1min in a microwave oven at 850 watts in
200ml of 0.1% Triton X-100 in 0.1M Tri-sodium citrate buffer at a pH of 6.0. After this,
the slides were rapidly cooled by adding 80ml distilled water and transferred to 20mM
PBS solution. In addition, they were immersed into 3% bovine serum albumin (Sigma
Aldrich, Dorset, UK) and 20% foetal bovine serum (Hyclone, Utah, USA) in 0.1M Tris-

HCI buffer at a pH of 7.5 for 30min to block unspecific labelled activity. The terminal
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deoxynucleotidyl transferase (TdT) was used to incorporate fluorescein (FITC) labelled
dUTP oligonucleotides to DNA strand breaks at the 3'-OH termini in a template
dependent manner (TUNEL technique) for 90min at 37°C in a humidity chamber using
a commercially available kit (Roche Diagnostics, Penzberg, Germany). A negative

control, obtained by removing the enzymes, was performed every time.

To distinguish the total number of nuclei, sections were counter-stained with 1pg/ml 4°,
6-Diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, Oregon, USA) in PBS
for 1min. Then the slides were washed in PBS 3 times for 5min each. To reduce
photobleaching, the sections were mounted with anti-fade solution (Prolong Antifade
kit, Molecular Probes, Eugene, Oregon, USA) and covered with coverslips (Menzel

Glasser, Braunschweig, Germany).

A fluorescent microscope (Axiovert 200M, Zeiss fluorescent microscope, Gottingen,
Germany) at 40x magnification was used to assess necrosis and apoptosis and pictures
were taken using OpenLab 5 software (Improvision Itd, Coventry, UK). At least ten
fields per section and one section per staining were examined for each experiment. Pl
and FITC labelled nuclei were detected by the Cy3 and EGFP channels respectively,
whilst DAPI labelling was detected by the DAPI channel. Only the necrotic or apoptotic
signals coinciding with DAPI were considered true events. The NIH Image software
(Scion Corp, Frederick, Maryland, USA) was used to determine the total events for each
field. To avoid the inclusion of artefacts only fluorescent signals with areas greater than

16pum? were counted.
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2.7 Determination of blood Troponin | and CK-MB

For the clinical study on the cardioprotective effect of BMCs in patients undergoing
coronary bypass graft surgery, blood samples were taken before surgery and at 4, 12, 24
and 48 hours after the cross-clamp release for the determination of plasma levels of
Troponin | and CK-MB. Troponin | and CK-MB were measured using ADVIA Centaur
CP system (Siemens, Deerfield, USA) based on direct chemiluminescence technology
and were performed independently by the Dept. of Biochemistry, University Hospitals

of Leicester, NHS trust.

2.8 Assessment of cardiac function

For the clinical study, cardiac output was determined by thermodilution using Swan-
Ganz catheters placed in the pulmonary artery at different time points: before surgery
and 1, 2, 4, 8, 12, and 18-24 hours after aortic cross-clamp release. Three measurements
were made at each time point through the injection of 10 ml 5% glucose solution at
ambient temperature into the catheters. An injection was replaced if its value differed
from the others greater than 10%. Cardiac output was calculated from the measured
temperature changes over a given distance recording by the same catheter and cardiac
index was then adjusted to body surface area. All the values were computed by clinical

devices in the Cardiac Theatre and Intensive Care Unit, Glenfield hospital, UK.

2.9 Statistical analyses

e In all the in vitro studies, the data presented were obtained by subtracting the
aerobic control values. Results from all experiments are expressed as mean + SEM

except for the results from the in vitro part of the clinical study which are expressed
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as mean + SD. One way ANOVA followed by Bonferroni’s test were used to
determine any effect of the calculation (SPSS 14.0 statistical analysis software).

For the in vivo study, 22 subjects per group were determined as a result of the
specification of 1SD better off than the control group with 80% power, an
alpha=0.05 and an estimated 20% drop-out rate[196]. Continuous variables that
were normally distributed were presented as mean + SD, and differences between 2
groups were compared using independent t-tests. For non-parametric data, the Chi-
Square test or the approximate non-parametric Mann-Whitney test was used. For the
analysis of myocardial injury and cardiac function between groups, area under the
curve (AUC) was calculated for Troponin I, CK-MB, and cardiac index over their
respective time points, and compared using the appropriate tests.

Differences were considered to be statistically significant if p<0.05.
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CHAPTER 3: THE ROLE OF CELL DOSE AND THE

POTENCY OF BONE MARROW CELL-INDUCED

MYOCARDIAL PROTECTION

3.1 Introduction

Experimental data have demonstrated that cell therapy has the potential to repair the
damaged myocardium. This expectation and the clinical need for an effective treatment
to reduce the injury sustained during an acute myocardial infarction and to repair the
failing heart have accelerated the performance of clinical trials mainly using autologous
BMCs even before the underlying mechanisms of their potential effects have been
elucidated. However, the promising results of the initial non-randomized, feasibility
phase | trials[133, 134, 197] has been followed by controversial outcomes in the
randomized, efficacy phase |1 trials[136-140, 198]. It has been argued that differences in
the cell composition and manipulation of BMCs may be responsible for the observed
differences in some of these studies[143]. All this has prompted investigators to go back

to the laboratory to clarify what BMCs can do and the best modalities of application.

Until recently, BMCs have been used based on the assumption that they induce
therapeutic angiogenesis[199], myocardial regeneration by differentiation of the
administrated BMCs[5, 159] or by stimulation of the putative cardiac stem/progenitor
cells[174, 175] or cytoprotection via a paracrine action[200]. It has been suggested the
existence of a dose-response between the injected BMC number and LV EF change in

some clinical trials[144, 145], but so far no study has been performed to elucidate what

56



is the degree of the BMC-induced cardioprotection and whether the beneficial effect is

dose-dependent.

In this study, my aims were to investigate the myocardial protective dose-response of
BMCs and to determine the degree of this benefit as compared to that of IP, which has

been considered the most powerful cardioprotective intervention in nature[66].

3.2 Methods

Experimental preparation

Experiments were performed on the myocardium and BMCs obtained from patients
undergoing elective heart surgery such as coronary bypass surgery or aortic valve
replacement prior to the initiation of cardiopulmonary bypass. The selection of patients,
the bone marrow aspiration and separation, and also the experimental preparation were

described in Chapter 2.

Assessment of tissue injury and cell death
CK release into the media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocols

After equilibration for 50-60min, the atrial myocardial slices (n=6/group) were
randomly allocated to different groups and BMCs from one single donor were not
utilized more than twice. In each experiment, some myocardial slices were aerobically

incubated for the whole experimental time serving as time-matched aerobic controls and
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others subjected to 90min ischaemia/120min reoxygenation alone served as ischaemic

controls. The BMCs studied groups were sequentially carried out as followed:

Study 1: To study the most effective dose of BMC-induced myocardial protection
To find out the number of BMCs required to obtain maximal protection, different doses
of fresh BMCs (0.5, 1, 5 and 10x10°cells/preparation) were co-incubated with the atrial

myocardial slices during the 90min ischaemia and 120min reoxygenation

Study 2: To elucidate the potency of protective effect of BMCs

This was achieved by comparing the protection obtained by the most effective lower
dose of fresh cells (5x10° cells/preparation) co-cultured with atrial myocardial slices
during the ischaemic and reoxygenation periods with the effect of IP induced by 5min
ischaemia/5min reoxygenation prior to the 90min of ischaemia that previously has been

demonstrated to afford maximal protection in this model[195].

Statistical analyses

Data are expressed as mean + SEM. Each reported value was obtained after subtracting
the corresponding time-matched aerobic control value. One way ANOVA followed by
post hoc Bonferroni’s test was used on the SPSS program. Differences were considered

to be statistically significant if p<0.05.

3.3 Results

Study 1: The dose- response of BMC-induced myocardial protection
Figures 4A-4C show that the CK release and the percent of cell necrosis and apoptosis

seen in the myocardial slices subjected to I/R alone were not significantly affected by
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doses < 1x10° BMCs. However, significant reduction on the three indexes of injury
were observed and plateaued at dose of 5x10° cells, equivalent to 0.142+0.006x10°

cells/mg wet wt myocardium. *p<0.05 vs. I/R alone.

Study 2: The potency of cardioprotective effect of BMCs
Figures 5A-5C show that myocardial slices when used with BMCs at a dose of 5x10°
during I/R periods resulted lesser CK release as well as necrosis and apoptosis as
compared to I/R alone, confirming the results in study 1. Importantly, they also
demonstrate that the protection afforded by BMCs is of similar degree to the one

obtained with IP. *p<0.05 vs. I/R alone.

3.4 Discussion

The results provide clear evidence on the capacity of BMCs to induce myocardial
protection of the human myocardium, which potency is similar to that of IP, by
significantly decreasing the death of cells at risk, which is in agreement with previous
results from our laboratory[11]. Other studies have also suggested that ischaemic
changes in the murine, rat and pig heart can be prevented or decreased by BMCs via a
paracrine effect[166, 172, 201]. Therefore, it is possible that the modest improvement in
cardiac function seen in some clinical trials using BMCs[135, 136, 140, 198, 202] is
due, at least in part, to an early effect which reduces the loss of cells destined to die in
the area at risk. Of course, such a mechanism would not exclude the possibility that
BMCs may ameliorate cardiac function by late tissue regeneration either via
differentiation of the transplanted BMCs or through the stimulation of resident stem

cells, although these are two topics that remains the source of intense debate.
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Figure 4: Dose-response effect of BMCs.
The effect of BMC doses on CK release (A), cell necrosis (B) and apoptosis (C) of the
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Here | have also shown that the protective effect of BMCs is dose-dependent and that
doses of 0.142+0.006x10° cells/mg wet wt myocardium are required to obtain maximal
benefit with no additional protection with higher doses. This implies that 71x10° (or
~10™) BMCs could be required to obtain optimal protection of a heart weighting 500g.
This is an important finding that may explain the variable results reported by recent
clinical trials. Thus, for example the REPAIR-AMI[140] and BOOST[198] trials
showed an improvement in cardiac function when a medium of 198x10° or a mean of
246x10" BMCs, respectively, were administrated, whereas the ASTAMI[139] and
Leuven[138] trials reported no benefit when a median of 68x10° BMCs or 172x10°,
respectively, were given. It is worth noting that the doses of cells used in the former two
trials, even if all the administrated cells had gone to the myocardium and not been lost
into the systemic circulation, were well below the optimal minimal dose seen in my
study and it is possible that the reported benefit was only partial. The argument that the
cardioprotective action of BMCs is dose-dependent is also reinforced by the finding that
the infusion of a high number of BMCs in patients with established postinfarction heart
failure was associated with reduced mortality[203]. Moreover, meta-analyses of clinical
trials on intracoronary BMCs therapy after acute myocardial infarction have also
suggested the existence of a dose-response association between injected cell number
and LV EF change[144, 145]. Therefore the design of future clinical studies must take
into consideration the importance of selecting an appropriate dose of BMCs.
Furthermore, the demonstration that <5% of BMCs administrated via the coronary
arteries remain in the myocardium is an additional concern that would account for the

critical issue of cell dosage[204].

