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Abstract
Ischaemic heart disease is the most common cause of mortality in the
western hemisphere and it is rapidly becoming the leading cause of death
globally. Moreover, therapeutic interventions by cardiologists and cardiac
surgeons frequently subject the heart to acute I/R injury, which in itself can
cause mortality.
Recent investigations of adult stem cells have primarily focused on their
regenerative potential for chronic ischaemic heart disease. In this thesis, I
have investigated the hypothesis that adult bone marrow derived stem cells
are cardioprotective in acute regional myocardial I/R injury. In a rat model
of left anterior descending coronary artery (LAD) reversible occlusion and
reperfusion, I demonstrate that an intravenous bolus of adult bone marrow
derived (1) bone marrow mononuclear (BMNNC) and (2) mesenchymal
stem cells (MSC) upon reperfusion can attenuate infarct size. This effect is
comparable to ischaemic preconditioning (IPC), which is the gold standard
for cardioprotection.
Next,

I

demonstrated

the

mechanisms

for

adult

stem

cell

cardioprotection are principally anti-apoptotic and depend upon stem cell
secreted factors to (1) activate phosphatidylinositide 3-kinase (PI3)/Akt cell
survival kinase-signaling pathway (2) inhibit glycogen synthase kinase-3β
(3) inhibit p38MAPK (4) inhibit nuclear translocation of p65NF-κB.
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Proteomic analysis of myocardium subjected to I/R and treated with either
BMMNC or BMMNC derived supernatant (BMS) upon reperfusion
demonstrated higher expression of a whole host of pro-survival proteins.
These were notably (1) 14-3-3-ε protein (2) anti-oxidant peroxiredoxin-6 (3)
heat shock protein (HSP) αB-crystallin, HSP72, HSP tumour necrosis factor
receptor-1 associated protein, and HSP ischaemia responsive protein-94 (4)
glycolytic

protein

glyceraldehyde-3-phosphate

dehydrogenase

(5)

mitochondrial aconitase and mitochondrial voltage-dependent anionselective channel protein-1.
Thereafter, I investigated the mobilization of endogenous bone marrow
stem cells and trafficking to the ischaemic myocardium by stromal cell
derived factor-1 (SDF-1) /chemokine, receptor type 4 (CXCR4) signaling. I
demonstrate high up-regulated expression of CXCR4 and CD26 in
BMMNC following IPC, which might have a role in IPC-mediated
cardioprotection. Finally, and in concordance with this finding I
demonstrate that both IPC and an exogenous MSC bolus upon reperfusion
can synergize to abolish acute myocardial I/R injury.
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Abbreviations
Biological
AMI

acute myocardial infarction

BM

whole bone marrow

BMMNC

bone marrow mononuclear cells

BMS

BMMNC supernatant

CXCR4

chemokine receptor type 4

DMEM

Dulbecco’s Modified Eagle Media
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deoxyribonucleic acid

ECM

extracellular matrix
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embryonic stem cells
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foetal bovine serum
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granulocyte colony stimulating factor
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hypoxia inducible factor-1
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heat shock protein

IGF

insulin-like growth factor

LAD

left anterior coronary artery

LV

left ventricle

MMP

metalloproteinase

α-MEM

alpha-Modified Eagles Medium

MSC

mesenchymal stem cells
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IM

intramyocardial

IP

intraperitoneal

IV

intravenous

SDF-1

stromal cell derived factor-1

TIMP

tissue inhibitor of metalloproteinase

VEFG

vascular endothelial growth factor

Biochemical and chemical
ATP

adenosine triphosphate

Ca2+

calcium ion

DMSO

dimethyl sulfoxide

DTT

dithiothreitol

FLICA

Fluorescent Labeled Inhibitor of Caspases

EDTA

ethylenediaminetetraacetic acid

H+

proton

HBSS

Hank’s balanced salt solution

H2O2

hydrogen peroxide

IL

interleukin

IPC

ischaemic preconditioning

I/R

ischaemia and reperfusion

K+

potassium ion

KATP

ATP-sensitive potassium channel

MAPK

mitogen-activated protein kinases
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MPTP

mitochondrial permeability transitional pore

Na+

sodium ion

NADPH

nicotinamide adenine dinucleotide phosphate

NBT

p-nitroblue tetrazolium

NCX

sodium/calcium exchanger

NF-κB

nuclear factor-kappa B

NHE-1

sodium/hydrogen ion exchanger-1

Na+/K+/ATPase

sodium/potassium ion exchanger

NO

nitric oxide

O2-.

superoxide anion

OH.

hydroxyl radical

ONOO-

peroxynitrite

PBS

phosphate-buffered saline

PIC

protease inhibitor cocktail

PKC

protein kinase C

PTK

protein tryrosine kinase

PVDF

polyvinylidene fluoride

ROS

reactive oxygen species

SDSPAGE

sodium dodecyl-polyacrylamide

Measurements and units
AAR

area at risk

bpm

beats per minute

C

degrees Celsius
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h

hour

HR

heart rate

kDa

kilo Dalton

MAP

mean arterial pressure

mg/kg

milligram per kilogram

mg/ml

milligram per millilitre

min

minute

ml/kg

millilitre per kilogram

μl

microlitre

μl

micrometre

mm Hg

millimetres of mercury

μM

micromolar

mM

millimolar

%

percentage

PRI

pressure rate index

w/v

weight per volume

v/v

volume per volume

Miscellaneous terms
ANOVA

analysis of variance

2-D

2-dimensional

2-DE

2-dimensional gel electrophoresis

e.g.

for example
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FACS

fluorescence activated cell sorter

FSC

forward scatter count

FITC

fluorescein isothiocyanate conjugate

g

acceleration due to gravity

i.e.

that is

n

number of experiments or animals

rpm

revolutions per min

SSC

side scatter count

SEM

standard error of the mean
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Chapter 1
General Introduction
1.1 Ischaemic Heart Disease
The heart is a muscular pump that sustains an adequate perfusion of
blood to itself, the brain, and all other corporeal tissues. The heart exerts its
function until death of the organism with the same or lesser number of cells
than those present from birth (Chien 2004). Heart muscle, or myocardium,
may lose a significant number of functional cells due to ischaemia.
Ischaemia is a state of blood deprivation with a consequent denial of oxygen
and other metabolic substrates. Myocardial ischaemia leads to cellular
death, myocardial dysfunction and eventually death of the organism.
Ischaemic heart disease is the leading cause of death in the West (Rosamond
et al., 2007). With the rapid economic development of the east, ischaemic
heart disease is set to become the leading cause of death globally by 2020
(He et al., 2005). Each year, 19 million people worldwide experience the
morbidity and mortality of an ischaemic myocardial episode (Naghavi et al.,
2003). Ischaemic heart disease is also an economic burden, for example in
the United Kingdom; the National Health Service spends £1.7 billion
annually on ischaemic heart disease patients. United States, in comparison,
spend $186 billion annually on ischaemic heart disease (Cohn et al., 1997).
17

The loss of human life and the costs to the global economy continues to
drive the tremendous research effort to discover novel strategies to protect
against ischaemic heart disease.

1.1.1 Pathophysiology of Myocardial Ischaemia
The myocardium is a syncytium of cells, or cardiomyocytes, which
function in electro-mechanical synchrony and form 75% of the contractile
mass of the heart (Brilla et al., 1991; Zak 1974). This syncytium of
cardiomyocytes are maintained in an extracellular matrix (ECM), which is
necessary to maintain the functional integrity and consists of an intricate
network of type 1 and type 3 collagenous fibres produced by numerous
myofibroblasts (Zak 1974; Weber 1997). Around 60% of each
cardiomyocyte consists of contractile proteins invested with a dense array of
mitochondria occupying approximately 20% of the cardiomyocyte volume.
This high ratio of myofibrils to mitochondria are necessary to generate the
high levels of intra-cardiomyocyte adenosine 3´, 5´-triphosphate (ATP) by
oxidative phosphorylation (Schaper et al., 1985). Thus in comparison to
other bodily organs, myocardial oxygen consumption is the highest per mass
per minute; i.e. 10ml oxygen per minute per 100mg of myocardium.
Consequently, more than 75% of the oxygen delivered to the heart is subject
to immediate extraction from the myocardial coronary blood flow. This
limited physiological reserve mandates significant increases in coronary
blood flow to ensure a balance in oxygen demand and supply is met
especially during states of increased myocardial contractility (Camici et al.,
18

1996; Feigl 1983; Klocke 1976). It therefore also follows that the
myocardium poorly tolerates luminal coronary arterial stenoses that limit
perfusion and subject the myocardium to profound hypoxia even at rest.
Such coronary artery perfusion defects are the principal cause of myocardial
ischaemia and associated myocardial dysfunction or mortality.
During the pathophysiological state of myocardial ischaemia,
glucose becomes the primary substrate for anaerobic production of ATP, but
this glycolytic process has a significantly lower yield of ATP than that
produced by fatty acid oxidation (Camici et al., 1996; Oliver et al., 1994;
Rouslin et al., 1990). Persistent glycolysis leads to an accumulation of
pyruvate and nicotinamide adenine dinucleotide, which inhibits pyruvate
dehydrogenase activity and prevents pyruvate entry into the mitochondria
(Salem et al., 2002). Accumulating pyruvate conversion to lactic acid leads
to profound acidosis (Zemgulis et al., 2001). Inevitably, glycolysis cannot
generate sufficient ATP for myofibril contractility and maintenance of the
important ion exchange mechanisms such as sodium/potassium ion pump
activity (Na+/K+/ATPase), which is necessary for normal myocyte
membrane

polarity.

Thus,

continued

dependence

upon

anaerobic

metabolism rapidly leads to myocardial hypokinesis and accumulation of
intra-myocyte Na+. Intra-cardiomyocyte acidosis causes further Na+
accumulation by increased sodium/hydrogen ion exchanger-1 (NHE-1)
activity (Karmazyn et al., 1999). Overload of Na+ switches the
sodium/calcium exchanger (NCX) into reverse mode to lower intra-myocyte
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Na+ but at the expense of increased intracellular Ca2+. The combined Na+
and Ca2+ overload leads to osmotic cellular swelling, loss in cell membrane
integrity, and necrotic cell death (Murphy et al., 2008; Pedersen 2006).
Ischaemic cell death is primarily by necrosis, as it proceeds in the absence
of ATP, and contrasts cell death by dependence on ATP i.e. apoptosis.
Consequently, 70% of the myocardium will undergo necrosis following 3 h
of continuous ischaemia. Termination of myocardial ischaemia by
restoration of an adequate coronary blood flow is termed reperfusion and
this is an essential first step in limiting injury to the ischaemic myocardium.

1.1.2 Pathophysiology of Myocardial Reperfusion
Reperfusion of an ischaemic myocardium limits necrotic injury and
attenuates acute myocardial infarction (AMI) by 40% (Reimer et al., 1977).
Reperfusion, however, can propagate tissue injury beyond that sustained by
ischaemia alone (Jennings et al., 1960; Braunwald et al., 1985).

This

paradoxical effect of reperfusion following ischaemia is widely termed
reperfusion injury. At the onset of reperfusion, there is a rapid production of
reactive oxygen species (ROS), correction of intra-cellular acidaemia, but
this is at the expense of further Na+ overload, Ca2+ overload, and
consequential depression of myocardial contractility or stunning. Thus,
during prolonged ischaemia over activity of NHE-1 leads to Na+ overload
and secondarily to Ca2+ overload due to reverse activity of the NCX. ROS
can further increase NHE-1 activity by H2O2 mediated phosphorylation by
mitogen activated protein kinases (MAPK), which include p38, c-jun, NH220

terminal kinase (JNK) and extracellular signal-regulated kinases 1/2 (Sabri
et al., 1998; Wei et al., 2001; (Snabaitis et al., 2002); Moor et al., 2001).
NHE-1 activity is at its peak during the initial period of reperfusion and
results in a greatly increased intracellular Na+ concentration, which affects
the direction of NCX. NCX activity is important for the removal of
intracellular Ca2+ from the cardiomyocyte, but NCX is sensitive to subsarcolemmal Na+. Thus, the increased intracellular Na+ causes a reverse
mode NCX action leading to Ca2+ influx into the cardiomyocyte. ROS can
also directly increase NCX activity as shown by exposure of
cardiomyocytes to H2O2 (Goldhaber 1996). Accumulating cytosolic Ca2+
leads to increased mitochondrial Ca2+ and causes mitochondrial swelling
with eventual mitochondrial outer membrane disruption (Shen et al., 1972).
Loss of mitochondrial outer membrane integrity and leakage of
mitochondrial pro-apoptotic factors triggers apoptotic cell death.
An important combined effect of ROS and mitochondrial calcium
overload during reperfusion leads to the opening of a non-specific inner
mitochondrial membrane pore called the mitochondrial permeability
transitional pore (MPTP). Opening of MPTP is detectable 2 to 3 minutes
after the onset of myocardial reperfusion but not during ischaemia
(Halestrap et al., 2004). MPTP opening leads to uncontrolled proton entry
into the mitochondrial matrix and loss of the inner mitochondrial membrane
potential or proton motive force, which is essential for oxidative
phosphorylation. This not only decelerates mitochondrial ATP production
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but also accelerates hydrolysis of all cellular ATP to cause a rapid decline in
the total cellular ATP levels (Halestrap et al., 2004). The primary trigger for
MPTP opening is increase in matrix calcium (Crompton et al., 1987), and
sensitivity to opening is further increased by mitochondrial ROS, phosphate,
and mitochodrial membrane depolarization (Halestrap 2009). The
maintenance of MPTP closure is by the normally high levels of ATP, ADP,
Mg2+, and H+ within the mitochondrial matrix. The molecular components
of MPTP have not been entirely characterised, however, the discovery of
Cyclophilin D (CypD) as a facilitator of MPTP opening in the presence of
calcium and phosphate was a milestone in the understanding of the MPTP
mechanism (Crompton et al., 1988). States of calcium overload lead to
increased CypD binding to the mitochondrial phosphate carrier (PiC) to
enable MPTP activation. This facilitating role of CypD during calcium
overload can be desensitized by the sub-micromolar concentrations of the
immunosuppressant Cyclosporin A (Leung et al., 2008b). The key MPTP
pore forming protein(s) remain elusive to date.

Adenine nucleotide

translocase (ANT) may be an MPTP pore forming protein as it binds to ATP
or its deoxyribose analogues to reduce the calcium sensitivity of MPTP
opening (Halestrap et al., 1997). Oxidative stress or the “c” conformation
caused by carboxyatractyloside prevents the binding of ANT to adenine
nucleotides (Halestrap et al., 1997). Data that is more recent however
suggests genetic ablation of ANT significantly reduces MPTP opening
sensitivity to calcium but does not abolish it (Kokoszka et al., 2004 4551).
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This suggests that ANT may not be the essential protein for MPTP pore
formation. Other data points to PiC as being a possible MPTP pore forming
protein (Leung et al., 2008a). There are however, other proteins that might
have a role in the formation of MPTP pore and of which a 32kDa protein
identified as voltage dependent anion channel isoform-1 (VDAC-1) is
supported by the strongest evidence (Cesura et al., 2003; Crompton et al.,
1998).
Reperfusion of the ischaemic myocardium results in significant
depression in myocardial function (Braunwald et al., 1982; Heyndrickx et
al., 1975). During reperfusion the myocardial myofilaments have decreased
sensitivity to Ca2+. The exact mechanism for this is not yet resolved.
Overload of Ca2+ may cause proteolysis of the myofilament regulatory
proteins such as Troponin I (Gao et al., 1996; Mcdonough et al., 1999; Van
Eyk et al., 1998). Other studies argue against this suggested mechanism
(Feng et al., 2001; Kim et al., 2001; Thomas et al., 1999). Overload of Ca2+
and MAPK activation, particularly overexpression of JNK and p38 MAPK,
can also lead to myofibrillar disassembly.
Reperfusion of the ischaemic myocardium is associated with an
exponential production of ROS, which also contributes directly to the
persistent myocardial dysfunction (Bolli et al., 1988). ROS may directly
decrease contractility by decreased myofibrillar ATPase, decreasing creatine
kinase activity, stimulating myosin phosphatase, or by metabolic depletion
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of ATP (Hein et al., 1995; Shattock 1997). ROS are bio-reactive free
radicals including superoxide anion radical (O2-.), hydrogen peroxide
(H2O2), hydroxyl radical (·OH), lipid peroxide (ROO·), and peroxynitrite
(ONOO-). The reactions that generate ROS have been summarised in table
1.1.2.1.

Electron

paramagnetic

spin

resonance

spectroscopy

has

demonstrated that although ROS are generated during ischaemia, the
greatest increase in ROS generation occurs during the initial moments of
reperfusion (Bolli et al., 1988; Zweier et al., 1987). This explosive burst of
ROS occurs within minutes of reperfusion and mandates presence of oxygen
(Zweier et al., 1987). In the ischaemic and reperfusing heart, ROS
generation is by cardiomyocytes, endothelium and neutrophils. The
mitochondria are the major intracellular source of ROS, particularly
complexes 1 and 3 of the electron transport chain (Turrens 2003). ROS have
profound deleterious effects on the myocardium, which include peroxidation
of lipids and proteins. Thus, ROS can interfere with the normal functions of
various intracellular targets including second messenger pathways, L-type
Ca2+ channels, potassium channels, ion transporters, and contractile proteins
(Park et al., 1999). Cardiomyocytes’ exposure to O2-. and H2O2 has been
shown to inhibit active Na+ and Ca2+ pumps and at the same time activate
NCX (Goldhaber et al., 1994). ROS also reduce myofibrillar ATPase
activity, which can attenuate the responsiveness to Ca2+ and contributes to
myocardial stunning(Ventura et al., 1985). Under physiological conditions,
ROS levels are low due to the mitochondrial antioxidant defence
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mechanisms, which include enzymes such as superoxide dismutase (SOD),
glutathione peroxidase, and glutathione reductase. Mitochondrial nonenzymatic anti-oxidants include glutathione and α-tocopherol and coenzyme
Q. Antioxidants act by scavenging oxidative species and their precursors.
However, during I/R the balance between oxidants and antioxidants is
perturbed, resulting in oxidative stress. Thus, amelioration of ROS by the
use of scavengers of free radicals such as catalase and superoxide dismutase
can reduce reperfusion injury (Zweier et al., 1987). In concordance with
this, the Cambridge Heart Antioxidant Study (CHAOS) trial demonstrated a
decreased incidence of cardiovascular events in patients with coronary
disease following treatment with vitamin E (Stephens et al., 1996).
During I/R excessive ROS exerts many deleterious effects on
myocardial tissue by reacting with membrane lipids, proteins and nucleic
acids to alter their physiological function. ROS have been demonstrated to
induce lipid peroxidation in reperfused hearts (Ambrosio et al., 1991;
Paradies et al., 2004; Paradies et al., 1999). This process results in the
fragmentation of fatty acids and in the formation of lipid peroxidation
products, the products of which are cytotoxic. During the massive release
of ROS upon reperfusion membrane ion channel proteins, that play a key
role in the homeostasis of cardiomyocytes, alter their permeability to K+,
Ca2+ and to Na+. The activities of ion pumps such as Na+/K+/ATPase and
sarcolemmal Ca2+/ATPase decreases after the exposure to oxidative stress.
The ischaemic myocyte has an accumulation of intracellular Ca2+ due to
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increased activity of reverse mode NCX and there is a further increase in
cytosolic Ca2+ upon reperfusion(Meissner et al., 1995). Additonal
contributors for Ca2+ overload include decreased sarcoplasmic reticulum
reuptake, decreased Ca2+ extrusion, increased entry from voltage-sensitive
Ca2+ channels. The Ca2+ overload does not increase myocardial contrctility
as the oxidative modification of contractile proteins causes myocardial
stunning and haemodynamic failure.
In addition to the cell damaging effects of ROS, reperfusion of the
previously ischaemic heart is also associated with an intense inflammatory
reaction and the recruitment of leukocytes into the reperfusing myocardium
(Engler et al., 1986). Engler et al.,, have shown that compared to regional
ichaemia alone, reperfusion greatly enchanced infiltration of neutrophils
into the reperfusing myocardium. Neutrophil migration from the circulation
into the myocardium is via a complex sequence of molecular steps involving
selectins and integrins, which are a group of cellular adhesion molecules
that mediate leukocyte adhesion and rolling to the endothelium. Neutrophils
extravasate

by

leucocyte

integrin

(CD11/CD18)

interactions

with

endothelial intercellular adhesion molecule-1 (ICAM-1) so permitting
neutrophil adhesion to the endothelium and subsequent transmigration
(Entman et al., 1991). Complement fragments such as C5a(Mueller et al.,
2013) and cytokines such as tumour necrosis factor alpha (TNF-),
interleukin (IL)-1, IL-6 or IL-8 act as chemoattractant factors that stimulate
neutrophil mediated events following I/R of the heart. Neutrophil
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stimulation with chemotactic factors (e.g. C5a, IL-8, PAF, f-Met-Leu-Phe)
and endothelial stimulation by inflammatory cytokines (e.g. IL-1, TNFα,
endotoxin) significantly augments neutrophil transmigration (Smith et al.,
1989; Smith et al., 1988). Transmigrated neutrophils then bind to
cardiomyocytes expressing ICAM-1 and thereby inject a burst of NADPH
oxidase generated ROS and proteolytic enzymes into ischaemic and
reperfusing myocytes (Entman et al., 1992). These neutrophil mediated
cytotoxic effects are necessary to remove non-viable cardiomyoctes to
facilitate repair and remodelling post I/R (Richard et al., 1995; Roberts et
al., 1976). Subsequent to the acute inflammatory repsonse, adaptive immune
cells (i.e. monocytes and lymphocytes) are recruited to the reperfusing
myocardium to enable repair and adverse remodelling (Yan et al., 2013).
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Table 1.1.2.1: ROS generating reactions

O2 + e- → ·O2·O2 + e- + 2H+ → H2O2
Reduction of O2

·O2- + H2O2 + H+ → O2 + H2O + ·OH
·OH + e- + H+ → H2O

Fe2+ + H2O2 → Fe3+ + ·OH + OH- (Fenton reaction)
Fe3+ + ·O2- → Fe2+ + O2
Iron-related

·O2- + H2O2 → O2 + ·OH + OH- (Haber-Weiss
reaction)
Lipid-H + ·OH → H2O + Lipid·
Lipid· + O2 → Lipid OO·

Lipid peroxidation

Lipid OO· + Lipid-H → Lipid-OOH + Lipid·
Lipid· + Lipid· → Lipid-Lipid
ATP→adenosine→xanthine

Xanthine-oxidase

Xanthine + H2O +2O2→uric acid + 2·O2- +2 H+

NADPH oxidase

NADPH + 2O2→ NAD(P)+ + H+ + 2·O2-

Peroxynitrite

·NO + ·O2- → ONOO-
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1.1.3

Protecting

the

Myocardium

from

Ischaemia

Reperfusion Injury
Protecting the myocardium from ischaemia requires emergent
restoration of myocardial blood flow and the degree of injury due to
ischaemia and subsequent reperfusion is critically dependent upon the
duration of ischaemia. The likelihood of developing cardiac failure and the
subsequent prognosis has a strong correlation with the infarct size (Page et
al., 1971; Sobel et al., 1972). Thus, attenuation of ischaemia reperfusion
(I/R) injury is possible by keeping the ischaemia time to a minimum and
also by reducing the myocardial demand for oxygen during ischaemia.
Pharmacological interventions that reduce myocardial oxygen demand
include β1-adrenoreceptor-blockers, diuretics and vasodilators. In those
patients with acute coronary artery occlusion, the ischaemia time is kept to a
minimum by efficient emergency services keeping the time from onset of
chest pain to thrombolytic therapy or PCI to less than 90 min. Cardiac
surgical procedures can reduce the myocardial oxygen consumption by 90%
using cardioplegic coronary perfusion and topical hypothermia to further
reduce oxygen consumption by 7% per °C fall in temperature (Bigelow et
al., 1950; Braimbridge et al., 1977; Buckberg 1979; Melrose et al., 1955;
Teoh et al., 1986). Reducing myocardial oxygen consumption by
cardioplegia and hypothermia enables the heart to tolerate significantly long
periods of global ischaemia during open-heart surgery. These techniques,
however, cannot completely abolish myocardial oxygen consumption and
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very long ischaemia times frequently lead to profound myocardial injury,
multi-organ failure syndrome, and death.
An innate cardioprotective mechanism that can reliably minimise the
infarct size due to I/R is called ischaemic preconditioning (IPC) and this
reported to be the most powerful discovered to date. Myocardial IPC
follows brief periods of ischaemia of approximately 3-5min duration, which
can then prevent the significant injury caused by a subsequent prolonged
period of ischaemia(Jennings et al., 1995; Yellon et al., 1992). IPC was first
described in a canine model whereby four 5 min cycles of regional
myocardial ischaemia by left anterior descending coronary artery (LAD)
reversible occlusion and reperfusion. A subsequent 40 min LAD occlusion
was associated with significant reductions in infarct size, when compared
with

controls

(Murry

et

al.,

1986).

This

powerful

endogenous

cardioprotection has been also been demonstrated in the rat heart (Liu et al.,
1992b; Liu et al., 1992a), the rabbit heart (Thornton et al., 1990), the pig
heart(Schott et al., 1990), and in the human heart (Yellon et al., 1993). The
mechanism for IPC remains elusive despite the 25 years or so since its
discovery. Current evidence suggests that IPC activates a complex signaling
cascade including G-protein coupled receptors(Schultz et al., 1998), Janus
activated

kinase/signal

transducers

and

activators

of

transcription

(JAK/STAT) (Bolli et al., 2003), Src tyrosine kinases (Ping et al., 1999),
phosphatidylinositol-3 kinase (Tong et al., 2000), ROS (Hausenloy et al.,
2007), protein kinase C-epsilon (Inagaki et al., 2006), glycogen synthase

30

kinase-β inhibition (Tong et al., 2002), and inhibition of the MPTP
(Juhaszova et al., 2004). IPC as a feasible therapeutic option is only possible
when I/R is anticipated e.g. cardiopulmonary bypass surgery (Jenkins et al.,
1997; Yellon et al., 1993), and percutaneous transluminal coronary
angioplasty (Deutsch et al., 1990). But most AMI patients present hours
after the onset of acute myocardial ischaemia, thus precluding IPC therapy.
The search for additional myocardial protection strategies has led to
the publication of over 14000 experimental myocardial protective strategies
since 1970. Despite these impressive research efforts, translation of these
putative myocardial protective strategies into actual clinical practice
remains elusive (Bolli et al., 2004). Further, a significant number of patients
experience acute myocardial ischaemia out of hospital (Lloyd-Jones et al.,
2010) and most of these patients either do not survive the onset of
myocardial ischaemia or they present to hospital services many hours or
even days, following the onset of myocardial ischaemia (Zheng et al.,
2001). Thus, novel strategies to protect the heart against reperfusion injury
and regenerate a myocardial infarct remain highly sought after. Most
importantly, there are no current therapies for AMI that target the
pathogensis of myocardial injury (e.g. ROS production during I/R) or
facilitate the regeneration of damaged myocardium.
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1.2 Stem Cell Therapy Post Acute Myocardial
Infarction
Following AMI, cells that originate from within the viable
myocardium and cells from the circulation invade the infarct zone (Bing
2001; Cleutjens 1996; Fishbein et al., 1978; Frangogiannis et al., 2002).
Inflammatory macrophages remove dead cells and fibroblasts proliferate to
replace the vacated space with dense collagenous scar tissue. Scarring is
associated with modulation of the ECM and contributes to aneurysmal
ventricular dilation, diastolic dysfunction, and systolic dysfunction (Jugdutt
2003). Adverse remodeling has long been thought to be an inevitable and
irreversible consequence of myocardial injury. This has, however, recently
been challenged by reports that suggest resident cardiac stem cells
differentiate into cardiomyocytes to provide regenerative potential (Anversa
et al., 2006; Beltrami et al., 2003; Nadal-Ginard et al., 2003; Urbanek et al.,
2005). Nevertheless, in reality the endogenous cardiac stem cells fail to
regenerate a myocardial infarct. The reasons for this are not entirely clear
and this may simply be due to a significant loss of cardiac stem cells within
the infarct zone. Hence, an exogenous stem cell resource might redress the
balance and lead to myocardial repair or regeneration.