62



3.5 Conclusions

The finding that the myocardial protection by BMCs is dose-dependent, which potency
is similar to that of IP, may lead to the clinical exploitation of these cells to reduce the
injury sustained during an ischaemic insult (eg, acute myocardial infarction, cardiac
surgery) and should be taken into account when planning new trials. According to the
present results, maximal protection was obtained and plateaued at dose of 5x10°
autologous cells (~1.5x10° cells/smg wet myocardium). However, it is difficult to
maintain this optimal number of cells in the beating heart as data showed that after an
intracoronary injection, the retention of transplanted cells in the myocardium is less than
5%[204]. On the other hand, a suboptimal number of cells have been used in the
majority of reported clinical studies adding to the existing controversy on the
therapeutic efficacy of BMCs. It is worth noting that the protective potency of BMCs
can be enhanced by subjecting cells to hypoxic conditions[13], and it is possible to
speculate that stimulation of BMCs will produce and release more cell survival factors

that could compensate for a lower number of cells.
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CHAPTER 4: THE RELEVANCE OF THE SOURCE AND

THE EFFECT OF MANIPULATION OF BONE MARROW

CELLS

4.1 Introduction

Having demonstrated the cardioprotective potency of BMCs and characterised the dose-
response of such an effect, | embarked to investigate whether the manipulation of cells
could influence this beneficial action. It has been postulated that variations in cell
processing and storage have a major impact on the functional activity of cells, affecting
their capacity to migrate[143], an effect that could explain the controversial results of
some clinical trials . The elucidation of this issue is of great clinical importance and,
therefore, in the present series of experiments | investigated whether the manipulation
(culture, freezing) of BMCs affects their cardioprotective properties. Because in these
experiments | need to use allogeneic BMCs, | also aimed to determined whether the
cardioprotective efficacy of cells is influenced by the source (autologous versus

allogeneic).

4.2 Methods

Experimental preparation
Experiments were performed on the right atrial myocardium and BMCs obtained from
patients undergoing elective heart surgery prior to the initiation of cardiopulmonary

bypass. The selection of patients, the bone marrow aspiration and separation, and also
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the experimental preparation were described in Chapter 2. The methods of freezing and

culture of BMCs can also be found in the same chapter.

Assessment of tissue injury and cell death
CK release into the media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocols:
After the equilibrium period, the atrial myocardial slices (n=6/group) were randomly

allocated to different protocols as described below:

Study 1: To investigate the protective efficacy of allogeneic BMCs

As explained earlier, because the study on the manipulation of BMCs would require the
use of allogeneic cells, it was necessary to identify whether the source of cells has an
influence on the degree of myocardial protection from I/R injury. To this end, atrial
myocardial slices were incubated during ischaemia and during reoxygenation with fresh

autologous and fresh allogeneic BMCs (5x10°cells/preparation).

Study 2: To investigate whether the manipulation (culture, freezing) of cells affects the
myocardial protection of BMCs

For this study, atrial myocardial slices were incubated during ischaemia and during
reoxygenation (5x10° cells/preparation) with fresh autologous BMCs and with

allogeneic cells cultured for 7 days or frozen for 1-9 weeks.

Statistical analyses
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Means of data were analysed using one way ANOVA followed by post hoc
Bonferroni’s test (SPSS software) as described in Chapter 2. Significant differences

were considered if p<0.05.

4.3 Results

Study 1: The protective efficacy of allogeneic BMCs
Figures 6A-6C show that allogeneic BMCs reduce the CK release and cell death by
necrosis and apoptosis seen in the I/R alone group to an identical degree to that obtained

with autologous BMCs. *p<0.05 vs. I/R alone.

Study 2: The effect of manipulation (culture, freezing) to the myocardial protection of
BMCs

Figure 7 shows that the culture (7A-7C) or the freezing (7D-7F) of allogeneic BMCs
significantly reduce CK release and cell death when compared to I/R alone, an effect
that again was comparable to the one observed with autologous fresh BMCs. *p<0.05

vs. I/R alone.
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Figure 6: The effect of allogeneic BMCs.
The cardioprotective effect of allogeneic BMCs as compared to autologous BMCs on

CK release (A), cell necrosis (B) and apoptosis (C), n=6. *p<0.05 versus I/R alone.
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Figure 7: The effect of culturing and freezing of BMCs.
The effect of culture (A,B,C) and freezing (D,E,F) on the capacity of BMCs to reduce

CK release, cell necrosis and apoptosis, n=6. *p<0.05 versus I/R alone.
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4.4  Discussion

Transplantation of allogeneic BMCs for haematopoietic diseases has been reported to be
feasible and effective in animal studies[205, 206] and human beings[207, 208]. Here |
have demonstrated for the first time that allogeneic BMCs protect the myocardium
against ischaemic injury to a degree similar to that of autologous BMCs. The results
also suggest that allogeneic BMCs, being readily available, could be successfully
applied in clinical conditions where autologous cells cannot be timely prepared or are
defective. It should be conceded that immune reaction remains a considerable problem
following allogeneic cell transplantation[209]. However, allogeneic MSCs, a subset of
BMCs, have been reported to engraft without rejection and contribute to heal necrotic

tissue[122].

Previously, it has also been suggested that subtle differences in cell processing and
storage may affect the number and functionality of infused progenitor cells that, in turn,
could explain the discordance between clinical trials[143]. By contrast, my studies have
also clearly demonstrated that freezing or culturing of BMCs do not affect their
protective property. It is also interesting to note that culturing of BMCs under hypoxic
conditions enhances their protective potential after transplantation probably by releasing
more survival factors[13]. However, the finding that BMCs and other progenitor cells
can lose their differentiation potential and protective ability with increasing time in
culture and high number of passages should be taken into consideration[210, 211]. |
cannot fully explain the discrepancy between the claim that therapeutic potential of
BMCs can be affected by their manipulation[143] and the contrary results reported here.
However, it should be noted that whilst BMC-induced protection was the property

investigated in my studies, the capacity to graft was assessed in the other study[143].
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4.5 Conclusions

The observation that allogeneic BMCs can afford similar myocardial protection to that
of autologous BMCs adds flexibility to their clinical application since they will be
readily available at the point of need. The protective properties of BMCs may not be
affected by the possible immune reaction that could follow the injection of allogeneic
cells since the former action would precede the latter. The findings that the handlings of
BMCs such as culturing or freezing do not alter the protective properties of the cells
may lead to the clinical exploitation of these cells to reduce the injury sustained during
an ischaemic insult. However, it is not clear whether the time of administration might

have an effect on the protective action of BMCs.

71



CHAPTER 5: THE ROLE OF THE TIME OF

ADMINISTRATION ON THE PROTECTIVE EFFECT OF

BONE MARROW CELLS

5.1 Introduction

In the previous chapters, | have shown that BMCs administered during I/R have a potent
protective effect against ischaemic injury. Other experimental and clinical investigations
using BMCs have also obtained satisfactory results by reducing infarct size, salvaging
dying myocardium and ameliorating cardiac contractility after the onset of an acute
myocardial infarction[5, 136]. However it is not clear when BMCs should be applied to
achieve maximal benefit and it remains the subject of debate in clinical studies[212].
Therefore, in the present chapter | aimed to determine whether the time of

administration of BMCs influences their myocardial protection.

5.2  Methods

Experimental preparation

As in previous chapters, the experimental presented in this chapter were performed
using the myocardium from the right atrial appendage of patients undergoing elective
cardiac surgery obtained prior to the initiation of cardiopulmonary bypass. The selection
of patients, the bone marrow aspiration and separation, and also the experimental

preparation were described in Chapter 2.

Assessment of tissue injury and cell death
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The CK release into media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocol

For this study, the most effective lower dose of fresh autologous BMCs (5x10°
cells/preparation) seen in Chapter 3 was used to co-culture with atrial myocardial slices
(n=6/group) during ischaemia or during reoxygenation alone or during both times

(throughout).

Statistical analyses
One way ANOVA followed by Bonferroni’s test was used to determine the significance
between means = SEM of groups as described in Chapter 2. Statistical differences were

considered if p<0.05.

5.3 Results

Figures 8A-8C show that the incubation of atrial myocardial slices with BMCs during
the ischaemic or during the reoxygenation period alone was equally effective in
reducing myocardial CK release (A), cell necrosis (B) and apoptosis (C) seen in I/R
alone and that the protection observed in each of these two groups was similar to that of
BMCs when present during both periods of ischaemia and reoxygenation. *p<0.05 vs.

I/R alone.
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Figure 8: The role of the time of administration.
The effect of the time of administration of BMCs on CK release (A), cell necrosis (B)

and apoptosis(C), n=6. *p<0.05 versus I/R alone (ls: ischaemia, Re: reoxygenation).
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5.4 Discussion

The finding reported in this Chapter that myocardial protection by BMCs can be
obtained when cells are applied during ischaemia or during reoxygenation and that the
degree of protection is similar in all instances without further improvement when they
are administrated at more than one time point, it is also of clinical relevance since
maximal cardioprotection can be achieved at anytime, particularly after the ischaemic
insult; an invaluable property that adds flexibility to the therapeutic potential of BMCs.

However, it should be noted that in my studies BMCs were administrated for the first 2
hours of reoxygenation and that is not known whether they may be as effective when
given at later stages of reperfusion. Indeed, the time of BMCs administration following
a myocardial infarction has been argued as a key factor to improve cardiac
function[212, 213] and a clear improvement was claimed in a preliminary report when
the BMCs were administrated in the first few hours after the myocardial infarction[214].
It is clear that further studies will be required to characterize the time-course of the

benefit of BMcs when applied clinically.

5.5 Conclusions

Here | have demonstrated that the degree of myocardial protection afford by BMCs can
be obtained when the cells are applied during ischaemia or during reoxygenation or
during both time periods, adding flexibility to their potential clinical utility. However it
remains unknown whether the application of BMCs prior to ischaemia can induce a

myocardial protective response and how it is compared to IP.
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CHAPTER 6: PRECONDITIONING WITH BONE

MARROW CELLS

6.1 Introduction

In the previous Chapter | showed that BMCs afforded myocardial protection to a similar
degree when they were administrated during ischaemia or during the reoxygenation
period when given during both ischaemia and reoxygenation. However, whether BMCs
can precondition the myocardium when administrated before the induction of ischaemia
remains unclear, although the equipotency exhibited by BMCs with IP and the ability to
block the BMC-induced protection by PKC and p38 MAPK inhibitors[11], essential
factors to elicit protection by IP[215], would suggest that BMCs also can precondition
the myocardium. Therefore, in this Chapter my aim was to investigate whether BMCs
can precondition the human myocardium and if so, to determine the degree of the

protection.

6.2 Methods

Experimental preparation

Again, experiments were performed using the myocardium from the right atrial
appendage of patients undergoing elective cardiac surgery obtained prior to the
initiation of cardiopulmonary bypass. The selection of patients, the bone marrow
aspiration and separation, and also the experimental preparation were described in

Chapter 2.

Assessment of tissue injury and cell death
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The CK release into media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocol

After equilibration, the atrial myocardial slices (n=6/group) were randomly allocated to
different groups on which fresh autologous BMCs were co-incubated with the
myocardial slices for various time periods (10, 20 and 30min) prior to the 90min
ischaemia/120min reoxygenation and their anti-ischaemic effect was compared to the
one obtained with IP. To reduce the possibility that the concentrations of BMCs could
play a role, particularly with the shorter periods of co-incubation, a maximum dose of

10x10°cells/preparation was selected for this study.

Statistical analyses
The data were reported as mean =+ SEM and analysed as described in Chapter 2.

Statistical significance is considered if p<0.05.

6.3 Results

The results shown in Figure 9 demonstrates that the incubation of the myocardial slices
with BMCs for 10, 20 and 30min prior to I/R resulted in progressive protection as
compared to I/R alone with maximal reduction in CK release (A), cell necrosis (B) and
apoptosis (C) in the 30min incubation group, values that were almost identical to those

obtained with IP. *p<0.05 vs. I/R alone.
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Figure 9: Preconditioning with BMCs.

The effect of preconditioning with BMCs, induced by co-incubation of BMCs with
atrial muscles for various time periods prior to ischaemia, on CK release (A), cell
necrosis (B) and apoptosis (C), n=6. Some atrial muscles were also subjected to IP.

*p<0.05 versus I/R alone.

78



6.4 Discussion

In this chapter | have demonstrated for the first time that BMCs can precondition the
human myocardium and that the degree of the myocardial protection is similar to the
one obtained with IP. | also have shown that the BMC-induced myocardial protection is
achieved gradually and is not an all-or-none phenomenon with some protection seen
after 10min of co-incubation with the myocardial slices and maximal benefit obtained

after 30min of exposure.

If both forms of preconditioning, with BMCs and with ischaemia, are equipotent and
sharing cellular mechanisms, then it is possible that the preconditioning with BMCs is
subjected to the therapeutic windows exhibited by IP. If this is the case, it is possible
that after the protective trigger of an ischaemic insult, no additional benefit may be
obtained from the administration of BMCs. The experimental model used in my thesis
iS not appropriate to investigate this important point but it is an issue that would require

full clarification if BMCs are going to be used clinically to combat ischaemic injury.

6.5 Conclusions

Here | have demonstrated that BMCs confer precondition to the human myocardium by
30min exposure, an action that was as potent as that of IP. However, this study did not
show whether the benefit was induced by a direct effect of the BMCs on the

myocardium or it was the consequence of a factor(s) secreted by the cells.
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CHAPTER 7: THE ROLE OF SECRETED FACTORS ON

THE BONE MARROW CELL-INDUCED MYOCARDIAL

PROTECTION

7.1 Introduction

Having demonstrated in previous chapters that BMCs possess potent protective
properties, | turn my attention to the question of whether this action is due to a direct
effect of the cells or caused by secretion of a factor(s). In deed, the original hypothesis
underlying the putative beneficial effect of BMC transplantation has been questioned
and a paracrine action has been put forward as a more likely mechanism[200]. Early
studies suggested that the implanted cells respond to the new microenvironment by
secreting cytokines and growth factors, which may act both in an autocrine fashion on
the donor cells and in a paracrine fashion on nearby host cells[178, 216]. Several
strategies using different cell types to improve the survival of the myocardium have
demonstrated significant improvement in cardiac function[192, 217-219], a benefit that
could be associated with increasing release of secreted factors from the cells. Hence, in
this chapter my aim was to elucidate whether the myocardial protection is induced by

factor(s) secreted by the BMCs.

7.2  Methods

Experimental preparation
As in previous chapters, experiments were performed using the myocardium from the

right atrial appendage of patients undergoing elective cardiac surgery harvested prior to
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the initiation of cardiopulmonary bypass. The selection of patients, the bone marrow
aspiration and separation, and also the experimental preparation were described in

Chapter 2.

Assessment of tissue injury and cell death
The CK release into media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocol

For this experiment, fresh autologous BMCs (10x10°cells/preparation) were incubated
in 10ml KHH solution under aerobic conditions for 30min. The KHH supernatant
(conditioned media) was then obtained and co-incubated with atrial myocardial slices
for another 30min prior to 90min ischaemia/120min reoxygenation. For comparison, the
effect of fresh autologous BMCs (10x10°cells/preparation), also co-incubated with the
myocardial slices in KHH solution for the same time period before ischaemia, and that
of IP were studied (n=6/group). KHH solution was always used to maintain BMCs,

therefore no other controls were needed.
Statistical analyses

The results were analysed with ANOVA followed by Bonferroni’s test as described in

Chapter 2. Statistical significance is considered if p<0.05.
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7.3 Results

As shown in Figure 10, the conditioned media (supernatant) significantly reduced CK
release and cell necrosis and apoptosis, as compared to I/R alone, when co-incubated
with the myocardial slices for 30min prior to 90min ischaemia/120min reoxygenation.
The results were almost identical to those obtained by preconditioning with BMCs
(30min) or by IP, this suggesting that the observed protective effect is mediated by a

factor(s) produced by BMCs and contained in the media.

7.4 Discussion

Here | have shown that the incubation of BMCs-conditioned cell-free media with
human myocardium before ischaemia confers protection similar to that afforded by
BMCs themselves and by IP. Taken together, the results of this and the previous chapter
suggest that the beneficial action of BMCs is mediated by a secreted factor(s) that
require at least 30min of cells incubation so that s sufficient concentration can be
accumulated in the media to achieve maximal therapeutic efficacy. These results in man
are supported by an animal study showing that the use of conditioned media from
BMCs significantly increases microvessel density, decrease fibrosis and prevents
apoptosis in the infarcted myocardium, this leading to improvement in cardiac
function[176]. However, in this experimental study the conditioned media was obtained
after culturing BMCs in normoxic and hypoxic conditions and then administrated
directly into the myocardium immediately after coronary ligation and subsequently

intraperitoneally at several time points (2, 4 and 6 days) after the infarction[176].
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Figure 10: The role of conditioned media in the BMC-induced myocardial protection.
The effect of preconditioning with conditioned media, as compared to BMCs and IP, on

CK release (A), cell necrosis (B) and apoptosis (C), n=6. *p<0.05 versus I/R alone.
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The composition of BMCs-derived media appears to be a complex cocktail of cytokines
and growth factors[13, 176, 177], and it is possible to speculate that some of these
factors individually or in combination may be responsible for the cardioprotective effect
of BMCs. The clinical value of the present results should not be underestimated because
the desired cardioprotective effect could be achieved without the need of administration

of BMC:s, saving time and resources and adding flexibility and applicability.

7.5 Conclusions

The finding that full myocardial protection against ischaemic injury can be achieved by
BMCs-conditioned media without the need for the administration of cells is of great
clinical relevance since the conditioned media can be stored and be readily available
when needed. However, further refinement of this anti-ischaemic intervention can be
attended by a better understanding of the protective mechanism that | will explore in the

next chapter.
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CHAPTER 8: THE MECHANISM OF BONE MARROW

CELL -INDUCED MYOCARDIAL PROTECTION

8.1 Introduction

Stem cell transplantation into the injured heart has been considered to be a promising
therapy for the treatment of ischaemic cardiac diseases, yet the potential mechanism is
not clearly understood. Beyond the putative regenerative capacity, the use of BMCs has
been demonstrated to express paracrine signalling factors including cytokines and
growth factors that increase angiogenesis and reduce cell death[200, 220]. Among these
factors, IGF-1 acts predominately as a growth, survival, and differentiation factor for
many cell types including myocytes[179, 180, 221]. IGF-1 is produced by BMCs and
both IGFs (IGF-1 and IGF-2), whose biological activity is mediated mainly through
IGF-1 receptors (IGF-1R), have been shown in animal experimentation to induce
cardioprotection by reducing cell death and limiting infarct size[13, 161, 176, 182, 222].
Therefore, IGF-1R can be a potential mediator of the BMC- and conditioned media-
induced myocardial protection seen in the previous chapter. Due to the cardioprotection
being induced by both cells and conditioned media within 30min of exposure and
because they mimicked the benefit of IP, my hypothesis was that extracellular
adenosine produced by ecto-5’-nucleotidase/CD73-CD39 could be the trigger for
protection; however, preliminary experiments using a universal adenosine receptor
inhibitor (theophylline) did not support the thesis of an involvement of adenosine.
Hence, the aim of this study was to investigate the role of IGF-1/IGF-1R in the

cardioprotection induced by BMC-conditioned media.
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8.2 Methods

Experimental preparation
The experimental preparation using the right atrial myocardium and BMCs from

patients undergoing elective cardiac surgery is described in Chapter 2.