1.2.1 Exogenous Stem Cells
Stem cells are unique in that they replicate for self-maintenance and
provide daughter cells that undergo differentiation for specialized function
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(Till et al., 1961). Stem cells are either embryonic or adult. Embryonic stem
cells (ESC) constitute the embryonic blastocyst and generate all three germ
cell layers the ectoderm, mesoderm and endoderm. ESCs are termed
totipotential because of their potential to generate all tissue cell types (Amit
et al., 2000; Thomson et al., 1998a; Thomson et al., 1998b). Thus, ESCs
will differentiate into functional cardiomyocytes (He et al., 2003; Kehat et
al., 2001; Takahashi et al., 2003; Ventura et al., 2003; Wobus et al., 1997;
Xu et al., 2002; Xue et al., 2005). In contrast to ESCs, adult stem cells are
postnatal

and

restricted

in

their

lineage

of

differentiation,

e.g.

haematopoietic stem cells will only reconstitute blood cells. More recently,
this lineage restriction has been challenged and the concept of adult stem
cell differentiation has evolved to include transdifferentiation; bone marrow
derived haematopoietic stem cell can differentiate into cells of the brain,
liver and heart, (Blau et al., 2001; Korbling et al., 2003). Which exogenous
stem cell type is most appropriate for regenerating the infarcted
myocardium? This is still open to debate.
1.2.1.1 Embryonic Stem Cells and Cardiac Repair
Embryonic stem cells (ESCs) derive from the inner cell mass of the
blastocyst, which is complete on day five following fertilization. Isolated
human ESCs can proliferate indefinitely in the presence of leukaemia
inhibitory factor or on a feeder layer of mitotically inactivated mouse
embryonic fibroblasts to provide a stable ESC source (Lebkowski et al.,
2001). ESCs are the ideal cell type for stem cell therapy following
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myocardial infarction, because they can easily proliferate in culture to
provide the large numbers of cells necessary and more importantly they can
be made to differentiate into functional cardiomyocytes both in vitro and in
vivo (Kehat et al., 2001; Min et al., 2002). Despite the advantages of ESC,
their clinical employment is restricted by a number of problems including
ethical issues, potential for immune rejection, and the potential for intraventricular teratomas (Laflamme et al., 2005).
1.2.1.2 Adult Stem Cells and Cardiac Repair

The bone marrow is the primary source for obtaining adult stem
cells. The most important subpopulation of bone marrow cells used in
cardiac stem cell therapy is the bone marrow mononuclear cell (BMMNC).
BMMNC contain mesenchymal stem cells (MSC), haematopoietic stem
cells (HSC), endothelial progenitor cells (EPC), natural killer cells, Tlymphocytes, and B-lymphocytes. Alternative sources of adult stem cells
include adipose tissue, placental tissue, umbilical cord blood and peripheral
blood.
The earliest report of an adult stem cell application for cardiac repair
was by Orlic et al., involving the transplantation of haematopoietic stem
cells (enriched for c-Kit+ Lin-) into the border zone of an ischaemia
damaged mouse myocardium. The transplanted adult bone marrow derived
stem cells (c-Kit+ Lin-) could differentiate into all the component cells
required to produce de novo myocardium, which occupied 68% of the
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infarct zone 9 days following injection (Orlic et al., 2001). Interestingly,
Jackson et al., reported similar myocardial regenerative capacity when a
side population of haematopoietic stem cells was transplanted into recipient
bone marrow (Jackson et al., 2001). These initial studies suggested that
donor adult stem cells migrate in response to signaling from the injured
heart and then differentiate into a myocardial cell lineage. Further,
xenogeneic

donor

cells

are

also

cardioprotective;

human

adult

haematopoietic stem cells when injected into rat myocardial infarcts
transdifferentiated into vascular endothelial cells, prevented cardiomyocyte
apoptosis, and prevented adverse remodeling (Kocher et al., 2001).
The initial exciting reports suggesting the regenerative benefits of
adult bone marrow derived stem cells for myocardial protection have,
however, been dampened by later reports suggesting that transplanted adult
bone marrow derived stem cells could not modulate their lineage of
differentiation for myocardial regeneration (Balsam et al., 2004; Murry et
al., 2004). The regenerative benefits of adult stem cells were further
questioned by reports that suggested donor adult bone marrow stem cell
mechanism of protection might be by the secretion of paracrine factors,
which could attenuate cardiomyocyte death, following myocardial infarction
(Gnecchi et al., 2006; Uemura et al., 2006). Nevertheless, autologous
unfractionated bone marrow mononuclear cells (BMMNC) derived from
adult bone marrow have been investigated in clinical trials. After AMI,
patients were revascularized by percutaneous coronary intervention and
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randomized to receive a single dose of intra coronary BMMNC (Lunde et
al., 2006; Meyer et al., 2006; Schachinger et al., 2006). Lunde et al.,
reported no improvement in left ventricular ejection fraction (LVEF) at 6
months; Meyer et al., reported an initial improvement at 6 months, but no
improvement in LVEF 18 months following intracoronary injection;
Schachinger et al., reported a 5% improvement in LVEF at 4 months and
lower mortality from major adverse cardiac events at 1 year. These clinical
trials did not replicate the improvements in cardiac function suggested by
the in vivo experimental data. These disparities may be due to differences in
quality of autologous BMMNC, differences in the time of BMMNC
injection, differences in the route of injection. In any case, these trials did
not suggest a regenerative benefit of adult bone marrow stem cell therapy
and possibly a paracrine effect might have been responsible for the
improvement in LVEF suggested by Meyer et al., and Schachinger et al.
1.2.1.3 Mesenchymal stem cells

The adult stem cells contained in BMMNC are mainly
haematopoietic stem cells. The BMMNC content of MSCs (< 0.01%) and
endothelial progenitor cells (1-2%) is very small. Although a number of
studies have disputed the regenerative benefits of bone marrow derived stem
cells in cardiac repair, data from gender mismatched heart transplant and
bone marrow transplant patients suggest that the adult bone marrow derived
stem cells do contribute to cardiomyocyte turnover in the heart (Deb et al.,
2003; Quaini et al., 2002). Moreover, Kawada et al. (2004), report that the
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non-haematopoietic

MSC

sub-fraction

can

only

differentiate

into

cardiomyocytes (Kawada et al., 2004). This is concordant with the data
from Pittenger et al. (1999), which suggests that MSCs from various sources
differentiate into multiple non-haematopoietic lineages including adipose
tissue, bone, cartilage and cardiomyocytes (Pittenger et al., 1999). Further,
bone marrow derived MSCs are able to differentiate into mature functional
cardiomyocytes both in vitro and in vivo (Makino et al., 1999; Tomita et al.,
1999).
As well as the regenerative benefits, MSC therapy also imparts nonregenerative benefits by paracrine-mediated improvement of cardiac
function, cardiac perfusion and attenuation of apoptosis of the native
cardiomyocytes (Dai et al., 2005; Tang et al., 2005). Initial clinical studies
suggest bone marrow-derived MSCs improve cardiac function following
AMI, but the mechanisms for these benefits are yet to be established (Chen
et al., 2004). A number of important issues currently prevent the use of
MSC therapy becoming a realistic clinical option. These include
optimization of the cell-culture expansion protocols, optimization of
methods

leading

to

cardiomyocyte

differentiation,

elimination

of

immunogenic factors in the culture media, identification of the optimal route
of cell delivery, and identification of the optimal time of cell delivery.
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1.2.1.4 Endothelial progenitor cells

Regeneration of de novo myocardium would necessitate migration
of bone marrow derived endothelial progenitor cell (EPC) and
myocardial

engraftment

for

neoangiogenesis.

This

process

their
of

vasculogenesis was suggested following the discovery of CD34+ peripheral
blood EPCs (Asahara et al., 1997; Shi et al., 1998). Haematopoietic stem
cells share a common origin with EPCs by their expression of CD34 or
CD133 and an endothelial marker such as vascular endothelial growth factor
receptor 2. Kocher et al., investigated the regenerative benefits of freshly
isolated CD34+ EPCs adminstered IV in nude rats with myocardial
ischaemia and found inhibition of cardiomyocyte apoptosis and preservation
of left ventricular function (Kocher et al., 2001). Similarly, IV injection of
human EPCs expanded in culture migrated to the ischaemic nude rat
myocardium to preserve ventricular function and attenuate fibrosis
(Kawamoto et al., 2001). The applicability of EPCs in routine clinical
practice, however, is limited by the scarcity and functional impairment due
to diabetes, aging, and hypercholesterolaemia (Hill et al., 2003; Vasa et al.,
2001; Werner et al., 2005).

Alternative sources to assure quality and

quantity of EPC therapy might be from allogeneic cord blood or culture
expansion from ESCs (Levenberg et al., 2002; Murohara et al., 2000)

1.2.2 Modalities of Exogenous Stem Cell Delivery
The efficacy of stem cell therapy for repair of the myocardium is
reliant upon their successful delivery to the site of injury. Stem cells are
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delivered by three main ways: (1) IV (systemic or retrograde coronary) (2)
intra-coronary (3) intra-myocardial. The ideal modality should be safe,
cheap, easy, widely applicable, targeted and high retention of cells in the
target area. Prior to stem cell delivery, a process of stem cell mobilization is
necessary. Following AMI, physiological mechanisms mobilize endogenous
bone marrow stem cell in humans to attempt cardiac repair (Shintani et al.,
2001). The MAGIC trial used granulocyte colony stimulating factor (GCSF) to increase endogenous bone marrow stem cell mobilization prior to
harvest and delivery (Kang et al., 2004). Most exogenous stem cells
delivery methods usually involve an invasive clinical procedure to harvest
the cells prior to delivery, e.g. bone marrow aspiration.
The advantages of systemic IV stem cell delivery include simplicity,
low cost, minimally invasive, and rapid donor stem cell migration down a
chemokine gradient to target the ischaemic myocardium (Lew 2004). This
cell delivery technique is critically reliant upon the chemokine signaling
between the ischaemic myocardium and the peripheral circulation. Thus,
optimal time of delivery by the IV route would be within 2 days of the AMI
(Barbash et al., 2003). A major drawback of systemic IV is the low
retention of cells within the zone of injury (Aicher et al., 2003; Barbash et
al., 2003). Thus, current literature suggests that the systemic IV route of
stem cell delivery following AMI would not lead to significant regenerative
benefit. There is however, no data to suggest that systemic IV injection of
cells would not lead to a higher cell engraftment in the infarct zone if the
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injection of cells were earlier than 24 h from the onset of ischaemia or
reperfusion. Further, there is also no evidence that a particular threshold of
cellular engraftment is necessary before any regenerative benefit is evident.
The

retrograde

coronary

venous

cell

delivery

is

another

percutaneous modality of stem cell delivery and has the advantages of
increased contact time to enhance binding and myocardial concentration
(Murad-Netto et al., 2004; Von Degenfeld et al., 2003). This technique of
cell delivery is expensive and not widely available; it would require a
cardiac catheter suite, X-ray imaging, and operator expertise. Further, the
use of the coronary venous system for the delivery of cardioplegia during
cardiac surgery suggests that the right ventricle cannot be adequately
protected (Stirling et al., 1989).
The intracoronary infusion also directly targets the myocardium and it is
the most common method to clinically to deliver stem cells 4 days or more
following an acute myocardial infarct (Lunde et al., 2006; Meyer et al.,
2006; Schachinger et al., 2006). This route of cell delivery is widely
available and uses the same technique for coronary angioplasty in the
cardiac catheter suite. Thus, the stem cells target the culprit arterial territory
and stopping the coronary blood flow for 2-4 minutes increases the homing
time of cell injection. Stem cell homing is further increased by taking
advantage of the up-regulated homing cytokines and adhesion molecules
caused by the acute pathology. Despite this highly targeted approach to
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deliver cells, the efficiency of cellular engraftment is still very poor
following AMI (Hofmann et al., 2005). Further, the injection of large cells
such as MSCs could occlude the coronary microcirculation. Vulliet et al.,
report the occurrence of micro infarctions when healthy dogs received MSC
via the intracoronary route (Vulliet et al., 2004). Furthermore, the evidence
base that suggests that intracoronary cell delivery is better than other routes
for safety and efficacy is by no means strong. In the presence of
extensive/occlusive coronary artery disease and numerous previous
coronary interventions, this approach limits cell delivery.
Intramyocardial cell delivery is the preferred route of cell delivery
in patients with chronic total occlusion or in permanent coronary ligation
experimental models. It would also be logical to deliver larger cells such as
skeletal myoblasts and MSCs intramuscularly to prevent microvascular
plugging and micro infarctions following cell delivery (Vulliet et al., 2004).
Intramyocardial cell delivery can be via transepicardial, transendocardial, or
transcoronary sinus. The transepicardial injection of the myocardium is the
most invasive technique and requires a median sternotomy. Hence, this
route is for patients undergoing surgical cardiac procedures, e.g. coronary
artery bypass grafting. Despite the invasiveness and the associated
morbidity, it does have a proven safety record (Orlic et al., 2001; Silva et
al., 2005; Stamm et al., 2003). The surgeon has to make a prior visual
inspection of the myocardium to ensure optimal targeting of the cell
injection. However, this technique will not allow inspection of the inter-
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ventricular septum without either a right or left ventriculotomy. On the other
hand, transendocardial delivery by percutaneous transfemoral insertion of
the injection catheter avoids the morbidity of a median sternotomy. A more
accurate targeting of cell delivery is possible by creating electromechanical
maps of the endocardium to identify viable and non-viable myocardium
(Sarmento-Leite et al., 2003). The safety profile of this mode of cell
delivery is excellent in both humans and animals (Fuchs et al., 2001; Perin
et al., 2003). Transendocardial stem cell delivery in the AMI setting is yet to
be fully assessed. Trancoronary sinus injection requires the placement of the
injection catheter into the coronary sinus via a percutaneous transfemoral
approach. This technique relies on intravascular ultrasound guided cell
delivery and it has been shown to be feasible and safe (Thompson et al.,
2003). It is however limited because of the need for a high level of operator
expertise and the challenges of negotiating coronary sinus tortuosity. The
delivery of cells by intramuscular injection causes local injury and possibly
an inflammatory reaction, which might jeopardize the injected cells and
diminish their engraftment. Unlike the intravascular delivery modalities, the
intramuscular injection does not lead to a widespread diffuse engraftment of
cells, which instead

form islets or cell clusters within the recipient

myocardium (Leobon et al., 2003; Reinecke et al., 2002). If these injected
cell clusters were to form de novo myocardium, they may not form
electromechanical connectivity with the main syncytium, thus have no
functional contribution, and may become foci of arrhythmias.
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1.2.3 Stem Cell Homing Post AMI
Following acute myocardial injury, endogenous bone marrow stem
cells mobilize and home into the infarct zone to attempt cardiac repair
(Shintani et al., 2001). The stem cell homing to the myocardium is by
signaling between stromal cell derived factor-1 (SDF-1) and its cognate
receptor chemokine receptor type 4 (CXCR4). Endothelial and stromal
cellular lining of the bone marrow stem cell niche constitutively expresses
SDF-1, which interacts with its cognate receptor CXCR4 expressed on the
stem cells (Dar et al., 2005; Imai et al., 1999; Ponomaryov et al., 2000).
During homeostasis, endogenous bone marrow stem cells continually and
variably egress into the blood stream in a circadian cyclical manner. These
circadian changes in the levels of circulating bone marrow stem cells is
under sympathetic control via noradrenaline binding to beta3-adrenoceptors
on bone marrow stromal cells to decrease expression of SDF-1 and reduced
CXCR4 signaling (Mendez-Ferrer et al., 2008). These daily changes in bone
marrow stem cell mobilisation are, however, slow and peak 5 h following
exposure to light (Mendez-Ferrer et al., 2008). In stress or pathological
states, e.g. following AMI there is an elevation of SDF-1 in the heart, which
intravasates to create a chemokine or SDF-1 gradient between the bone
marrow stem cell niche and site of the myocardial infarction for trafficking
of mobilised stem cells (Askari et al., 2003; Ceradini et al., 2004; Jiang et
al., 2002; Wojakowski et al., 2004). Taking into account that SDF-1 is
highly expressed by the bone marrow stem cell niche (Sugiyama et al.,
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2006), a rapid and massive intravasation of bone marrow stem cells would
require a commensurate reduction in SDF-1 activity within the bone marrow
niche.