Assessment of tissue injury and cell death
The CK release into media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocols

In this chapter, the following studies were carried out:

Study 1: To elucidate whether IGF-1R mediates the cardioprotection induced by BMCs

To do this, atrial myocardial slices (n=6/group) were incubated for 30min with
conditioned media, previously obtained from the culture of 10x10° fresh autologous
BMCs for 30min, prior to 90min ischaemia/120min reoxygenation. Experiments were
performed in the presence of various concentrations (0, 1.5, 15, 150uM) of the specific
IGF-1R blocker PQ401 (Sigma-Aldrich, Dorset, UK) that directly inhibits
autophosphorylation of the kinase domain of the receptor[223]. Some atrial muscles
were concomitantly co-incubated with the highest dose of PQ401 prior to I/R and

served as the control for the influence of the blocker in this experimental model.

Study 2: To define the concentration of IGFs in the conditioned media
In this study, the concentration of IGFs secreted into the media by 10x10° fresh
autologous BMCs (conditioned media) was determined after 10, 20 and 30min of

incubation (n=6 determinations at each time point) by ELISA assays.
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The concentrations of IGF-1 and IGF-2 in the conditioned media were analysed using
the ELISA method (plate reader Benchmark, California, USA), in which IGF-1 was
measured by using human IGF-1 detection kit (R&D, Minneapolis, Minnesota, USA)
and IGF-2 by using human IGF-2 detection kit (Bio supply, Norwich, Norfolk, UK) as
described by the manufacturers. The sensitivity of the measurement is 62.5ng/ml and

40ng/ml for IGF-1 and IGF-2 respectively.

Study 3: To investigate whether IGFs at a concentration above the detection levels can
confer protection

In this additional study, to examine whether the observed benefit from BMCs is
mediated by the IGFs present in the media, myocardial slices (n=6/group) were
incubated with IGF-1 at the concentration of 62.5ng/ml and IGF-2 at the concentration
of 40ng/ml (both from Sigma-Aldrich, Dorset, UK) alone and in combination for 30min
prior to 90min ischaemia/120min reoxygenation. These concentrations were higher than
those detected in the conditioned media and represented the minimal detected levels by

the used ELISA assays.

Statistical analyses
The reported values were analysed with ANOVA followed by Bonferroni’s test and

were described in Chapter 2. Statistical significance is considered if p<0.05.

8.3 Results

Study 1: IGF-1R mediates the myocardial protection induced by BMCs
Figures 11A-11C show that the specific IGF-1R blocker PQ401 at the highest

concentration used (150uM) did not affect the CK release and cell necrosis and
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apoptosis caused by I/R. They also demonstrate that the favourable effect of the
conditioned media in reducing CK release and cell death was abolished by PQ401 at
concentration >15uM, suggesting that the myocardial protection induced by BMCs is

mediated by IGF-1R.

Study 2: The concentration of IGFs in the conditioned media

IGF-1 and IGF-2 could not be detected in the conditioned media at the end of 10, 20
and 30min incubation with BMCs. Because of that, the minimum detectable
concentrations for the assays of the two factors (62.5ng/ml for IGF-1 and 40ng/ml for
IGF-2) were used alone and in combination for the next study to determine whether

IGFs at a known concentration can cause any effect.

Study 3: The role of IGFs in BMC-conditioned media induced myocardial protection
The results shown in Figures 12A-12C demonstrate that IGF-1 and IGF-2 alone or in
combination at concentration above the level of detection did not significantly affect the
CK release and cell death caused by I/R.

This suggests that although IGFs acting through the IGF-1R could be necessary, they
are not sufficient for the myocardial protection afforded by BMCs and that other

factor(s) are required to achieve the benefit.
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Figure 11: The effect of the blockade of IGF-1R on myocardial protection.
The effect of IGF-1R blocker PQ401 at different concentrations in the conditioned
media, when co-incubated with the muscles for 30min prior to ischaemia, on CK release

(A), cell necrosis (B) and apoptosis (C), n=6. *p<0.05 versus I/R alone.
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Figure 12: The effect of IGF-1 and IGF-2.

IGF-1 (62.5ng/ml) and IGF-2 (40ng/ml) alone and in combination did not significantly

affect the CK release (A), cell necrosis (B) and apoptosis (C) caused by I/R, n=6.
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8.4 Discussion

In the present studies, the IGF-1R was identified as a necessary mediator of the
myocardial protection induced by BMCs-conditioned media since the benefit was
completely abolished by the IGF-1R specific antagonist PQ401 in a dose-dependent
manner. This finding would suggest that a factor responsible for the beneficial action of
the BMCs-conditioned media is IGF, a thesis that would be supported by previous
experimental studies on the protective properties of this growth factor[179, 180, 182,
221, 224]. However, the two IGF isoforms, IGF-1 and IGF-2, were below the level of
detection of commercial ELISA kit in the BMCs-conditioned media and when both
IGFs were used at higher concentrations to those present in the media they were not
sufficient to reduce ischaemic injury. These results suggest that factor(s) other than
IGF-1/IGF-2 acting through IGF-1R are necessary to induce protection or another
mechanism is also involved. Given the complex biological actions triggered by the
BMCs or their conditioned medium, it seems reasonable that other factors alone or in
combination with IGF are needed to produce the protective effect. Although IGF-1 and
IGF-2 could not be measured in the conditioned medium, it would be interesting to see
whether antibodies against either of these two factors or both of them could block the
effect. Actually, in agreement with my findings, several studies have shown that
blocking IGF-1R is associated with promotion of apoptosis, an important factor

responsible for ventricular remodelling after myocardial infarction[225, 226].

As mentioned in the Introduction of this chapter, a preliminary study using

theophylline, a non-selective adenosine receptor blocker, did not abolish the myocardial

protection induced by the BMCs-conditioned media, thus excluding a role for adenosine
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and adenosine receptors. Certainly, a full elucidation of the factor(s) responsible for

cardioprotection would require further investigation.

The myocardial protection obtained with the BMC-conditioned media was as potent as
that of IP. A previous study from our laboratory[11] demonstrated that the BMC-
induced cardioprotection can be abolished by blocking the activation of kinases such as
PKC and p38MAPK, both of which have been shown to be integral parts of the
signalling transduction mechanism of IP[215] and these kinases are also downstream
effectors of the IGF-1R[227, 228]. Therefore, it is likely that both interventions, BMCs

and IP, are sharing some of the mechanism required to elicit their protective action.

8.5 Conclusions

The results shown in this chapter suggest that the myocardial protection induced by
BMCs-conditioned media is mediated, at least in part, through the IGF-1R, that
although IGF-1 and IGF-2 could be necessary, they are not sufficient for the protection
afforded by BMCs and that other factor(s) are required to achieve the benefit. Following
this, | turn my attention to the identification of the BMCs type that may be responsible

for the protective effect.
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CHAPTER 9: THE IDENTITY OF THE CELL TYPE
RESPONSIBLE FOR THE BONE MARROW CELL-

INDUCED MYOCARDIAL PROTECTION

9.1 Introduction

Unselected BMCs represent a mixed population of various stem cells, progenitor cells,
and haematopoietic cells at various maturation stages. It is not yet clear which cell
population(s) promote functional recovery in the subjects after some of the
intracoronary transfer. In experimental models of acute myocardial infarction,
functional improvements have been reported after transplantation of unselected or highly
selected BMC populations, including HSCs, EPCs[5, 129, 199] and MSCs[121].
Importantly, the use of CD133", a subset of BMCs with lots of stemness, has been
reported to enhance tissue repair after an acute ischaemic insult[197, 229, 230] or when
used clinically during coronary bypass graft surgery in the context of chronic
ischaemia[231]. While the differentiation of BMCs to cardiac tissue is not clear from
these studies, my previous data have demonstrated a strong myocardial protective effect
of the unfractionated BMCs, and because of this my aim in this chapter was to

investigate the role of CD133" cells in mediating myocardial protection.

9.2 Methods

Experimental preparation
The experimental preparation using the right atrial myocardium and BMCs from

patients undergoing elective cardiac surgery is described in Chapter 2. In addition,
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CD133" cells were isolated by the use of antibody-magnetic beads (CD133 indirect Kits,
Miltenyi Biotec, Bergisch Gladbach, Germany) following the company’s protocol.

After that, the percentage of CD133" in the selected cell population was determined.

Assessment of tissue injury and cell death
The CK release into media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocol

To identify whether CD133" cells, a subset of BMCs that have been used in clinical
trials for cardiac repair[197, 229, 230, 232], myocardial slices (n=5/group) were
incubated with fresh autologous CD133" and CD133" cells for 30min prior to 90min
ischaemia/120min reoxygenation. The CD133" and CD133  cells used in each
preparation were those obtained after their separation from 10x10° fresh BMCs. In
addition, myocardial slices (n=5/group) from the same donors were subjected to an
identical protocol using unfractionated fresh BMCs (10x10° cells). This study was
restricted to the cardioprotective effect of CD133 cells and no further exploration on the

composition of the CD133 cells was established.
Statistical analyses

Data were reported as mean + SEM and compared as described in Chapter 2. Statistical

significance is considered if p<0.05.
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9.3 Results

Figures 13A-13C demonstrate that while the reduction in CK release and in cell
necrosis and apoptosis can be replicated by the incubation of the myocardial slices with
BMCs for 30min prior to I/R, the CD133" (0.3+0.04% BMCs) and CD133" population
failed to significantly modify the mean values for the three indexes of injury when
compared to the I/R group. The unexpected results suggest that the immunobeads
isolation procedure eliminate the protective properties of BMCs, possibly by

suppression of the production/secretion of the putative beneficial factor(s).

9.4 Discussion

The stemness of CD133" cells has made them a likely candidate responsible for the
putative benefit of BMCs and as a result they have been used in several clinical
trials[197, 229, 230, 232]. Here | have shown that neither the CD133" nor the remaining
BMCs population were able to reduce ischaemic injury, which suggests that cell
separation by magnetic immunobeads impairs the capacity of cells to secrete the
factor(s) required to withstand an ischaemic insult. Therefore, the question of whether
CD133" cells are responsible for the BMC-induced myocardial protection still remains

unanswered.

In Chapter 4, | demonstrated that the culturing and freezing of BMCs did not affect their
protective potential; however, as shown here, the use of other manipulations, such as the
use of immunobeads, can reduce or abolish this property. This finding emphasises the
importance of standardisation of the protocols used for the preparation of cells and the

need for detailed analysis of their capabilities before use.
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Figure 13: The role of CD133" cells in the BMC-induced myocardial protection.
The role of CD133+ cells, as compared to CD133" cells and unfractioned BMCs, on CK

release (A), cell necrosis (B) and apoptosis (C), n=5. *p<0.05 versus I/R alone.
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9.5 Conclusions

The effect of the immunobeads on the isolation of BMCs has prevented me from
elucidating whether CD 133+ cells are responsible for the myocardial protection of
BMCs. This unexpected result may suggest that to obtain the cardioprotection of BMCs,
it would be more efficacious to use the unfractionated, whole BMCs population, rather
than a specific cell subset. However, it should be conceded that the culturing of
separated cells could allow them to regain their capabilities, an issue that will need to be

clarified in future studies.
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CHAPTER 10: THE EFFECT OF DIABETES AND POOR

LEFT VENTRICULAR FUNCTION ON BONE MARROW

CELL-INDUCED MYOCARDIAL PROTECTION

10.1 Introduction

Diabetes mellitus is a major risk factor for cardiovascular diseases and
complications[233]. In addition, diabetes reduces the tolerance to ischaemia[234] and
patients with this condition are more susceptible to develop heart failure[235], that
constitutes a growing health problem further exacerbated by the increase in the aging
population. Indeed, mortality is 4-8 times greater in people with heart failure than in the
general population of the same age[236]. To investigate and overcome this clinical
problem, it is necessary to have a better understanding of how these conditions are

affecting the cardiovascular system.

We have demonstrated that the myocardium of patients with diabetes or very poor LV
function (EF<30%) cannot be protected by interventions such as IP[85, 94] but that this
deficit can be reversed by the manipulation of the intracellular signalling pathway of
cardioprotection[85]. As described in Chapter 3, | have also found that BMCs confer
protection of the myocardium from subjects without diabetes or poor LV function, an
action that was as potent as that obtained with IP. The aims of the present study were to
investigate whether such clinical conditions influence the myocardial protection elicited
by BMCs and whether the cause for any loss in protection resides in the BMCs or in the

myocardium.

98



10.2 Methods

Experimental preparation

Experiments were performed on the right atrial myocardium and BMCs obtained from
patients undergoing elective heart surgery prior to the initiation of cardiopulmonary
bypass. The selection of patients, the bone marrow aspiration and separation, and also

the experimental preparation were described in Chapter 2.

Assessment of tissue injury and cell death
CK release into the media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocols:
In this chapter, the most effective lower dose of BMCs (5x10° cells/preparation) seen in
Chapter 3 was used to co-culture with atrial myocardial slices (n=6/group) during

90min ischaemia/120min reoxygenation in the following studies:

Study 1: To investigate the myocardial protective potential of BMCs from subjects with
diabetes and to elucidate whether the response depends on the myocardium or the
BMCs

This was achieved by co-incubating the myocardium from subjects with diabetes with
autologous BMCs and with allogeneic BMCs from subjects without diabetes during the
entire ischaemia and reoxygenation periods and compared to the efficacy of IP. In
addition, the myocardial slices from subjects without diabetes were co-incubated with

autologous BMCs and with allogeneic BMCs from subjects with diabetes.
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Study 2: To investigate the myocardial protective potential of BMCs from subjects with
poor LV function and to determine whether the response depends on the myocardium or
the BMCs

For this study, the myocardium from subjects with failing hearts (LV EF <30%) were
co-cultured with autologous BMCs and with allogeneic BMCs from subjects with
normal function hearts during entire ischaemia and reoxygenation periods and compared
to the efficacy of IP. In further experiments, the myocardium from hearts with normal
LV function was co-incubated with autologous BMCs and with allogeneic BMCs from

subjects with failing hearts.

Statistical analyses
The results were expressed as mean + SEM. One way ANOVA followed by
Bonferroni’s test was used as described in Chapter 2. Statistical significance is

considered if p<0.05.

10.3 Results

Study 1: Protection of the myocardium from subjects with diabetes mellitus: role of
BMCs and myocardium

Figures 14A-14C show that I/R alone of the diabetic myocardium induced substantial
myocardial injury as measured by CK release, and cell necrosis and apoptosis. They
also demonstrated that the diabetic myocardium cannot be protected by IP or by the co-
incubation with autologous BMCs or allogeneic BMCs from subjects without diabetes.
By contrast, Figures 14D-14F show that the CK release, and the cell necrosis and
apoptosis induced by I/R of the non-diabetic myocardium are significantly and similarly

reduced by the autologous BMCs or by allogeneic BMCs from subjects with diabetes.
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These results suggest that the failure to protect the diabetic myocardium is due to a
deficit in the myocardium and that the protective properties of BMCs from diabetic

subjects are preserved.

Study 2: Protection of the myocardium from subjects with poor LV function: role of
BMCs and myocardium

Figures 15A-15C demonstrate that, as expected[94], IP did not reduce the CK release
and cell death by necrosis and apoptosis of the myocardium from failing hearts
subjected to I/R. They also show that, as IP, autologous BMCs did not afford protection,
however the co-incubation of myocardium from failing hearts with allogeneic BMCs
from subjects with normal LV function resulted in significant reduction in CK release
and in a modest, but still statistically significant, decrease in cell necrosis without a
detectable benefit in apoptosis. Importantly, Figures 15D-15F show that whilst the co-
incubation of the myocardium from subjects with normal LV function effectively
reduced CK release and cell necrosis and apoptosis as compared to I/R alone, the use of
BMCs from subjects with poor LV function failed to do so. These results suggest that
the BMCs from subjects with poor LV function have lost the protective potential
although the failing myocardium also exhibits a deficit in the protection brought about

by IP and BMCs.
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Figure 14: The effect of BMCs and myocardium from subjects with diabetes.

CK release (A), cell necrosis (B) and apoptosis (C) in myocardium from subjects with
diabetes co-cultured with diabetic and non-diabetic BMCs; and CK release (D), cell
necrosis (E) and apoptosis (F) in myocardium from subjects without diabetes co-

cultured with non-diabetic and diabetic BMCs, n=6. * p<0.05 versus I/R alone.
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Figure 15: The effect of BMCs and myocardium from subjects with poor LV function.

CK release (A), cell necrosis (B) and apoptosis (C) in myocardium from failing hearts
co-cultured with poor and normal LV function BMCs; and CK release (D), cell necrosis
(E) and apoptosis (F) in myocardium from subjects with normal LV function co-

cultured with normal and poor LV function BMCs, n=6. *p<0.05 versus I/R alone.
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10.4 Discussion

Diabetes and myocardial protection

Diabetes is a systemic disease that also causes cardiomyopathy[237-239]. Patients with
diabetes are at an increased risk of ischaemic events[240-242] and diabetes also
represents an important risk factor for poor outcomes after coronary
revascularisation[243, 244]. Despite the overwhelming clinical evidence that the
diabetic heart is more sensitive to ischaemia/reperfusion injury[245], experimental
studies are divided, reporting more[246, 247], less[248] or similar[249] susceptibility.
Our laboratory was the first in demonstrating that the myocardium from subjects with
diabetes cannot be preconditioned by ischaemia[94], that the reason is dysfunctional
mitochondria[85] but that the deficit can be overcome by activation of the signalling
transduction pathway beyond the mitochondria[215]. In the present studies, it was
demonstrated that the BMCs of patients with diabetes posses similar protective potential
to the BMCs of those without diabetes. Since neither autologous BMCs from diabetic
nor allogeneic BMCs from non-diabetic subjects were able to afford protection of the
diabetic myocardium, it can be hypothesised that the protection of BMCs is mediated by

a mechanism operating upstream of the mitochondria.