That the endogenous bone marrow stem cell mobilisation is

inadequate, exogenous cell delivery might be most beneficial if delivered
before the onset of ischaemia or soon after the onset of reperfusion. Thus
far, clinical trials delivered bone marrow derived stem cells more than 4
days following an AMI (Chen et al., 2004; Janssens et al., 2006; Lunde et
al., 2006; Meyer et al., 2006; Schachinger et al., 2006).

1.2.4 Regenerative and Non-regenerative Benefits of Adult
Stem Cell Therapy
The regenerative benefits of the injected stem cells are dependent
upon the engraftment number, within an ischaemic or reperfusing
myocardium. The engraftment number will in turn determine the number of
cells that undergo differentiation and the lineage of differentiation will
determine the functional benefit. Moreover, in the heart the appropriately
differentiated cells must also achieve electromechanical connectivity with
the remaining syncytium to improve cardiac function. Thus far, the
engraftment number of donor cells is very low. Most cells are lost
immediately after injection, regardless of donor cell type or the modality of
cell injection (Hou et al., 2005). Moreover, there is a high rate of loss of
those cells that achieve initial engraftment (Muller-Ehmsen et al., 2006).
This low rate of myocardial engraftment and subsequent retention is poorly
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understood and if it remains so, the regenerative benefits of stem cell
therapy may remain elusive.
The differentiation of engrafted adult stem cells into the component cells
necessary for

myocardial regeneration remains controversial. The

differentiation of MSCs into cardiomyocytes has been demonstrated in vitro
by the application of 5-azacytidine (Makino et al., 1999). Further, cocultures of MSCs with cardiomyocytes have suggested differentiation is
possible together with electromechanical integration (Fukuhara et al., 2003).
Furthermore, in vivo differentiation of bone marrow haematopoietic stem
cells into de novo myocardium has been the most powerful evidence
suggesting regenerative benefit of adult stem cells in AMI (Orlic et al.,
2001). This evidence for regenerative benefit was, however, challenged by
in vivo data that suggested that bone marrow derived haematopoietic stem
cells could not transdifferentiate into the component cells necessary to
regenerate myocardium (Balsam et al., 2004; Murry et al., 2004).
Interestingly, other data suggest that engrafted bone marrow derived stem
cells do not transdifferentiate but acquire a cardiomyocyte phenotype by
fusing with the native cardiomyocytes both in vitro and in vivo (Garbade et
al., 2005; Ishikawa et al., 2006; Nygren et al., 2004).
Non-regenerative benefits following stem cell engraftment into the
native myocardium are important for the functional improvement associated
with adult stem cell therapy. It is not entirely clear whether these non-
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regenerative benefits exclude or enhance the regenerative benefits. Adult
bone marrow derived stem cells secrete a number of anti-apoptotic factors,
angiogenic factors, growth factors, and cytokines that contribute to
improvements in cardiac function (Gnecchi et al., 2006; Kamihata et al.,
2001; Kinnaird et al., 2004; Uemura et al., 2006). Experimental studies
have shown increased myocardial blood flow and capillary density,
independent of newly formed vessels after injection of bone marrow derived
stem cells following AMI (Iwasaki et al., 2006). These non-regenerative
benefits of adult stem cell therapy might be due to up regulated angiogenic
factors as secreted by the engrafted cells (Kamihata et al., 2001; Kobayashi
et al., 2000). The secreted angiogenic factors from the engrafted bone
marrow derived stem cells include vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), transforming growth factor-beta
(TGF-β), platelet-derived growth factor (PDGF), hepatocyte growth factor
(HGF), hypoxia inducible factor-alpha (HIF- α), and angiopoietins
(Takahashi et al., 2006) and these could enhance neovascularization in the
native myocardium (Matsunaga et al., 2000; Tomanek et al., 2004). Bonaros
et al., also report that cell therapy attenuates apoptosis of the native
cardiomyocytes by enhancing neoangiogenesis and increasing blood supply
to the native myocardium in a rat experimental model (Bonaros et al.,
2006). In addition, Gnecchi et al., and Uemura et al., suggested that growth
factors released from the donor cells, such as VEFG, FGF, HGF or insulin-
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like growth factor (IGF)-1, have an anti-apoptotic effect on the native
cardiomyocyte following AMI (Gnecchi et al., 2006; Uemura et al., 2006).
Although it used to be considered that adult cardiomyocytes are
terminally differentiated cells and have no resource for regeneration, Quaini
et al., identified new mature cardiomyocytes of recipient origin in the
gender-mismatched transplanted human myocardium (Quaini et al., 2002)
suggesting that endogenous stem cells might be able to be recruited to the
donor heart and differentiate into mature cardiomyocytes. This evidence
encouraged experimental and clinical studies for cytokine administration,
such as granulocyte-colony stimulating factor (G-CSF) or stem cell factor
(SCF), to increase BM-derived circulating stem cells and consequently
enhance recruitment of the stem cells into the heart to regenerate the
damaged myocardium. However, data from the experimental studies are
inconsistent (Dawn et al., 2006; Fukuhara et al., 2004) and clinical studies
showed no effects of G-CSF/SCF therapy on global cardiac function
following acute MI (Engelmann et al., 2006; Zohlnhofer et al., 2006).
Hou et al., suggested that cell injection into the rat heart up regulated
stromal cell derived-1 factor (SDF-1) in the myocardium (Hou et al., 2005),
which was reported to enhance homing of circulating stem cells into the
tissue (Abbott et al., 2004; Askari et al., 2003) and, consequently,
regenerate the damaged myocardium. Moreover, Beltrami et al., and Oh et
al., reported the presence of residential stem cells in the adult myocardium,
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which are capable of differentiating into mature cardiomyocytes both in
vitro and in vivo (Beltrami et al., 2003; Oh et al., 2003) However, little is
known about effects of cell therapy on recruitment of these endogenous
stem cells into the heart.
Impairment of diastolic function is the earliest consequence of AMI,
and the reduction in LV diastolic compliance is due to extracellular oedema,
cellular infiltration and finally fibrosis. Fibrosis or collagen deposition
within the extracellular space and hypertrophy of the non-infarcted
myocardium is necessary for post AMI ventricular remodeling (Pfeffer and
Braunwald, 1990). Post AMI collagen accumulation in the heart is known
to be induced by an imbalance between synthesis and degradation of ECM,
which

is

regulated

by

several

pro-inflammatory

cytokines,

metalloproteinases (MMP), tissue inhibitor of metalloproteinase (TIMP) and
growth factors (Spinale 2002). Ventricular remodeling improves LV
function and prevents paradoxical systolic wall motion of the infarct zone.
However, adverse ventricular remodeling leads to ventricular dilatation and
heart failure. Experimental studies have shown that cell therapy decrease
ECM collagen deposition and improve diastolic LV function of the heart
post AMI (Jain et al., 2001).
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1.3 Aims of Thesis
The debate as to whether adult bone marrow stem cells can
regenerate the heart following AMI continues. The low engraftment
numbers of the exogenous adult stem cells, irrespective of the stem cell type
or the modality of administration, does not favour regeneration of the
ischaemia-injured myocardium. The homing mechanism of either
exogenous or endogenous stem cells to the ischaemic myocardium relies
upon the expression of SDF-1, which is the most powerful stem cell
chemokine known to date. It therefore follows that the stem cell myocardial
homing might be optimal when injecting exogenous stem cells at the peak
of SDF-1 expression, i.e. at the end of ischaemia or at the beginning of
reperfusion. Although this timing strategy may be optimal for stem cell
homing to the myocardium, their subsequent survival may be suboptimal by
exposure to the high levels of inflammatory mediators and oxidative stress
typically associated with the I/R injury. The survival of the adult stem cell
post myocardial homing might be relevant to their subsequent
differentiation for regenerative benefits, but it is not imperative for nongenerative benefits. In other words, exogenous stem cell therapy might be
primarily for delivering pro-survival factors and if this significantly reduced
I/R injury, then the regenerative benefit may not be necessary. The role of
the vast endogenous bone marrow stem cell reservoir during AMI is yet to
be been fully elucidated. There is increased mobilization of endogenous
bone marrow stem cells in response to increased myocardial SDF-1
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expression during myocardial ischaemia. In the absence of ischaemia, this
SDF-1 cross talk with the bone marrow may not take place. Upon
reperfusion, SDF-1 signaling appears to be inadequate. Nevertheless,
enhanced endogenous bone marrow stem cell release co-incidental with
exogenous stem cell therapy might provide additional stem cell derived
benefit. The aim of this thesis is to investigate the non-regenerative benefits
of adult bone marrow derived stem cells. I hypothesised that systemic IV
delivery of adult bone marrow derived stem cells is cardioprotective when
delivered at the onset of reperfusion. I tested this hypothesis in a Wistar
male rat model of regional myocardial ischaemia and reperfusion and I
investigated the following:
1. Whether IV BMMNC therapy upon reperfusion attenuates the
injury caused by regional myocardial I/R (chapter 3).
2. Whether IV BMMNC therapy upon reperfusion is associated
with known cardioprotective molecular mechanisms (chapter 4).
3. Whether adult bone marrow derived MSC by cell culture is
cardioprotective in regional myocardial I/R (chapter 5)
4. Whether regional myocardial I/R and IPC modulate mobilisation
of endogenous bone marrow mononuclear cell by SDF1/CXCR4 signaling (chapter 6).
5. Whether combining IPC with adult bone marrow MSC therapy at
the onset of reperfusion might afford better cardioprotection
(chapter 7).
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Chapter 2
Materials and Methods
The animal experiments described in this thesis are in adherence to
(i) National Institute of Health guidelines on the use of experimental
animals (ii) Home Office Guidance on the Operation of the Animals
(Scientific Procedures) Act 1986, published by HMSO, London. Male
Wistar rats weighing 250-350g were maintained in a Home Office approved
facility, receiving standard chow and water ad libitum. Test compounds are
from Sigma-Aldrich (UK), unless otherwise stated.

2.1 Isolation of Bone Marrow Mononuclear Cells
Adult donor bone marrow mononuclear cells (BMMNC) were isolated
from whole bone marrow (BM) removed from the long bones of male
Wistar rats. General anaesthesia (5% isoflurane) was prior to cervical
dislocation and BM was collected from both the femurs and tibiae. The BM
was collected in ice cold Hank’s balanced salt solution (HBSS). Whole
marrow suspension was centrifuged at 1,600 g for 5 min. The resulting
pellet was resuspended in 1ml HBSS containing 10% v/v foetal bovine
serum (FBS), penicillin 100 IU/ml, and streptomycin 100 mg/ml. This BM
cell suspension were loaded on discontinuous PercollTM gradient (55% and
70%, GE Healthcare) and centrifuged at 1,600 x g for 30 min (Kamihata et
al., 2001). The interlayer containing BMMNC was collected (Figure
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2.1.1A). BMMNC were washed twice with diluted 10 × volume of HBSS
with 10% FBS and centrifuged at 300 x g for 5 min. BMMNC were then
resuspended in HBSS containing 10% v/v FBS, penicillin 100 IU/ml, and
streptomycin 100 mg/ml on ice until required. BMMNC viability by trypan
blue exclusion test, using an equal volume of trypan blue and cell
suspension incubated for 5 min at 37˚C. Then 10 μl of this mixture placed in
a haemocytometer (Neubauer, VWR) to count the number of unstained
(viable) and stained (non-viable) BMMNC. BMMNC viability by trypan
blue exclusion was 97.05 ± 0.3%. Phenotyping of isolated BMMNC was by
fluorescence activated flow cytometry (FACS) using a CyAnTM ADP HighPerformance Flowcytometer (DakoCytomation) equipped with SummitTM
software (DakoCytomation). Appropriately, 10,000-gated events were
collected

for

univariate

(log

scale)

histogram

plots.

Phenotype

characterisation of BMMNC by FACS flow cytometry for the
haematopoietic stem cell markers c-Kit+, CD 34, CD 45, and CD 133 is
shown in Figure 2.1.2.
BMMNC were washed twice with PBS to remove residual Percoll
prior to re-suspension of 10 million cells in 0.5ml PBS. BMMNC
administration was by a single IV bolus via a polypropylene catheter sited in
the jugular vein of the animal.
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A

B

1
Figure 2.1.1 Isolation of adult bone marrow mononuclear cells (BMMNC) by Percoll
density gradient centrifugation of ex vivo Wistar male rat whole bone marrow.
(A) BMMNC separated from other cells into the cell layer indicated by the white arrow. (B)
BMMNC imaged by light microscopy in a haemocytometer for cell counting (mag. x 200).
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Figure 2.1.2 Bone marrow mononuclear cell (BMMNC) phenotyping by FACS flow
cytometry.

When compared to the isotype control antibody, BMMNC were positive for

the haematopoietic stem cell markers c-Kit (7 ± 1%, n = 10), CD 34 (7 ± 1%, n = 10), CD
45 (54 ± 6 %, n =10), CD 133 (15 ± 1%, n = 10), and CD 11b (12 ± 1%, n = 3). BMMNC
viability by exclusion of propidium iodide was high at 98 ± 0.6 %.
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2.2 Generation of Bone Marrow Mononuclear Cell
Supernatant
BMMNC

supernatant

(BMS)

containing

potential

paracrine

cytoprotective factors was generated by incubating a defined number of
freshly isolated unfractionated BMMNC in 0.5 ml PBS. The concentrations
of the BMMNC used to generate the BMS were 10 million, 20 million, 50
million, and 100 million BMMNC. The period of BMMNC incubation in
PBS was for a period of either 2 h or 24 h, at 37°C in a cell culture incubator
with humidified air containing 5% CO2. Following this period of incubation,
BMMNC removal was by centrifugation at 1600 x g and filtration through a
20 μm filter. The cell free donor BMS injection was into an IV catheter sited
in the jugular vein of the experimental animal.