The finding that the protective potential of BMCs is preserved in diabetes does not
necessary mean that the other properties of the BMCs from these subjects are not
affected by the disease. Thus, it has been reported that the diabetic bone marrow
mononuclear cells have an impaired potency to induce therapeutic angiogenesis[250,
251]. Certainly, a full elucidation of how diabetes may affect BMCs will be required for

a safe and efficacious exploitation of their therapeutic potential in this group of patients.
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Heart failure and myocardial protection

It is believed that the failing heart is more sensitive to ischaemia/reperfusion injury
probably due, at least in part, to a greater oxidative stress[92, 252, 253] and increased
production of cytokines, such as tumour necrosis factor alpha[254], in congestive heart
failure. We have also demonstrated that the myocardium from subjects with poor LV
function cannot be protected by IP although the mitochondrial Karp channel opener
diazoxide elicited protection[94], this suggesting that the defect in cardioprotection was
located upstream of the mitochondria. Here | have confirmed that IP does not protect
the failing myocardium and demonstrated for the first time that allogeneic BMCs from
subjects with normal cardiac function can afford some, but not full, protection.
Importantly, | also have shown for the first time that the BMCs from patients with poor
LV function have lost the protective properties on the myocardium from subjects with
normal LV function. Previously, | have reported that the myocardial protection induced
by BMCs is triggered by secreted factors and mediated by IGF-1R, an effect that can be
blocked by inhibition of the activity of PKC and p38 MAPK]11]. Overall, these results
support the thesis that BMCs induce myocardial protection by a mechanism similar to
that of IP and that the failure to induce protection by BMCs from subjects with poor LV
function is probably due to a deficit in the secretion of some, as yet unknown, growth
factors and/or chemokines. The elucidation of such factors may be of clinical
importance for increasing the tolerance to ischaemic insults and ameliorating the

survival of cardiomyocytes of failing hearts.
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10.5 Conclusions

The finding that autologous BMCs cannot protect the myocardium of patients with
diabetes and poor LV function has important clinical implications and should be taken
into consideration for the design of clinical trials on the use of BMCs. It is worth
emphasising that the use of allogeneic BMCs from normal donors will not evoke
protection of the diabetic myocardium since the defect is located in the cardiac tissue
and not in the BMCs. However, the use of allogeneic BMCs from normal donors could
still elicit some degree of protection in the failing heart.

It will be valuable to reveal the factors produced by BMCs whose absence could be
responsible for the protective deficit in patients with heart failure in order to avoid the
complexity of the use of allogeneic cells. None the less, a more direct and effective
approach could be the activation of intracellular survival mechanisms, particularly the
ones downstream of the mitochondria that have been shown to be operative in diabetes.
But the use of such a therapy would still require the availability of selective and non-

toxic pharmacological agents with appropriate tissue diffusion and cellular penetrability.
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CHAPTER 11: THE EFFECT OF LONG-TERM
ADMINSTRATION OF THE MITOCHONDRIAL Katp
CHANNEL OPENER NICORANDIL ON MYOCARDIAL

PROTECTION OF BONE MARROW CELLS

11.1 Introduction

The mitochondria play an important role in ischaemia/reperfusion-induced injury of the
mammalian heart[255, 256] and mitochondrial Karp channels are central to the
protection against this damage[257-259]. Previously our laboratory and other
investigators have demonstrated that the acute opening of mitochondrial Kare channels
with diazoxide can elicit an identical protection to that of IP in the human
myocardium[85] and in the other myocardium of animal species[257, 260, 261].
However, our group also has observed that the permanent opening of mitochondrial
Katp channels with long-term administration of the anti-anginal agent nicorandil rather
than to afford a lasting states of protection it renders the myocardium unresponsive to
protection by IP or by pharmacological preconditioning with diazoxide[91]. Despite
this, the loss in protection of the myocardium from subject on long-term treatment with
nicorandil can be regained by activation of PKC and p38 MAPK[91], kinases that are

located beyond the mitochondria in the cellular signalling pathway of IP[215].

Initially, it was speculated that BMCs differentiate into cardiac tissue restoring the lost
myocardium. However, this thesis has been questioned and there is a growing belief that

BMCs induce benefit by a paracrine mechanism via stimulation of resident
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progenitor/stem cells and/or improvement in tissue survival[11, 200]. Indeed, if the
benefit of BMCs is due, at least in part, to a greater protection against myocardial
ischemic injury it is possible that such an effect may be influenced by clinical
conditions (eg, diabetes, heart failure) or medical treatments (eg, mitochondrial Karp
channel openers). Hence, the aims of this study were to investigate whether the long-
term administration of the mitochondrial Katp channel opener nicorandil influences the
protection elicited by BMCs and whether they can overcome the unresponsiveness of

the myocardium to cardioprotection.

11.2 Methods

Experimental preparation

Experiments were performed on the right atrial myocardium and BMCs obtained from
patients undergoing elective heart surgery prior to the initiation of cardiopulmonary
bypass. The selection of patients, the bone marrow aspiration and separation, and also

the experimental preparation were described in Chapter 2.

Assessment of tissue injury and cell death
CK release into the media during the 120min of reoxygenation and cell death by

necrosis and apoptosis were determined as described in Chapter 2.

Study protocol:

For this study, the most effective lower dose of BMCs (5x10° cells/preparation) seen in
Chapter 3 was used to co-culture with atrial myocardial slices during 90min
ischaemia/120min reoxygenation. The aims were achieved by co-incubating the

myocardium (n=6/group) from subjects on long-term treatment with nicorandil with
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autologous BMCs and with allogeneic BMCs from subjects non-treated with nicorandil
during the entire ischemic and reoxygenation periods and compared to the efficacy of
IP. In addition, the myocardial slices from subjects non-treated with nicorandil were co-
incubated with autologous BMCs and with allogeneic BMCs from subjects on long-

term treatment with nicorandil during I/R.

Statistical analyses
The results were expressed as mean + SEM. One way ANOVA followed by
Bonferroni’s test was used as described in Chapter 2. Statistical significance is

considered if p<0.05.

11.3 Results

Figures 16A-16C show that I/R alone induced substantial damage of the myocardium
from subjects on long-term treatment with nicorandil as measured by CK release, cell
necrosis and apoptosis. They also demonstrated that, as expected, this myocardium
cannot be protected by IP. Furthermore, the incubation of myocardium from subjects on
nicorandil with autologous BMCs and with allogeneic BMCs from subjects non-treated
with nicorandil did not significantly reduce the mean values of any of the indexes of
injury. However, Figures 16D-16F show that the CK release and cell necrosis and
apoptosis induced by I/R of the myocardium from subjects non-treated with nicorandil
were significantly and similarly reduced by autologous BMCs and allogeneic BMCs
obtained from individuals on long-term treatment with nicorandil. These results suggest

that the protective properties of BMCs are unaffected by nicorandil treatment.
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Figure 16: The effect of nicorandil on BMC-induced myocardial protection.

CK release (A), and cell necrosis (B) and apoptosis (C) in nicorandil myocardium co-
cultured with autologous BMCs and allogeneic non-nicorandil BMCs; and CK release
(D), cell necrosis (E) and apoptosis (F) in non-nicorandil myocardium co-cultured with

autologous BMCs and allogeneic nicorandil BMCs, n=6. *p<0.05 versus I/R alone.
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11.4 Discussion

The failure to protect the myocardium from subjects on long-term treatment with
nicorandil is probably due to permanent opening of the mitochondrial Katp channels
that as a result would prevent the activation of the downstream intracellular signalling.
Previously, we have demonstrated that activation of PKC and p38 MAPK can elicit
protection of a similar magnitude to that of ischemic and pharmacological
preconditioning in the myocardium from subjects on long-term nicorandil
treatment[91], this suggesting that the signalling pathway beyond the mitochondrial
Katp channels remains unaffected. Therefore, the observation in the present studies that
autologous and allogeneic BMCs cannot reverse the deficit in cardioprotection caused
by the long-term administration of nicorandil supports the view that opening of
mitochondrial Katp channels is necessary for the BMC-induced myocardial protection.
This finding is of critical importance for the planning and patients’ selection of clinical
trials investigating the therapeutic potential of BMCs. It is also worth noting that whilst
the long-term administration of nicorandil affects the innate protective mechanism of
the myocardium, the capacity of BMCs to induce myocardial protection was unaffected.
Certainly, this is another point of clinical relevance if allogeneic BMCs may be

considered for therapeutic purpose.

In contrast with the results reported here, the IONA randomised trial has demonstrated a
reduction of major coronary events in patients with stable angina[262]. The reason for
these apparent opposite results is not clear but it is possible to speculate that the clinical
benefit obtained by the long-term administration of the drug is exerted by mechanisms
different from the activation of the cell signalling responsible for cardioprotection[263,

264]. Indeed, mechanisms such as vasodilation, upregulation of nitric oxide,
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improvement of endothelial function and anti-inflammation could explain the
discrepancy[262, 263]. It should be mentioned that, in addition to the effect on the
mitoKate channels, nicorandil acts as a nitric oxide donor and therefore it could be
speculated that the effect of the long-term administration of this agent is due, at least in
part, to a nitric oxide-derived action. However, previous findings from our laboratory
(M Galifanes, unreported results) have shown that the long-term administration of
nitrates does not render the myocardium unresponsive to IP. Nonetheless, it is clear that
further studies should be performed to fully elucidate the exact mechanism of the action,
the therapeutic potential and the potential side effects of long-term administration of

nicorandil.

11.5 Conclusions

The present study has shown for the first time that the opening of the mitochondrial
Katp channels by long-term administration of nicorandil does not eliminate or reduce
the cardioprotective potential of BMCs but they are unable to rescue the
unresponsiveness of the myocardium from these subjects to protection. It is also
important to note that the present findings relate to the protective properties of BMCs
and that other potential beneficial actions of the cells may not be influenced in the same

way by long-term therapy with nicorandil.
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CHAPTER 12: RANDOMISED CONTROLLED TRIAL ON

THE CARDIOPROTECTIVE EFFECT OF BONE

MARROW CELLS IN PATIENTS UNDERGOING

CORONARY BYPASS GRAFT SURGERY

12.1 Introduction

There has been considerable interest on the use of BMCs for myocardial repair
following initial encouraging results from animal studies[265, 266]. However, the
mechanisms of the beneficial effects of BMCs remain unclear; and clinical trials on its
applications following acute[144-146, 267] and chronic myocardial ischaemia[137, 231,

268, 269] have produced mixed results.