2.3 Isolation of Bone Marrow Mesenchymal Stem
Cells
Wistar male rats euthanized by inhalation of 5% isoflurane and cervical
dislocation were used to remove BM from femurs and tibiae. Following
animal sacrifice, BM was collected in complete culture media: 10ml alphaModified Eagles Medium (α-MEM) + 1% glutamine + penicillin 100U/ml +
streptomycin 100mg/ml, and 5% foetal bovine serum. The mesenchymal
stem cell (MSC) isolation from the other bone marrow cells was by virtue of
their adherence to a plastic surface. The BM obtained from femurs and tibae
was centrifuged (1500 rpm for 5 min) and resuspended in complete culture
medium for subsequent culture in T75 cell culture flasks. Non-adherent cell
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removal was by repeat washes with complete culture media at the following
times: 1, 2, 6, 12, 24, 48 and 72 h. The plastic adherent cell had media
changes every 48 h and passage at 70% confluence by 0.25% trypsin-EDTA
for 5 min in a 37oC incubator with 5% CO2. At each passage, cells’
reseeding density was 1.5 x 105/cm2. Culture expansion of plastic adherent
cells was demonstrable beyond passage number 25, however; only cells
obtained from cultures less than passage number 13 were used in vivo
experimentation.
The mobilisation of MSC was by removal of the culture medium and
incubation with 5ml 0.25% trypsin-EDTA for 5 min in a 37oC incubator
with 5% CO2. The disassociated cells were collected in 1ml Hank's Buffered
Salt Solution (HBSS), centrifuged 1500 rpm for 5 min, and resuspended in
100 µl HBSS.
Culture expanded plastic adherent cells were phenotyped for expression
of haematopoietic lineage markers (CD 34, c-Kit, CD 45, CD 133); matrix
receptors (CD 44); integrins (CD 29, CD 90). Cell viability was by
exclusion of propidium iodide. Primary antibody for each cell surface
marker was by incubation of one million cells with monoclonal antibody for
30 min on ice. Washing the cells with 1 ml HBSS, centrifugation (1500 rpm
for 5 min), resuspension in 100 µl HBSS, and repeat removed unbound
antibody. Secondary antibody binding to primary antibody was by
incubation for 30 min on ice and washing twice with HBSS (1ml). Cells are
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resuspended in 500µl 2% paraformaldehyde (PFA) in PBS and analyzed by
Fluorescence activated cell sorting (FACS) flow cytometry using a
DakoCyan flowcytometer equipped with Summit v4.3 software (Dako,
UK).FACS data collected 10,000 cellular events using 3-decade logarithmic
amplification. FACS phenotyping of MSC is presented in Figures 2.3.2 &
2.3.3.
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Figure 2.3.1. Adult mesenchymal stem cells (MSC) isolated from ex vivo Wistar male
rat whole bone marrow and expanded in culture. This light microscope image
demonstrates plastic adherent MSC with a typical fibroblast appearance and confluent
growth in a T75 cell culture flask (mag x100).
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Figure 2.3.2 Culture expanded adult bone marrow derived mesenchymal stem cell
(MSC) phenotyping by FACS flow cytometry for the R1 gated cell population as
shown in the scatter plot. MSC isolated from BM and following culture expansion were
phenotyped at passage 3. When compared with the isotype control antibody, MSC were
positive for CD 90 and CD 29.
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Figure 2.3.3 Culture expanded adult bone marrow derived mesenchymal stem cell
(MSC) phenotyping by FACS flow cytometry following expansion to passage 3. When
compared with the isotype control antibody, MSC were negative for the haematopoietic
stem cell markers CD34, c-Kit, CD133, CD45, CD44, and CD11b. MSC viability by
exclusion of propidium iodide was high at 98.8%.

60

2.4 Regional Myocardial I/R
Anaesthetised male Wistar rats were subjected to LAD ischaemia and
reperfusion (I/R). General anaesthetic was with thiopentone (Intraval 120
mg/kg i.p.). Tracheal intubation was necessary for ventilation of the animals
with a small animal ventilator (Harvard Apparatus Ltd., Edenbridge, Kent.
U.K.), so that thoracic entry for access to the heart was possible without loss
in effective ventilation. The ventilator settings: 30% inspired oxygen, at a
rate of 70 mandatory ventilations per min, and a tidal volume of 8-10 ml/kg.
The body temperature monitoring was with a rectal probe thermometer and
maintenance at 37±1oC was with a homoeothermic blanket unit (Harvard
Apparatus Ltd., Edenbridge, Kent. U.K.). A right carotid artery cannulation
was necessary for mean arterial pressure (MAP) and heart rate (HR)
transducer monitoring (Senso-Nor 840, Senso-Nor, Horten, Norway) with a
data acquisition system (Mac Lab 8e, ADI Instruments, Hastings, UK) in
line with a Dell Dimension 4100 desktop computer. Right jugular vein
cannulation was necessary for IV administration of fluids.

The heart

exposure was via a left thoracotomy incision. The pericardium dissected
from the heart to expose the left anterior descending (LAD) coronary artery
and snared proximally with a 7-0 mersilk suture (Ethicon, UK). The LAD
occlusion begins, after having achieved haemodynamic stabilization and
acclimatization over a 30 min period, at time 0 with a snare occlusion
device (Figure 2.4.1). The LAD territory ischaemia confirmation was by
anterior LV visual colour changes and ST segment elevation of the
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electrocardiogram (Figure 2.4.1B). Following the 25 min period of LAD
occlusion, LAD ligature release allows reperfusion to commence and
continue for a defined period. The MAP and HR was noted from baseline
(prior to onset of myocardial ischaemia) and throughout regional myocardial
I/R.

The pressure rate index (PRI), a relative indicator of myocardial

oxygen consumption (Baller et al., 1980), is a product of MAP and HR and
expressed in mmHg min-110-5. Boluses of IV saline (1 ml/kg/h) via the
central venous cannulation were at every 30 min intervals throughout
reperfusion.
The generic regional I/R protocol and BM derived stem cell therapy by IV
injection upon reperfusion is shown in Figure 2.4.2.
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A: Baseline

0

0.05

B: 25 min LAD Ischaemia

0.1

0.15

0.2

0.05

0.1

0.15

C: 2 h LAD Reperfusion

0

0.05

0.1

0.15

0.2

Figure 2.4.1 An anaesthetized male Wistar male rat with the heart exposed and
subjected to LAD occlusion. The LAD territory myocardial ischaemia confirmation
was by anterior LV immediate cyanotic colour change and the ST segment elevation,
which is notable in the representative electrocardiograms from A to B. At end of 2 h
reperfusion, transmural infarction was notable by Q-wave development in the
electrocardiogram shown in C.

63

Sham
30 min pre-ischaemia
Stabilisation
PBS (control)
30 min pre-ischaemia
stabilisation

No LAD ischaemia

0.5ml PBS (IV)
25min
LAD
ischaemia

LAD reperfusion

0.5ml PBS (IV)
BM derived stem cell therapy
30 min pre-ischaemia 25min
LAD reperfusion
Stabilisation
LAD
ischaemia
BM derived stem cell therapy
(IV injection in 0.5ml PBS)
Figure 2.4.2 Generic regional I/R protocol and BM derived stem cell therapy by IV
injection upon reperfusion. The generic Wistar male rats myocardial regional I/R
protocol. Following general anaesthesia and surgical manipulation a 30 min of preischaemia stabilisation was allowed, which was proceeded by 25min LAD occlusion and a
defined period LAD reperfusion. For the specific period period of reperfusion see methods
section the relevant chapter. Sham animals underwent the same anaesthesia and surgery but
no LAD occlusion (I/R).
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2.5 Myocardial Infarct Size post Regional I/R
Following regional I/R, the identification of the LAD territory subjected
to I/R was by LAD re-occlusion and injection of Evans Blue dye (1 ml of
2% w/v) via the right internal jugular vein cannulation. The Evans Blue
solution stains the perfused myocardium, while area of the LV subjected to
I/R (area at risk) remains unstained. Immediately, after identification of the
area at risk (AAR) the animal was euthanized with an overdose of
anaesthetic to excise the heart. The explanted heart was then immediately
subjected to transverse or short axis 3–4 mm slices, to excise the unstained
AAR from the blue stained non-ischaemic myocardium, which included the
right ventricle and part of the left ventricle. The AAR was further cut into
small pieces for identification of viable from non-viable myocardium by
incubation of the AAR with 0.5mg/ml p-nitro blue tetrazolium (NBT) for 20
min at 37°C. Viable myocardium with intact dehydrogenase enzyme
systems converts the NBT into a dark blue formazan, whilst the infarcted
AAR lack dehydrogenase activity and therefore fails to stain (Nachlas et al.,
1963). The weight of unstained AAR was expressed as a percentage of the
total weight of the AAR, which is the myocardial infarct size or the primary
end-point.
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2.6 Isolation of Cardiomyocytes post Regional I/R
Cardiomyocyte isolation from the LV region post I/R was as previously
described (Mitra et al., 1985), with some modifications. Following 25 min
LAD occlusion and 2 h reperfusion, the whole heart was explanted and
perfused with 20 ml cold (0-4˚C)antegrade coronary cardioplegia solution at
a rate of 2 ml/min via a cannula placed in the ascending aorta. Immediate
cardiac arrest was achieved using ice-cold cardioplegia bicarbonate buffer
(CBB) solution (AQIX® RS-I). Next perfusate was warm 20 ml (37˚C) CBB
containing collagenase (Gibco) and protease, via the aortic cannula. Final
perfusate was 20 ml warm (37˚C) CBB containing protease inhibitor was
via the aortic cannula. The area of the left ventricle at risk from I/R injury
(AAR) was demarcated by re-occluding the LAD and injecting Evans
blue antegrade via the aortic cannula. The unstained AAR was excised,
finely diced and gently pressed through a 300 µm steel sieve to release the
cells. The AAR cell suspension was centrifuged and washed twice with cold
CBB solution (AQIX® RS-I). The isolated AAR cells were suspended in
cold buffer solution (AQIX® RS-I) and stored on ice, prior to staining for
subsequent fluorescent-activated cell sorting (FACS) flow cytometric
analysis. Figure 2.6.1 shows isolated cardiomyocytes from the AAR as seen
under light microscopy.
Isolated AAR cell binding to a Troponin-T monoclonal antibody was also
checked to ensure that the isolated cells were indeed cardiomyocytes.
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Incubation of the putative cardiomyocytes with a primary mouse
monoclonal antibody for cardiac Troponin-T (Santa Cruz, USA), was for 30
min on ice. Unbound antibody removal was by washing the cells twice and
then incubation with a goat anti-mouse antibody conjugated with fluorescein
isothiocyanate (Santa Cruz, USA). Figure 2.6.2 shows the FACS flow
cytometry analysis of isolated cardiomyocytes for the Troponin T binding.
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A

B

Figure 2.6.1 Isolated cardiomyocytes (A) lower power (mag x 200) and (B) high power
microscopy (mag x400)
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A

B
Isotype control

Troponin T

C

Isotype Control
Troponin T: 83 ± 5%

Figure 2.6.2 FACS flowcytometry of isolated cardiomyocytes. (A&B) Respective FACS
flow cytometry scatter plots of side scatter versus FL1 for cardiomyocytes stained with the
isotype control and Troponin T antibodies both conjugated with FITC. (C) Overlay
histogram plot for cardiomyocytes stained with isotype control and Troponin T antibodies
conjugated with FITC.
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2.7 Cardiomyocyte Apoptosis and Necrosis post
Regional I/R
An apoptosis detection kit was used to dual stain cardiomyocytes
isolated from the AAR with Annexin-5-FITC and propidium iodide, as per
kit instructions (BD Biosciences Pharmingen). Unstained cells were
negative controls. The AAR cardiomyocyte staining and analysis was within
1 h of cell isolation. Dual stained cell analysis was by a Becton Dickinson
FACScan flow cytometer (BD FACScan, UK) and equipped with CellQuest software (BD). The flowcytometer gating was set to collect 10,000
cells from each sample with logarithmic gain settings. Annexin-5 and
propidium iodide cannot permeate an intact plasma membrane and so will
not stain viable cells. Annexin-5 will avidly bind to the inner membrane
phospholipid phosphatidylserine, which becomes externalised by cells
undergoing apoptosis. Cells that have lost membrane integrity will not only
stain positive for Annexin-5 but they will concomitantly stain with
propidium iodide, which binds to nuclear deoxyribonucleic acid (DNA).
Dual staining of AAR cardiomyocytes with annexin-5-FITC and propidium
iodide was analyzed by FACS flow cytometry to identify cells that were
either apoptotic (annexin-5+/PI−) or necrotic (annexin-V+/PI+). Quadrant
percentiles for apoptosis and necrosis.
Detection of activated caspase 9 activation in AAR cardiomyocytes
was to distinguish between apoptosis by intrinsic or extrinsic mechanisms.
AAR cardiomyocytes stained with caspase 9 assay kit based upon
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Fluorescent Labeled Inhibitor of Caspases (FLICA) reagent FAM-LEHDFMK, which is a non-toxic membrane permeable fluorescent probe. The
LEHD peptide sequence within the FLICA binds avidly to and inhibits
activated caspase 9. Bound FLICA will remain inside the cell to give a
direct measurement of the number of active Caspase 9 molecules that were
present at the time of addition of FLICA reagent. Unbound FLICA is easily
washed from either necrotic or viable cells. FACS flow cytometry detects
the fluorescent FAM moiety bound to FLICA and so quantifies activated
Caspase 9.

2.8 Cardiac Function post Regional I/R
The cardiac function post regional I/R was assessed at the end of 7
days of reperfusion (I/R-7D). The protocol for regional I/R was altered to
enable recovery of the animals and this is briefly described. Animals were
anaesthetised by inhalation of 1.5% isoflurane and mechanical ventilation
was commenced following endotracheal intubation at a tidal volume of 200
ml/min using a Harvard small animal ventilator. The heart exposure was via
a left thoracotomy and the LAD was isolated with a 6-0 polypropylene
suture (Bear Medic). The LAD occlusion was with a reversible occluder for
25 min, and anterior regional ischemia confirmed by an ischaemic colour
change and S-T segment elevation on the electrocardiograph. Following 25
min LAD occlusion, the occluder release allows reperfusion, which
continues for 7 days. The thoracotomy closure was with a 4-0
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polypropylene suture (Bear Medic), and then the termination of the
anaesthetic allowed spontaneous post procedural recovery. Post recovery
animals received prophylactic antibiotics and buprenorphine analgesia in
their water. A standard diet was resumed upon return to the animal facility.
Transthoracic 2-dimensional (2-D) echocardiography was used during
general anesthesia using a Vevo-770 imaging system with a 17.5MHz small
animal transducer probe (Vevo, Visual Sonics, USA). The anaesthetic (1.5%
isoflurane) delivery was via a nose cone. Echo images acquisition was on
the day before I/R and 7 days post I/R. Short axis views at the mid-papillary
muscle level were used for assessment of the fractional area of LV
contraction (% FAC). The LV ejection fraction (LVEF) assessment was by
motion mode (M-mode).
Haemodynamic LV catheter analysis was performed under anesthetic
(1.5% isoflurane) delivered via a nose cone, on the day before and 7 days
post I/R. A 2-Fr micro tipped pressure transducer (Millar Instruments; SPR320) was inserted into the LV cavity, via the right carotid artery, for
measurement of LV pressures during the cardiac cycle. The following LV
pressure were noted: peak systolic pressure (LVPSP), end diastolic pressure
(LVEDP), maximal slope of systolic pressure increment (+dP/dt), diastolic
pressure decrement (−dP/dt), and the relaxation time constant (tau). The LV
pressures and the heart rate were analyzed using LabChart Pro software (AD
Instruments, UK).
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2.9 Myocardial Fibrosis post Regional I/R
Explanted hearts subjected to regional ischaemia and 21 days
reperfusion were perfusion fixed with 1 ml ice-cold 4% paraformaldehyde
via the aorta and then immersed in ice-cold 4 % paraformaldehyde for 30
min. Hearts were then washed with PBS and incubated in PBS containing
30% sucrose (w/v) at 4°C overnight. Fixed hearts were then sliced
transversely into three pieces, embedded in OCT compound (BDH), and
then frozen in liquid nitrogen-cooled isopentane for storage at -80°C.
Subsequently cryosections (15-25 µm) from each segment were made using
a rotary cryotome (Leica). Cryosections were placed on polysine-coated
glass slides (VWR) and stained with 0.1% picrosirius red F3B (0.1 g Sirus
red in 100 ml saturated aqueous picric acid, BDH) for 10 min at room
temperature. The cryosections were rinsed 5 times in deionised water and
then rinsed for 1 min in picric alcohol (20 ml absolute alcohol; 70 ml
deionised water; 10 ml saturated aqueous picric acid). The sections were
then dehydrated through a methanol series and mounted in DPX (VWR).
The degree of picrosirius red staining was visualised by a light microscope
(Keyence, BZ8000).
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2.10 Cell Signaling
The AAR from 25 min LAD ischaemia followed by only 30 min
reperfusion underwent analysis for cell signaling. AAR from the following
animal groups were analysed by western blotting: (1) pre-treatment with
LY294002 (0.3 mg/kg IV) followed by sham surgery. (2) Pre-treatment with
PBS followed by 25 min LAD ischaemia and 30 min reperfusion with
treatment upon reperfusion with either PBS or BMMNC. (3) Pre-treatment
with the PI3K inhibitor LY294002 (0.3 mg/kg IV) followed by 25 min LAD
ischaemia and 30 min reperfusion with treatment upon reperfusion with
either PBS or BMMNC. The ex vivo AAR samples are snap frozen in liquid
nitrogen and stored at -80 °C, for subsequent protein analysis by western
blots.
The protein extracts from AAR investigated for cell signaling
extracted were from cytosolic and nuclear fractions, as described (Meldrum
et al., 1997). Briefly, AAR was homogenized (Wheaton, Millville, NJ,
USA) 10% w/v in homogenization buffer containing 20 mM HEPES, pH
7.9, 1 mM MgCl2, 0.5 mM EDTA, 1% NP–40, 1 mM EGTA, 1 mM
dithiothreitol (DTT), 0.5 mM phenylmethyl sulphonyl fluoride (PMSF), 5
μg/ml aprotinin, 2.5 μg/ml leupeptin. Homogenates centrifuged at 1000 ×
g for 5 min at 4 °C. Supernatants were removed and centrifuged at 105,000
× g at 4°C for 40 min to obtain cytosolic protein fractions. Pelleted nuclei
were resuspended in extraction buffer containing 20 mM HEPES, pH 7.9,
1.5 mM MgCl2, 300 mM NaCl, 0.2 mM EDTA, 20% glycerol, 1 mM
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EGTA, 1 mM DTT, 0.5 mM PMSF, 5 μg/ml aprotinin, 2.5 μg/ml leupeptin.
The suspensions were incubated on ice for 30 min for high-salt extraction
followed by centrifugation at 15,000 × g for 20 min at 4°C. The resulting
supernatants containing DNA-binding proteins were carefully removed,
protein content was determined using the Bradford assay (Bradford 1976)
and samples were stored at − 80 °C. Western blots of the cytosolic protein
extracts for phosphorylation of Akt, GSK-3, and p38 MAPK were as
previously described (Collino et al., 2006). Western blots for the nuclear
translocation of p65 NF-B was for protein extracts from both the cytosolic
and nucleus fractions. Briefly, electrophoresis of 15µg of total protein
extract was on 8% sodium dodecyl sulphate-polyacrylamide gel
(SDSPAGE) followed by transfer to a polyvinyldenediflouride (PVDF)
membrane (Millipore, USA) for subsequent immersion in blocking buffer
(Super Block, Pierce Biotechnology, USA). PVDF membrane incubation
are then with the following a primary antibody. The primary antibodies
were:

mouse

anti-rat

phosphorylated

Aktserine-473

(Cell

Signaling

Biotechnology, USA); rabbit anti-rat total Akt; rabbit anti-rat total GSK-3
(Santa Cruz, California, USA); goat anti-rat phosphorylated GSK-3Serine-9
(Santa Cruz,USA); goat anti-rat phosphorylated GSK-3Tyrosine-216 (Santa
Cruz); mouse anti-rat phosphorylated p38 MAPK (Cell Signaling
Biotechnology, USA); and mouse anti-rat NF-κB p65 (Santa Cruz). Primary
antibody binding detection was by incubation with appropriate secondary
antibodies conjugated with horseradish peroxidase and development with an
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enhanced

chemiluminescence

detection

system

(Amersham,

UK).

Assessment for loading homogeneity was by incubation of the stripped
membrane in -actin monoclonal antibody and subsequently with antimouse antibody. Membranes we evaluated for reactive immune bands by
and quantification of band optical density was by Gel ProAnalyzer 4.5,
2000 software (Media Cybernetics, USA).

2.11 Proteomics post Regional Myocardial I/R
Proteomics gives a quantitative analysis of all the proteins, including
their post-translational modifications, expressed by the genome at any given
point in time (Wilkins et al., 1996). Proteomic data could therefore provide
valuable insight into altered protein expression and associated pathology
(Huber et al., 2003; Lopez et al., 2002; Loscalzo 2003; Mcgregor et al.,
2003).Thus the differential expression of proteins extracted from the
ischaemic and reperfusing myocardium can give insight into underlying
mechanisms of injury and protection. The resolution of proteins by 2dimensional gel electrophoresis (2-DE) remains the preferred method to
date (Gorg et al., 2004). 2-DE can resolve up to 5000 proteins
simultaneously with detection and quantification of <1ng of protein per
spot. There is no current technological match for 2-DE, which permits
routine parallel expression profiling of a large complex of proteins. It
delivers a map of intact proteins that reflect changes in protein expression
level, isoforms, and post-translational modifications. I investigated the
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effect of BMMNC and BMS on the differential expression of proteins
within the area at risk (AAR) of the LV subjected to 25 min ischemia and 2
h reperfusion (I/R-2h).The AAR analyzed was from hearts treated upon
reperfusion by, PBS, BMMNC, BMS or sham (no I/R-2h). At the end of
I/R-2h, the excised AAR was snap frozen in liquid nitrogen and stored at 80°C, for later proteomic analysis.
Protein extraction from thawed AAR tissue was previously described
(De Roos et al., 2005). Briefly, proteins were extracted from 300mg of
tissue and 1.2ml of extraction buffer (Ultrapure Urea 40% w/v, Thiourea
15.2% w/v, CHAPS 4% w/v, Ampholyte 5% v/v; Bio-Rad, USA). Tissue
from AAR was homogenised and then sonicated for 3 x 10 seconds periods
with 3 min intervals between each sonication to allow cooling. Then
samples were centrifuged at 14000 rpm in Eppendorf tubes and proteins in
the supernatant were then separated according to size and charge by 2-DE in
SDSPAGE gels, as previously described (De Roos et al., 2005). Separated
proteins spots, after staining with Coomassie Brilliant Blue, were scanned
(GS-800 calibrated densitometer, BioRad, USA) and analyzed for
differential protein spot expression (PDQuest Advanced 8.02, Bio-Rad,
USA). Then an automated robotic protein handling system, which excised
selected gel spots, with optical densities that were significantly different, for
trypsinisation (EXQuest Spot Cutter and MassPREPTM, Bio-Rad USA).
Trypsinised protein spot analysis was by liquid chromatography,
electrospray ionisation, and tandem ion-trap mass spectrometry/mass
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spectrometry (LC/ESI/MS/MS, Q-Trap 4000, Applied Biosystems, UK).
The high performance liquid chromatography (HPLC) system was equipped
with a 100-angstrom nanocolumn measuring 15 cm x 75 µm x 3 µm, (C18
Pep Map 100, LC Packings, Camberly, Surrey, UK). Sample injection into
the column by a Famos auto sampler was set to an injection volume of 5 µl
and the column flow rate was 0.3 µl/min. The samples were eluted with
HPLC grade solvents including 2% acetonitrile and 0.1% formic acid (A)
and 80% acetonitrile and 0.08% formic acid (B). The column gradient
started at 5% solvent B, increasing to 50% B over 30 min followed by a
ramping up to 80% B over a further 2 min and held for a further 10 min.
The system was equilibrated with 95% solvent A for 9 min prior to injection
of peptides samples. HPLC column eluted peptides into the Q-Trap triple
quadrupole mass spectrometer (MS). The MS was fitted with a nanospray
ion source and the needle voltage was set at 2450 volts, with oxygen free
nitrogen as the curtain gas and the collision gas. In the survey scan mode,
the mass range was set to 400-1200 (mass/charge ratio) with a scan rate of
4000 atomic mass units/second (amu/s). Criteria for selection of ions for
fragmentation were set for ions of 105 counts per second or above. The
collision energy was set to a maximum of 80 electron volts. The linear ion
trap fill time was 250 milliseconds and the scan rate was 1000 amu/s. Total
ion current data was submitted online to the MASCOT search engine
(Matrix Science) using the MSDB database. The following search criteria
were used : allowance of 0 or 1 missed cleavages; peptide mass tolerance of
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± 1 Daltons (Da) ; fragment mass tolerance of ± 0.8 Da, trypsin as digestion
enzyme; carabamidomethyl modification of cysteine; and methionine
oxidation as partial modification.

2.12 Statistical Analysis
Prism 5 statistics package (Graphpad, USA) was used to analyse the
results. All data presentation was means ± SEM, and analysed by one-way
ANOVA followed by Dunnett’s post test for multiple comparisons. In the
comparison of just two groups, Student’s unpaired t-test was used.
Haemodynamic parameters analysis was by two-way ANOVA followed by
Bonferroni’s post hoc test for multiple comparisons. A two-tailed P value <
0.05 was considered to be statistically significant. For proteomic data, the
pooled variance of the protein spots were compared by ANOVA and posthoc unpaired t-tests.
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Chapter 3
Bone Marrow Mononuclear Cell Therapy upon
Reperfusion Attenuated Regional Myocardial
I/R Injury
3.1 Introduction
The most effective route and optimal time point for the delivery of
stem cells to an acutely ischaemic heart is still debatable. Stem cell injection
to target the heart can be by (1) systemic intravenous (IV) i.e. systemic or
retrograde coronary (2) intra-coronary (IC) (3) intra-myocardial (IM).
Injection of cells by IM or IC routes suggests that high numbers of stem
cells might directly target areas of the heart where stem cell therapy may be
beneficial, however, significant risks may outweigh potential benefits.
These risks include clustering or islands of stem cells within the
myocardium

following

IM

injection,

which

may

interfere

with

electromechanical synchrony and trigger dangerous cardiac arrhythmias
(Leobon et al., 2003; Reinecke et al., 2002). Despite the advantage of a high
initial deposition of stem cells following IM injection, these cells are rapidly
lost from an ischaemic myocardium (Muller-Ehmsen et al., 2006). The
antegrade IC injection also potentially delivers a high number of cells
directly into the myocardial micro-circulation and relies on stem cell
transmigration abilities to extravasate into the myocardium. Failure to
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transmigrate, however, carries a high risk of intracoronary stem cell
aggregation and distal embolization, which could compromise coronary
perfusion and negate the potential benefits of cell therapy, particularly in the
reperfusing heart (Suzuki et al., 2000; Vulliet et al., 2004). On the other
hand, IV injection delivers a comparitively smaller number of donor cells
directly to the heart due to the dilutional effects of the circulating volume
and secondly due to extra-cardiac organ capture by the lungs, lymphatic
tissue, and the bone marrow. There are, however, clinical advantages of IV
delivery over that by IM and IC, which include a minimally invasive route
of delivery, wide availability, comparatively low technical skill requirement
for peripheral IV cannulations. Further, if the timing of stem cell delivery by
IV coincides with the highest expression of SDF-1within the myocardium,
i.e. at the end of ischaemia, exogenous stem cells could preferentially
traffick down the SDF-1 gradient to the ischaemic myocardium. It is
noteworthy, that this might not be the case if the cell delivery is preischaemia, in the absence of reperfusion, or if a long period of reperfusion
has elapsed. This may explain, at least in part, why the clinical trials
investigating autologous bone marrow mononuclear cell (BMMNC) therapy
in AMI patients report very small improvements in cardiac function.
Specifically, BMMNC delivery was typically 24 h after culprit coronary
artery reperfusion (Chen et al., 2004; Janssens et al., 2006; Lunde et al.,
2006; Meyer et al., 2006; Schachinger et al., 2006).
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BMMNC are easily harvestable and thus have been in investigated in
clinical trials for treating AMI (Chen et al., 2004; Janssens et al., 2006;
Lunde et al., 2006; Meyer et al., 2006; Schachinger et al., 2006). BMMNC
contain primarily haematopoietic stem cells and their ability to regenerate
regions of damaged myocardium, is controversial (Balsam et al., 2004;
Jackson et al., 2001; Murry et al., 2004; Orlic et al., 2001). Further,
BMMNC therapy in AMI might be improving cardiac function by secreting
growth factors, angiogenic factors, and anti-apoptotic factors (Gnecchi et
al., 2006; Kamihata et al., 2001; Uemura et al., 2006; Kinnaird et al., 2004).
In this chapter, I investigated the effect of systemic IV syngeneic ex vivo
BMMNC at the onset of reperfusion upon infarct size, cardiac function, and
cardiac fibrosis in a rat model of regional myocardial I/R.