Recently, our laboratory has demonstrated that BMCs have a potent effect against
ischaemic injury of the human myocardium in an in vitro model of acute ischaemia,
reducing CK release, apoptosis and necrosis[11]. This was in agreement with other
studies in animal models whereby BMCs have been shown to decrease the expression of
pro-apoptotic proteins and reduce apoptosis[13, 176, 200]. To further exploit this
potential cardioprotective effect in the clinical setting, we have conducted the first
randomized controlled trial to investigate whether the administration of autologous
BMCs as an additive to cardioplegia solution during cardiac surgery can reduce
myocardial ischaemic injury, which remains a main cause of complications and

morbidity after cardiac surgery[270].
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12.2 Methods

Study population

Patients, aged between 20 to 80 years, having 3 graftable diseased coronary vessels and
a left ventricular EF > 40%, undergoing first-time elective coronary artery bypass
grafting (CABG) by a single surgeon (Manuel Galifianes) were considered for the study.
Patients with unstable angina, cardiogenic shock (systolic blood pressure<80mmHg,
requiring intravenous inotropes or an intra-aortic balloon pump), percutaneous coronary
intervention during the preceding 3 months, pre-existing bone marrow conditions,
bleeding disorders, hepatic or renal failure, diabetics, chronic inflammatory disease,
infection, previous neoplasm, chronic treatment with oral antibiotic agents or the Katp

channel opener nicorandil were excluded from the study.

The study was approved by the local ethics committee and was conducted in accordance
with Medicine for Human Use (Clinical Trials) Regulations 2004 and EU Clinical
Trials Directive in the UK. The clinical trial is also registered on the International

Standard Radomised Control Number Register (ISRCTN 22639386).

Study design

Patients were randomly assigned by computer-generated block randomization to receive
BMCs during each dose of cardioplegia (BMCs group) or to be control. Physicians
treating the patients as well as the investigators analyzing the results were blinded to the

randomization.

The primary end-point was a reduction in myocardial injury during the first 48 hours

after the release of aortic cross-clamp. The secondary end-point was an improvement in
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cardiac function during the first 24 hours after aortic cross-clamp release. Information
was also collected regarding any postoperative complications prior to the patient’s

discharge.

Operative procedure

All patients underwent CABG under standard anaesthetic protocol, operative techniques
and post-operative care. Briefly, patients were given Temazepam 20 mg and ranitidine
150mg as premedication 2 hours before their scheduled operation. Intravenous access
was established in the induction room, before the patients were pre-oxygenated and
monitored with ECG, pulse oximetry and arterial line pressure tracing. Anaesthesia was
then induced with fentanyl 5-10pg/kg, midazolam 0.05-0.1mg/kg and rocuronium
1mg/kg, and maintained with Oj/air mixture and isoflurane to achieve a Bispectral
Index System reading of less than 50. Patients were then intubated and a central venous
catheter as well as Swan Ganz pulmonary artery flow catheter were inserted. All
operations were performed through a median sternotomy using standard techniques with
cardiopulmonary bypass (CPB) under full heparinization (3-4 mg/kg intravenously),
and regular doses of cold blood cardioplegia (ratio of blood to St. Thomas’ cardioplegic
solution Nol of 1:4 — 1000ml was given during the first dose, subsequently 500ml was
given at 15-20min interval, coinciding with the completion of each bypass graft). Bone
marrow was aspirated from all patients before the start of CABG. In patients assigned to
the BMCs group, BMCs were given together with the cardioplegia at the end of each
dose of cardioplegia (see below). After their operation, patients were transferred to the
Cardiac Intensive Care Unit for further care, keeping their cardiac filling pressures
(central venous pressure between 8 and 12mmHg and pulmonary capillary wedge

pressure between 12 and 16mmHg with appropriate transfusion), heart rate (between 70
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and 90 beats/minute with atrial pacing if required) and systemic vascular resistance
index (between 1200 and 1800 units using vasodilators such as GTN and
vasoconstrictors as norepinephrine and vasopressin if required) within the physiological
range. Patients were extubated and cared for postoperatively as per unit standard routine

procedures until discharge.

BMC preparation and administration

After anaesthesia but before CABG, 120ml of bone marrow were aspirated from the
patient’s iliac crest and BMCs were separated by density centrifugation as described in
Chapter 2. BMCs were then diluted in 30ml of cardioplegia solution and each 10ml of
diluted BMCs was delivered at the end of each cardioplegia infusion antegradely into

the coronary circulation via a side-arm of the administration set close to the aortic root.

Assessment of myocardial injury
Blood samples were taken before surgery and at 4, 12, 24 and 48 hours after the cross-
clamp release for the determination of plasma levels of Troponin | and CK-MB as

described in Chapter 2.

Assessments of cardiac function
Cardiac index was measured by thermodilution using a Swan-Ganz pulmonary artery as

described in Chapter 2.

In vitro study

To study the role of CPB on the cardioprotective effect of BMCs in vitro, the right atrial

appendage from 12 control patients was collected either before or 10min after the
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initiation of CPB (n=6/group) and then subjected to 90min ischaemia/120min
reoxygenation. The preparation and experimental procedures were described in Chapter
2.

In addition, BMCs were co-incubated with myocardial slices (5 x10° cells/preparation)
during I/R and the slices were allocated to different groups: controls, IP, BMCs, and

IP+BMCs (BMCs after the induction of IP).

Myocardial injury assessed by CK release, and cell death by necrosis and apoptosis

assessed by Pl and TUNEL were determined as described in Chapter 2.

Statistics and expression of results

As this was a novel study, 22 subjects per group were required as described in chapter
2. Continuous variables that were normally distributed were presented as mean + SD,
differences between 2 groups were compared using independent t-tests. For non-
parametric data, the Chi-Square test or the approximate non-parametric Mann-Whitney

test was used.

12.3 Results

Baseline characteristics and operative and postoperative data

A total of 44 patients were consented for the study. Two patients, one from each group,
withdrew from the study before the surgery. A mean of 155 + 78 x 10° BMCs were
administered in the treated group, comprising of a mean of 24.9 + 30.0 x 10° CD34/117
positive cells, 6.8 + 9.4 x 10° CD45 positive cells, 78.4 + 130.8 x 10° CD34 positive
cells and 20.3 + 22.3 x 10° CD133 positive cells. As shown on Table 1, the baseline

characteristics and operative date were similar in both study groups. There was no
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identifiable complication associated with the BMCs administration. A patient in the
control group developed post-operative atrial fibrillation requiring medical treatment.
One other patient in the BMCs group had low systemic resistance after surgery and
required vasoconstrictor therapy (norepinerphine) for 48 hours. Another patient from
the BMCs group also was re-intubated the first postoperative day a further 24 hours of

mechanical ventilation due to poor gas exchange after initial successful extubation.

Cardiac enzymes

As shown in Figures 17A-17B, the plasma Troponin | and CK-MB level were equally
raised after surgery and the elevations had a similar profile for the first postoperative 48
hours in the BMCs treated and control groups. Analysis of the AUC, also for the first 48
hours after surgery confirmed that the plasma levels for Troponin | and CK-MB in the
BMCs treated group were not significantly different from those seen in the control
group (Troponin I: 165.6 + 153.2 vs 188.2 +213.8ug/L in control and CK-MB 639.6 +
714.9 vs 567.1 £454.2ug/L in control; p=NS in both instances).

Cardiac function

As seen in Table 2, the mean cardiac index in the BMCs treated group was similar to
those in the control group before surgery and values were almost identical in both study

groups in the first 24 hours after surgery.

In vitro study

Figure 18 A-18C show that, in contrast to the clinical in vivo results, BMCs significantly
reduced CK release and the degree of cell necrosis and apoptosis as compared to control
when muscles were obtained prior to the initiation of CPB. The benefit induced by

BMCs was similar to the one that obtained with IP, however their use in combination
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did not result in further improvement to the one seen with each intervention.
Importantly, as shown in Figures 18D-18F, when muscles were harvested 10min after
the initiation of CPB, cell necrosis and apoptosis seen in the control group were less
than in the muscles obtained prior to CPB. In this instance, the mean values for the
BMC- and IP-treated groups alone and in combination were not significantly different
from the control values, all suggesting that the muscles were already protected by the

initiation of CPB.
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Table 1: Patients’ characteristics and operative data

Characteristics Control BMCs p value
Demographics:
Age (years) 622+ 11.2 64.4+88 0.49
Male sex — (%) 76.2 76.2 1.00
Risk Factors:
Hypertension — (%) 714 61.9 0.51
Hyperlipidemia — (%) 61.9 57.1 0.75
Smoking history — (%) 61.9 57.1 0.75
Family history of CAD- (%) 571 66.7 0.53
Pre-op medication:
Aspirin — (%) 85.7 95.2 0.61
Clopidogrel — (%) 33.3 9.5 0.13
Beta-blockers — (%) 571 76.2 0.19
ACE inhibitors — (%) 524 23.8 0.11
Statins — (%) 81.0 90.5 0.66
Diuretics — (%) 19.0 19.0 1.00
Operative details:
Bypass time (minutes) 108.5+19.3 108.6 £ 14.5 0.99
62.3+12.0 64.3+11.6 0.57

Cross-clamp time (minutes)

Abbreviation: CAD- coronary artery disease

123



Table 2: Cardiac index before and after coronary bypass grafting

Intervention

Time after cross clamp release (hrs)

p value
Baseline 1 2 4 8 12 24
Control 2,51 +0.59 3.63+0.54 3.54 +0.68 2.86 +0.74 3.26 +0.81 3.42+0.73 3.08 +0.62
0.47
BMCs 2.31 +£0.60 3.29 +0.86 3.24 +£0.79 2.94 +0.87 3.26 +0.63 3.31+0.56 3.11 +£0.39
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Figure 17: Cardiac enzymes before and during the first 48 hours following aortic cross-
clamp release.

Plasma Troponin | (A) and CK-MB (B) levels in patients from the control and treated
groups at baseline and during 48 hours after aortic cross-clamp release were not

significantly different.
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Figure 18: Protective effect of BMCs on myocardial slices obtained before and after
cardiopulmonary bypass.