3.2 Intravenous BMMNC Therapy upon Reperfusion
and Myocardial Infarct Size
3.2.1 Methods
Donor BMMNC were freshly isolated from ex vivo BM expressed from
the femurs and tibae of Wistar male rats, not subjected to regional
myocardial I/Rinjury, as described in chapter 2. BMMNC were positive for
c-Kit (7 ± 1%, n = 10), CD34 (7 ± 1%, n = 10), CD45 (54 ± 6 %, n =10),
and CD133 (15 ± 1%, n = 10). BMMNC cell viability was 97.1 ± 0.3% (n =
10).
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Randomly selected Wistar male rats were subjected to regional
myocardial ischaemia and reperfusion, by 25 min of LAD occlusion
followed by 2 h of LAD reperfusion (I/R-2h), as described in chapter 2.
Sham rats are subject to the same surgical procedure but not LAD occlusion
and reperfusion. IPC was by two consecutive cycles of 5 min LAD
ischaemia followed by 5 min LAD reperfusion, prior to the I/R-2h. Animals
received either 0.5 ml PBS or 10 million BMMNC (in 0.5 ml PBS), via the
internal jugular vein at the onset of reperfusion. At the end of reperfusion,
infarct size measurement was by the method described in chapter 2 (Nachlas
et al., 1963). The experimental groups are as indicated Table 3.2.1.1
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Table 3.2.1.1 Experimental Design: BMMNC therapy and infarct size
following 25min LAD ischaemia and 2 h reperfusion. Wistar male rats
underwent either 25 min LAD occlusion and 2 h of LAD reperfusion (I/R2h) or no LAD occlusion i.e. sham procedure. IPC was by two consecutive
cycles of 5 min LAD ischaemia followed by 5 min LAD reperfusion, prior
to the I/R-2h. The n value is the number of animals per group.
Group

N

Reperfusion Protocol

IV injection upon Reperfusion

Sham

5

No I/R-2h

0.5 ml PBS

PBS

5

I/R-2h

0.5 ml PBS

IPC

9

IPC then I/R-2h

0.5 ml PBS
10 x106 BMMNC (0.5 ml PBS)

BMMNC 10 I/R-2h
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3.2.2 Results
In Figure 3.2.2.1(A), left ventricular AAR from I/R-2h was similar
between all the experimental groups. As shown in Figure 3.2.2.1(B), when
compared with PBS (vehicle controls), IV bolus administration of 10
million BMMNC upon reperfusion significantly attenuated myocardial
infarct size due to I/R-2h (BMMNC 33 ± 3 %; PBS 57 ± 2 %, 1-way
ANOVA and Dunnett’s post test, P < 0.001). Infarct size comparisons
between BMMNC and IPC were, however, similar (P>0.05). The
attenuation of infarct size by either BMMNC or IPC was independent of any
effects due to variations in haemodynamic parameters between the groups
as presented in Figure 3.2.2.2 (A-C): when compared with PBS, mean
arterial pressure, heart rate, and pressure rate index, were similar between all
experimental groups at all time points (2-way ANOVA, P>0.05).

85

A
70

AAR (% LV)

60
50
40
30
20
10
0
Sham

PBS

BMMNC

IPC

B
P< 0.001

Infarct Size (% AAR)

70
60
50
40
30
20
10
0
Sham

PBS

BMMNC

IPC

Figure 3.2.2.1 BMMNC therapy and infarct size following 25min LAD ischaemia and
2 h reperfusion (I/R-2h) (A) Left ventricular area at risk (AAR) from I/R-2h was similar
between all groups. (B) When compared to PBS (control), infarct size (% AAR) was
significantly attenuated by a single IV bolus of 10 million BMMNC upon reperfusion (1way ANOVA and Dunnett’s post test, P<0.001, n=10). Infarct size comparison between
BMMNC and IPC was similar. Sham group underwent the same surgical procedure but no
I/R-2h.

86

MAP (mmHg)

A

150

100
Sham
PBS
BMMNC
IPC

50

0

Ischaemia

0 5 15 25

Reperfusion

55

85

115

145

Time/min

HR / min

B

600

400
Sham
PBS
BMMNC
IPC

200

0

Ischaemia

0 5 15 25

PRI / mmHg min -1 x 10-3

C

Reperfusion

55

85

Time/min

115

145

80

60

40
Sham
PBS
BMMNC
IPC

20

0

Ischaemia

0 5 15 25

Reperfusion

55

85

Time / min

115

145

Figure 3.2.2.2 Haemodynamic variability during 25min LAD ischaemia and 2 h
reperfusion. When compared with PBS (control) alterations in (A) mean arterial pressure
(MAP), (B) heart rate (HR), and (C) pressure rate index (PRI) were similar between all
experimental groups (2-way ANOVA, P > 0.05).

87

3.3 Intravenous BMMNC Therapy upon Reperfusion
and Left Ventricular Function
3.3.1 Methods
Assessment of LV function in Wistar male rats was by transthoracic
2-D echocardiography and LV pressure transduction catheter as described in
chapter 2. Assessment of LV function in animals was pre and post 25 min of
left anterior descending coronary artery (LAD) occlusion and reperfusion
for 7 days (I/R-7D). A delay of 7 days before assessment of LV function is
to allow for the resolution of post-ischaemic ventricular stunning
(Braunwald et al., 1982) and optimisation of the echocardiographical image
quality following surgical thoracotomy. Following 25 min LAD occlusion,
animals received either a single bolus IV of 10 million BMMNC or PBS
(vehicle), at the onset of reperfusion. Approximately, 1 h following the
onset of reperfusion, the thoracotomy wound was closed and the anaesthetic
discontinued. I carried out all the surgical steps and following I/R-7D the
LV functional data acquisition and data analysis (2-D echocardiography
plus LV pressure transduction catheter) was by blinded observers. The
experimental groups were as shown in Table 3.3.1.1.
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Table 3.3.1.1 Experimental Design: BMMNC therapy and LV function
following 25min LAD ischaemia and 7 days reperfusion. Wistar male
rats underwent either 25 min LAD occlusion and 7 days of LAD reperfusion
(I/R-7D) or no LAD occlusion i.e. sham procedure. The n value is the
number of animals in each group.
Group

N

Reperfusion Protocol IV Injection upon Reperfusion

Sham

10 No I/R-7D

0.5 ml PBS

PBS

10 I/R-7D

0.5 ml PBS
10 x 106 BMMNC (0.5 ml PBS)

BMMNC 10 I/R-7D
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3.3.2 Results
In Figure 3.3.2.1, representative images of transthoracic 2-D echo
used for the assessments of LV function show comparative M-mode images
for sham, PBS and BMMNC animals. In Figure 3.3.2.2, when compared
with BMMNC, both left ventricular ejection fraction (LVEF) and left
ventricular area of contraction (FAC) were significantly attenuated for the
PBS (vehicle control) group: LVEF (BMMNC 71 ± 3 % vs. PBS 48 ± 4 %,
n = 10, P < 0.0001) and FAC (BMMNC 47 ± 2 % vs. PBS 36 ± 3 %, n = 10,
P < 0.01). There were no significant differences in both the LVEF and FAC
when comparing BMMNC with the sham group.
In Figures 3.3.2.3 and 3.3.2.4, the LV pressure transduction catheter
derived parameters used to assess LV systolic function and diastolic
function. Owing to technical difficulties, it was not possible to catheterize
the LV in three animals. The LV pressure transduction catheter derived
parameters used to assess systolic function were peak rate of increase of LV
pressure (dP/dtmax) and contractility index. Both dP/dtmax and the
contractility index were significantly reduced in the PBS treated group, as
compared with the BMMNC group: dP/dtmax (BMMNC 10 x 103 mmHgs-1
± 0.4 % vs. PBS 8 x 103 mmHgs-1 ± 1 % n = 7, P < 0.05); Contractility
Index (BMMNC 162 ± 10 vs. PBS 113 ± 3, n = 7, P < 0.001). These results
are concordant with the echocardiography derived LVEF and FAC.
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Left ventricular diastolic dysfunction was demonstrated by an
increase in left ventricular end-diastolic pressure (LVEDP), a decrease in
the peak rate of decline in left ventricular pressure (-dP/dtmin), and an
increase in the time constant of left ventricular pressure fall (tau ). When
compared with PBS, LV compliance was significantly higher for BMMNC
treated group; LVEDP (BMMNC 4 ± 1 mmHg vs. PBS 16 ± 3 mmHg, P <
0.01); dP/dtmin (BMMNC -9 x 103 ± 0.5 mmHgs-1 vs. PBS -7 x 103 ± 1
mmHgs-1, P < 0.01); τ (BMMNC 10.2 x 10-3 ± 0.5 vs. PBS 12.3 x 10-3 ± 1,
P< 0.05). These data suggest that the IV administration of BMMNC, upon
reperfusion, preserved both systolic and diastolic function.
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Sham

Systole

Diastole
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Systole
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BMMNCC
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Diastole

Figure 3.3.2.1 Representative transthoracic 2-D echo M-mode imaging. Assessment of
LV function was following 25 min LAD ischaemia and reperfusion for 7 days (I/R-7D).
When compared with PBS, LV function was significantly higher in animals treated with a
single IV bolus of 10 million BMMNC upon reperfusion. The sham group underwent the
same surgical procedure but no I/R-7D.
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Figure 3.3.2.2 Transthoracic echocardiography following 25min LAD ischaemia and
reperfusion for 7 days (I/R-7D). (A) When compared to PBS, the LV ejection fraction
(LVEF) was significantly higher in animals treated by a single IV bolus of BMMNC (1way ANOVA and Dunnett’s post, P<0.0001, n=10). (B) When compared to PBS, LV
fractional area of contraction (FAC) was also significantly higher for BMMNC (1-way
ANOVA and Dunnett’s post test, P<0.01, n=10).
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Figure 3.3.2.3 Left intraventricular pressure catheterisation following 25min LAD
ischaemia and reperfusion for 7 days (I/R-7D). (A)When compared with PBS, rate of
increase in systolic intraventricular pressure (dP/dtmax) was significantly higher in animals
treated by a single IV bolus of 10 million BMMNC upon reperfusion (1-way ANOVA and
Dunnett’s post test, P<0.05, n=7). (B) When compared with PBS, LV contractility index
was also significantly higher for BMMNC animals (1-way ANOVA and Dunnett’s post
test, P<0.01, n=7).
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Figure 3.3.2.4 LV pressure catheterization following 25min LAD ischaemia and
reperfusion for 7 days (I/R-7D). (A) When compared with PBS, LV end diastolic pressure
(LVEDP) was significantly lower in animals treated by a single IV bolus of 10 million
BMMNC, upon reperfusion (1-way ANOVA and Dunnett’s post hoc test, P<0.01). (B)
When compared with PBS, decrease in diastolic left ventricular pressure (dP/dtmin) was also
lower for BMMNC but not statistically significance (1-way ANOVA and Dunnett’s post
hoc test, P=0.057). (C) When compared with PBS, LV diastolic time constant (Tau) was
significantly lower for BMMNC (1-way ANOVA and Dunnett’s post hoc test, P<0.05).
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3.4 Intravenous BMMNC Therapy upon Reperfusion
and Cardiac Fibrosis
3.4.1 Methods
A qualitative assessment of the volume of extracellular collagen
deposited following regional I/R was by picrosirius red staining of
myocardial cryosections. Cryosections were made of hearts, acquired from
Wistar male rats that had previously been subjected to 25min LAD
occlusion and 7 days reperfusion for assessment cardiac function in the
previous study. Thus, donor BMMNC from syngeneic Wistar male rats
were injected by an IV bolus, at the onset of reperfusion. After reperfusion
had continued for more than 1 hour, the chest was closed and animals were
recovered from general anaesthesia and then returned to the animal facility.
Following 21 days of reperfusion, i.e. 14 days after assesement of cardiac
function, rats were anaesthetised using 5% isoflurane and then sacrificed by
cervical dislocation. The hearts were then excised and perfused with 10ml
of ice cold PBS, followed by 5ml ice cold 4% paraformaldehyde (Sigma)
via an 18 Ch cannula inserted in the ascending aorta and then immersed for
30 min in 4% paraformaldehyde on ice. Next the hearts were washed with
PBS and incubated with 30% sucrose in PBS solution at 4°C overnight.
Fixed hearts were then cut transversely into two segments between the base
and apex. These segments were embedded in OCT compound (VWR) using
a polyethylene mould and frozen in liquid nitrogen cooled isopentane and
stored at -80°C. Cryosections (15-25μm) were cut from each segment using
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a rotary cryotome (Leica) and then placed on polysine-coated glass slides
(VWR), were washed with PBS and dried at room temperature overnight.
The sections were then immersed in fast blue (0.15% Fast Blue in
magnesium borate) for 10 min at room temperature, washed with de-ionised
water, and stained with 0.1% picrosirius red F3B (0.1 g Sirus red in 100 ml
saturated aqueous picric acid) for 10 min at room temperature. The sections
were then rinsed in de-ionised water for 5 times and then immersed in picric
alcohol (20 ml, absolute alcohol; 70 ml de-ionised water; 10 ml saturated
aqueous picric acid). Sections were then dehydrated through a methanol
series and mounted in DPX (VWR) and examined by light microscopy.

3.4.2 Results
A qualitative assessment of the post AMI collagen deposition was by
cryosections of hearts stained with picrosirius red. Stained cryosections
examined by light microscopy (Figure 3.4.2.1). When compared to the sham
operated hearts, treatment by PBS upon reperfusion caused an extensive
degree of extracellular collagen deposition within the infarct zone. Further,
we noted the post infarct LV remodeling process by way of thinning and
expansion of the infarct zone, LV cavity dilation, and hypertrophy of the LV
zones remote from the infarct. In contrast, hearts that had been subjected to
ischaemia and reperfusion and treated with BMMNC upon reperfusion had
a much reduced collagen deposition within the anterior LV and post infarct
LV remodeling was much less.
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Sham (x10)

Sham (x20)

PBS (x10)

PBS (x20)

BMMNC (x10)

BMMNC (x20)

Figure 3.4.2.1 Representative picrosirius red stained cryosections of hearts from
animals 21 days post 25min LAD ischaemia and reperfusion. When compared to PBS, a
single IV bolus of 10million BMMNC upon reperfusion had lower collagen deposition. The
sham underwent the same surgical procedure except for LAD ischaemia and reperfusion.
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3.5 Discussion
I have presented data investigating whether systemic IV BMMNC
therapy can protect the ischaemic myocardium from reperfusion injury.
Firstly, IV BMMNC upon reperfusion achieved significant reductions in
myocardial infarct size, which are comparable to the powerful and innate
cardioprotective mechanism IPC. Secondly, in a recovery model of regional
myocardial ischaemia and reperfusion (I/R-7D), IV BMMNC upon
reperfusion also preserved systolic and diastolic function. Consistent with
the preservation in cardiac function, I also report that IV BMMNC upon
reperfusion prevented post infarct fibrosis and the associated adverse left
ventricular remodeling.
Previously,

studies

had

suggested

that

the

plasticity

of

haematopoietic stem/progenitor cells might attenuate myocardial infarction
by de novo myocardial regeneration of an infarcted myocardium. Thus,
these studies sought to exploit the plasticity of engrafted haematopoietic
stem/progenitor cell to undergo subsequent transdifferentiation. To
encourage this event, investigators injected highly enriched haematopoietic
stem/progenitor (CD34+/C-kit+) cells into non-reperfusing ischaemic
myocardium (Kocher et al., 2001; Orlic et al., 2001). The landmark study
by Orlic et al., demonstrated that highly enriched syngeneic murine
BMMNC (c-kit+/lin-) transdifferentiated to form a neo-vascularised and
functional myocardium. Stem cell injection into the infarct border zone was
followed by stem cell recruitment into the necrotic region for putative
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regeneration of the transmural murine infarct, which was reported to be
around 68%. This infarct regeneration was associated with significant
improvements in the systolic (~40%) and diastolic function (~36%).
Interestingly, the same group also reported in a separate study that injections
of granulocyte-colony stimulating factor (G-CSF) and stem cell factor
(SCF) increased circulating haematopoietic stem/progenitor cells (c-kit +
lineage -), which had the effect of significantly decreasing subsequent
myocardial infarction (40%), LV dilation (26%), and diastolic stress (70%).
More interestingly, Kocher et al., demonstrated that IV injection of 2x106
G-CSF mobilized ex vivo human BMMNCs were cardioprotective when
injected 48 h following LAD ligation in a rat model of AMI. The donor
human BMMNCs, that had been enriched for CD34+c-kit+ (>98% purity),
were shown to immediately home into the infarct zone to subsequently
stimulate neoangiogenesis, attenuate cardiomyocyte apoptosis, reduce LV
collagen deposition, and improve cardiac function. I have presented data
from experiments that did not use an enriched population of HSCs to protect
against reperfusion injury of the ischaemic heart. Further, cell injection was
by a single IV bolus at the onset of the reperfusing ischaemic myocardium
i.e. a potentially hostile environment. These data suggest that the injected
donor BMMNC could attenuate reperfusion-induced injury by a mechanism
that was not entirely dependent upon donor cell plasticity. The data also
suggest that pathophysiology for the reperfusion injury might be considered
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separate from that of the injury due to ischaemia alone, as previously
suggested (Hearse 1977; Vanden Hoek et al., 1996).
The

pathophysiology

suggests

that

myocardial

ischaemia

and

reperfusion injury is associated with two distinct modes of cell death, which
are necrosis and apoptosis (Gottlieb et al., 1999). Necrosis is an energy
independent

or

passive

process

where

lack

of

ATP

decreases

Na+/K+/ATPase ionic pump activity, which leads to accumulation of intracellular Na+ ions, massive cell swelling, and eventual loss of membrane
integrity. The consequential cell membrane disruption releases intra-cellular
proteins and explains the acute inflammation reaction that is associated with
tissue necrosis.