The effect of BMCs to reduce CK release, cell necrosis and apoptosis in myocardium
obtained before (A,B,C) and 10min after (D,E,F) the initiation of cardiopulmonary

bypass, n=6. *p<0.05 versus I/R alone.
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12.4 Discussion

This randomized study is the first to investigate the potential cardioprotective effect of
BMC:s in the clinical setting. The results have shown that the use of BMCs as an adjunct
to the cardioplegic solution does not afford additional cardioprotection, as assessed by
the plasma values of Troponin | and CK-MB. By contrast, the in vitro studies
demonstrated that although cardioprotection can be obtained when the muscles are
harvested prior to CPB, the effect is dissipated when they were harvested 10min after
the initiation of CPB. The absence of additional cardioprotection in muscles obtained
after the initiation of CPB was due to a reduction of ischaemic injury in the control
muscles rather than to a loss of cardioprotective effect of BMCs or IP; this suggesting
that CPB preconditions the heart and that the additional use of BMCs and IP do not
induce further protection. These results are of relevance for the understanding of the

mechanism underlying the beneficial effect of BMCs and warrant further discussion.

There are still controversies as to whether BMCs contribute to myocardial repair and if
so whether is by myocyte regeneration, neovascularisation and other paracrine effects.
Having previously demonstrated the cardioprotective effect of bone cells against
ischaemic injury in an in vitro model[11], here we set off to explore the potential
beneficial effect of BMCs in limiting myocardial ischaemic injury during cardiac
surgery. Thus, unlike previous clinical trials to-date that were not specifically designed
to address the mechanism of action, we have attempted to test a specific mechanistic
property of BMCs. This clinical setup was chosen because the initiation of myocardial
ischaemia and the timing of reperfusion are controlled. Furthermore, to reduce study
variability, patients with good LV function and those requiring only 3 bypass grafting

were selected. Hence, all patients received the same dose of cardioplegia and the bypass
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and cross-clamp time were also similar in all study patients. Although, BMCs did not
confer additional cardioprotective benefits when used as an adjunct to cardioplegia and
during CPB, the findings are of particular importance for explaining the reported

controversial results from clinical studies[137, 144-146, 231, 267-269].

The apparent dichotomy of the presence of cardioprotection by BMCs in the in vitro
studies but absence of a significant anti-ischaemic effect in the clinical study may be
explained by activation of cardioprotection by CPB, which is supported by the abolition
of the benefit on CK release and cell necrosis and apoptosis in control muscles exposed
to CPB prior to their harvesting rather than due to a loss of protection by BMCs or IP.
The findings are further supported by previous results from our laboratory showing that
the reduction in the plasma leakage of cardiac enzyme induced by IP in patients
undergoing coronary artery bypass grafting without the use of CPB was absent in
patient operated on CPB[271]. Indeed, preconditioning of the myocardium can be
induced by a large number of stress conditions including ischaemia, hypoxia, heat,
stretch, etc, and it is possible to conclude that, in the presence of CPB, the use of BMCs

does not induce further protection against ischaemic injury.

The finding that BMCs and IP induce similar degree of cardioprotection when used
alone and that their use in combination does not results in additional benefit support the
thesis that both interventions share similar mechanism of action. This view is supported
by previous study from our laboratory[11] demonstrating that the cardioprotection
induced by BMCs can be abrogated by blocking the activation of the kinases PKC and
p38 MAPK, that are also essential to elicit protection by IP[215]. While there are still

work to be done to fully elucidate the cardioprotective mechanisms of BMCs & IP, our
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findings are of great clinical relevance since to obtain maximal cardioprotection by
BMCs, they should be administered at a time when the myocardium is not
preconditioned by other means. This could provide explanation to the variable results of
clinical trial where BMCs were injected at different times ranging from 3 hours to 7

days after an acute myocardial infarction.

Limitations

It is worth noting that the study was performed under clinical conditions where double
blinded randomization could not be achieved. Furthermore, as the inter-subject
variability in cardiac enzymes was large, the power of the study was limited for
moderate or smaller treatment effects. In addition, the assessment of end-points only up
to 48 hours, the complexity and potential sources of inaccuracy in haemodynamic
assessment[272] and the absence of additional evaluations of left ventricular and

regional function may represent limitations of the study.

12.5 Conclusions

I and my colleagues have shown that the use of BMCs as an additive to cardioplegia
during CPB did not confer additional cardioprotection above and beyond that of
cardioplegia. However, the in vitro studies have demonstrated that BMCs can induce
cardioprotection in the absence of stress conditions such as CPB that per se, may have
already preconditioned the heart. These results are of clinical relevance and need to be

taken into consideration for the planning of future clinical trials.
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CHAPTER 13: CONCLUSIONS

13.1 Conclusions

Controversy still remains whether the administration of BMCs to the heart can cause
myocardial regeneration or preservation[139, 140, 273]. Thus, beside the putative
capacity of BMCs to transdifferentiate, the work presented in this thesis has
demonstrated that BMCs possess potent cardioprotection against
ischaemia/reoxygenation-induced injury, similar to that of IP. This property may lead to
the clinical exploitation of these cells to reduce the myocardial injury sustained during
an acute ischaemic insult. The fact that maximal benefit can be obtained when cells are
administrated either prior to or during ischaemia, or during reoxygenation, provides
enormous potential and flexibility for an effective clinical application. However, it is
necessary to note that certain manipulations, like cell fractionation using immunobeads,
can abolish the BMC-induced myocardial protection, although others such as culturing

or freezing do not.

The finding that allogeneic BMCs can afford identical myocardial protection to that of
autologous BMCs also adds flexibility to their clinical application since they will be
readily available when needed. The argument that allogeneic cells may cause
immunoreaction could be overcome by the use of BMC-conditioned media.
Furthermore, the identification of the secreted factor(s) and its (their) utilization, or the
direct activation of the IGF-1R, shown to be the mediator of this cardioprotection in my
studies, may simplify clinical application even more by making redundant the need for

BMCs.
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It should be pointed out that, because BMC-induced cardioprotection may share some
elements of the intracellular signalling pathway with IP, it may be possible to argue that
both interventions are similarly regulated and that, if so, it could explain why BMCs
lost their protective benefit when applied after induction of IP. Of course, this may be
the reason why BMCs used as an adjunct to cardioplegic solution during cardiac surgery
could not be protective in the presence of cardiopulmonary bypass that per se induces
preconditioning of the heart. These findings may allow to speculate that BMCs may
also be subjected to therapeutic windows as IP does (eg, early or first window and
delayed or second window). If this is the case, then it may have important clinical
implications for choosing the most appropriate time of administration following an
acute myocardial infarction. One is tempted to argue that this could be an explanation
for the conflicting clinical results on the administration of BMCs following an acute

myocardial infarction.

The finding of my thesis that the myocardial protection by BMCs is dose-dependent is
also of clinical relevance and should be taken into account when planning new trials.
According to the present results, it is possible that a suboptimal number of cells have
been used in the majority of reported clinical studies adding to the existing controversy

on the therapeutic efficacy of BMCs.

The findings that BMCs failed to induce protection of the diabetic myocardium or of the
myocardium being treated with the Kare channel opener nicorandil is due to a defect in
the myocardium but not to the cells may have therapeutic implication for the design of
future clinical studies as a large part of the population suffering from coronary artery

disease have diabetes and nicorandil is a common anti-anginal agent. The results may
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also help to explain some of the negative results from clinical trials and are particularly
meaningful if cardioprotection is the dominating mechanism in cardiac repair rather
than regeneration. It was also important that although autologous BMCs could not
protect the failing heart, allogeneic BMCs were able to partly induce protection of this
poorly contractile myocardium, suggesting that the BMCs from subjects with failing
heart do not release some of the factors essential for cardioprotection. Certainly, it
would be worthwhile to elucidate the factors responsible for cardioprotection so that

their therapeutic use could eliminate the complexity of using BMCs.

13.2 Limitations

A limitation of my in vitro studies is the use of atrial tissue, as it may not fully represent
the response of ventricular myocardium. Nonetheless, recent studies in our laboratory
(unpublished data) have shown that the degree of injury induced by I/R of the human
atrial myocardium is similar to the one observed in muscles from the left ventricle of
mice and rats suggesting that the response of the atrial and ventricular myocardium to
I/R is comparable. In addition, we[274] and other investigators[275] have shown that
preconditioning induces similar degree of protection of the atrial and ventricular
myocardium. Another potential limitation may be that most of my studies were
performed in an in vitro preparation that is devoid of blood components. However, the
latter shortcoming could also be advantageous to examine the direct relationship
between the intervention and the myocardium, removing the potential confounding
effects of blood and vasculature. Despite the above considerations, caution must be

taken when extrapolating the present results to clinical conditions.
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13.3. Future directions

In defining the future directions that could follow the studies reported in my thesis, |
believe that the most urgent and burning issue to be investigated is the identification of
secreted factors by the BMCs responsible for the observed potent cardioprotection. It is
clear that a full definition of these factors would simplify the clinical applicability by
avoiding the aspiration, preparation and administration of BMCs. The use of these
factors would also mean that larger proportion of the population could receive the
treatment to reduce the lost of muscle after an acute ischaemic insult with important

societal and economic implications.

In my view, the elucidation of cell type(s) producing the cardioprotective factors should
also be performed. My failure to show whether CD133" cells may play a role was
probably due to the use of magnetic beads for their separation, a technique that may
have an effect on the function of cells since both CD133" cells and the remaining BMCs
fraction were unable to elicit the protective effect. Therefore, it would be necessary to
use other alternative cell separation methods when investigating which cell type(s) is

the producer of the protective factors.

A full clarification of the cell signalling pathway mediating the cardioprotective
response should also be investigated. This knowledge could allow further simplification
of the therapeutic approach used and also make possible to bypass the defective part of

the signalling cascade present in clinical conditions such as diabetes and heart failure.

While there is a growing belief that BMCs do not differentiate into heart tissue it still

remains unclear whether these cells have the potential to induce proliferation of resident
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progenitor cells. In my thesis | did not investigate this issue but it may be possible to
speculate that if such an effect exists it may be induced by the same factor(s) causing
cardioprotection. Indeed, a full elucidation of these properties will be required to refine

and advance the therapeutic potential of BMCs or their products.
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