Apoptosis, on the other hand, is a controlled energy

dependent or active process which is observed to cause and organized
degradation of nuclear and cytosolic contents, notably chromatin
condensation, DNA fragmentation and apoptotic body formation. There is
no cell membrane disruption and no acute inflammatory reaction (Fiers et
al., 1999). It would therefore not be unreasonable to suggest that necrosis is
the predominant mode of cell death during ischaemia when ATP levels are
diminished (Kajstura et al., 1996) and that apoptosis is the predominant
mode of cell death during reperfusion where ATP levels are normalizing
(Zhao et al., 2000). This simplistic separation of necrotic-ischaemia and
apoptotic-reperfusion is, however, controversial and a number of studies
suggest that cellular attrition throughout ischaemia and reperfusion is
entirely by necrosis (Buja et al., 1998; Ohno et al., 1998; Taimor et al.,
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1999). Most studies, however, suggest that bothe necrosis and apoptosis
occur during ischaemia and the onset of reperfusion causes apoptosis to
accelerate much faster than necrosis (Fliss et al., 1996; Freude et al., 2000;
Gottlieb et al., 1994; Holly et al., 1999; Leist et al., 1997; Mocanu et al.,
2000; Scarabelli et al., 1999; Yaoita et al., 1998; Zhao et al., 2003; Zhao et
al., 2001). Thus, a potential therapeutic strategy to attenuate ischaemia and
reperfusion injury would be to target the reperfusion component which is
suggested to contribute approximately 50% of the total AMI (Yellon et al.,
2007).

Hence, it has been shown that inhibition of apoptosis during

reperfusion was associated with reduced infarct size and improved
contractile function (Holly et al., 1999; Mocanu et al., 2000; Yaoita et al.,
1998; Zhao et al., 2003). Intriguingly, the data I have presented suggests
that the hitherto perceived role for stem cell therapy, i.e. only to regenerate
dead myocardium might be additional to preventing its death in the first
instance.
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Chapter 4
Molecular
Marrow

Mechansisms
Mononuclear

Underlying
Cell

Therapy

Bone
and

Attenuation of Regional Myocardial I/R Injury
4.1 Introduction
In the previous chapter, I have presented data suggesting that systemic
IV BMMNC is cardioprotective when injected at the onset of reperfusion, in
a rat model of regional myocardial transient ischaemia and reperfusion
injury. The timing of cell injection suggests the injected cells may have
migrated to the ischaemic myocardium along an SDF-1 gradient exposed to
the peripheral circulation at the onset of reperfusion (Askari et al., 2003).
Notably, the clinical trials delivered autologous BMMNC after 24 h of
reperfusion had elapsed, to prevent stem cell attrition in a hostile
reperfusing myocardium (Chen et al., 2004; Janssens et al., 2006; Lunde et
al., 2006; Meyer et al., 2006; Schachinger et al., 2006). If indeed the
injected BMMNC homing to the reperfusing myocardium do not survive, it
is then conceivable that these cells might have a non-regenerative beneficial
role for protecting the myocardium from I/R injury. Thus, in this chapter,
my aim was to elucidate the molecular mechanisms that might be
contributory to the putative non-regenerative benefits of the BMMNC
therapy. Firstly, I investigated whether BMMNC attenuated cardiomyocyte
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apoptosis or necrosis or both. Secondly, I investigated whether BMMNC
secreted factors that might be contributing to the cardioprotection. Finally, I
investigated any changes to the myocardial proteome brought about by
BMMNC therapy.

4.2 Cardiomyocyte Apoptosis and Necrosis following
BMMNC Therapy upon Reperfusion in Regional I/R
Injury
4.2.1 Methods
BMMNC were isolated from ex vivo adult BM removed from the
femurs and tibae of Wistar male rats, as described in chapter 2. Randomly
selected Wistar male rats were subjected I/R-2h, as described. BMMNC
delivery was by single IV injection at onset of reperfusion or at later time
points during reperfusion. At the end of reperfusion, cardiomyocytes were
isolated from the region of left ventricle (LV) that had been subjected to
LAD ischaemia and reperfusion, the area at risk (ARR), as described in
chapter 2 (Mitra et al., 1985). Cardiomyocyte staining for apoptosis and
necrosis, for FACS flow cytometric analysis, was as described in chapter 2.
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Table 4.2.1.1 Experimental Design: BMMNC post reperfusion in a
model of 25 min LAD ischaemia and 2 h reperfusion. Wistar male rats
underwent either 25 min LAD occlusion and 2 h of LAD reperfusion (I/R2h) or no LAD occlusion i.e. sham procedure. The time of either PBS or an
IV bolus of BMMNC was from 0 min to 90 min following onset of
reperfusion. n is the number of animals in each group.

Time of Injection
Group n Protocol

IV Injectate

Post Reperfusion
(min)

Sham

5 No I/R-2h 0.5 ml PBS

0

PBS

5 I/R-2h

0.5 ml PBS

0

0

5 I/R-2h

10 x 106 BMMNC 0

15

5 I/R-2h

10 x 106 BMMNC 15

30

5 I/R-2h

10 x 106 BMMNC 30

60

4 I/R-2h

10 x 106 BMMNC 60

90

5 I/R-2h

10 x 106 BMMNC 90
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4.2.2 Results
In Figure 4.2.2.1(A), I have shown that the AAR (% LV), was
similar between PBS (control) and treatment groups. In Figure 4.2.2.3, I
have shown that the mean arterial pressure, heart rate and pressure rate
index were not different between groups at all time points (2-way ANOVA,
P>0.05). In figure 4.2.2.2, when compared to the PBS control group the AAR
cardiomyocyte apoptosis was significantly reduced when BMMNC were
injected within the first 30 min of reperfusion (0 min, 14 ± 3%; 15min, 15 ±
2%; 30 min, 11 ± 1%; versus PBS 28 ± 3%; P<0.001). This was concordant
with the AAR cardiomyocytes expressing activated Caspase 9; i.e. when
compared to PBS,

Caspase 9 activation was significantly lower when

BMMNC were injected within the first 30 min of reperfusion (0 min, 13 ±
3%; 15min, 16 ± 1%; 30 min, 16 ± 2%; versus PBS 31 ± 4%; 1-way
ANOVA, Dunnett’s post test P<0.05). In figure 4.2.2.1(B), when compared
to the control group (PBS), cardiomyocyte necrosis was also significantly
reduced when BMMNC were injected within the first 30 min of reperfusion
(0 min, 5 ± 1%; 15 min, 8 ± 2%; 30 min, 8 ± 2%; versus PBS 16 ± 1%; 1way ANOVA, Dunnett’s post test P<0.05). Later injections of BMMNC, i.e.
at 60 min and 90 min post onset of reperfusion, also attenuated
cardiomyocyte apoptosis and necrosis upon injection, but these reductions
did not reach statistical significance.
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Figure 4.2.2.1 Area at risk (AAR) cardiomycyte necrosis detected by FACS flow
cytometry (A) The AAR of the left ventricle (LV) subjected to 25 min LAD ischaemia
and 2 h LAD reperfusion and expressed as % LV was similar between all groups (1-way
ANOVA, P>0.05). (B) Compared to PBS, a single IV bolus of 10 million BMMNC at
either 0 min, 15 min, or 30 min after the onset of reperfusion significantly reduced necrosis
of cardiomyocytes isolated from the AAR (1-way ANOVA and Dunnett’s post hoc test (**
P<0.01, * P<0.05).
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Figure 4.2.2.2 Area at risk (AAR) cardiomycyte apoptosis and caspase 9 activation
detected by FACS flow cytometry (A) compared to PBS, 10 million BMMNC at 0 min,
15 min, or 30 min after the onset of reperfusion significantly reduced the number of
apoptotic cardiomyocytes (1-way ANOVA and Dunnett’s post hoc test, ** P<0.01).(B)
Compared to PBS, BMMNC at 0 min, 15 min, or 30 min at reperfusion significantly
reduced the number of cardiomyocytes with activated Caspase 9 (1-way ANOVA and
Dunnett’s post hoc test, ** P<0.01 and *P<0.05).
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Figure 4.2.2.3 The haemodynamic parameters of animals subjected to 25 min LAD
occlusion and 2 h LAD reperfusion were similar between all groups (A) Mean arterial
pressure mmHg. (B) Heart rate (beats per minute). (C) Pressure rate index (PRI) the
product of mean arterial pressure and heart rate (2-way ANOVA, P > 0.05).
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4.3 Removal of Cells from BMMNC Therapy did Not
Eliminate Cardioprotection
4.3.1Methods
BMMNC were isolated from ex vivo adult BM aspirated from
femurs and tibae of Wistar male rats, as previously described. Extracellular
factors as secreted by BMMNC were collected by incubating the cells in
PBS and the resulting BMS was obtained in various concentrations by
incubating increasing numbers of BMMNC in 1ml PBS: 10, 20, 50 or 100
million cells. The time of incubation was varied at either 2 h or 24 h in a cell
culture incubator (5% CO2 and humidified air at 37°C; CB150, USA). Post
incubation, cells were separated from the supernatant by centrifugation
(13000 rpm) followed by filtration (0.2 µm sterile syringe filter, Corning
Life Sciences, USA). The supernatant was used immediately after
preparation. Animals that were randomly selected to receive BMS were
administered 0.5 ml BMS as a single IV bolus, at the onset of LAD
reperfusion. At the end of 2 h reperfusion, the region of the left ventricle
subjected to LAD ischaemia and reperfusion was analyzed for infarct size
by observers blinded to each treatment group.
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Table 4.3.1.1 Experimental Design: BMMNC derived supernatant over 2 h (BMS2h) upon reperfusion in a model of 25 min LAD ischaemia and 2 h reperfusion. Wistar
male rats underwent either 25 min LAD occlusion and 2 h of LAD reperfusion (I/R-2h) or
no LAD occlusion i.e. sham procedure. BMS-2h obtained by increasing numbers of
BMMNC over an incubation time of 2 h after which BMMNC were removed from the
supernatant. An IV bolus of either PBS or BMS-2h was at the onset of reperfusion. n is the
number of animals in each group.

IV Injectate

Number of BMMNC
used to obtain BMS-2 h
0

Group

N

Protocol

0

3

I/R-2h

BMS-2h (0)

10

3

I/R-2h

BMS-2h (10)

10 x 106

20

3

I/R-2h

BMS-2h (20)

20 x 106

50

3

I/R-2h

BMS-2h (50)

50 x 106

100

3

I/R-2h

BMS-2h (100)

100 x 106

Table 4.3.1.2 Experimental Design: BMMNC derived supernatant over 24 h (BMS24h) upon reperfusion in a model of 25 min LAD ischaemia and 2 h reperfusion.
Wistar male rats underwent either 25 min LAD occlusion and 2 h of LAD reperfusion (I/R2h) or no LAD occlusion i.e. sham procedure. BMS-24h obtained by increasing numbers of
BMMNC over an incubation time of 24 h after which BMMNC were removed from the
supernatant. An IV bolus of either PBS or BMS-24h was at the onset of reperfusion. n is
the number of animals in each group.

Group

n

Protocol

IV Injectate

Number of BMMNC
used to obtain BMS-24h
0

0

7

I/R-2h

BMS-24h (0)

10

3

I/R-2h

BMS-24h (10)

10 x 106

20

6

I/R-2h

BMS-24h (20)

20 x 106

50

5

I/R-2h

BMS-24h (50)

50 x 106

100

4

I/R-2h

BMS-24h (100)

100 x 106
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4.3.2 Results
In Figure 4.3.2.1 (A), I have presented the AAR (% of LV) and this
was similar between controls and treatment groups (1-way ANOVA,
P>0.05). In Figure 4.3.2.3, I have presented the data for the haemodynamic
parameters of mean arterial pressure, heart rate and pressure rate index.
They were similar between all groups and at all time points (2-way
ANOVA, P>0.05). In Figure 4.3.2.1 (B), I have presented the infarct size data
and when compared to the control group (PBS), IV injection of BMS derived
after 2 h of incubation did cause non-significant reductions in infarct size,
despite increasing the number of BMMNC numbers used to obtain BMS.
In Figure 4.3.2.2 (B), in contrast, when compared to the PBS group,
BMS derived after 24 h cell incubation caused greater reductions in the
infarct size, which achieved statistical significance when BMS was obtained
from at least 20 million BMMNC (PBS 57 ± 4 % versus BMS-20, 35 ± 3
%; 1-way ANOVA and Dunnett’s post test, P < 0.01). Maximal attenuation
of the LV infarct size was notable where BMS was from 50 million or more
BMMNC. Thus, removing the cells from BMS did not eliminate
cardioprotection; however, equivalent cardioprotection was only achieved
when BMS had been obtained after a 24 h incubation with BMMNC that
were double in number (or greater) to that required for cell therapy.
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Figure 4.3.2.1 Infarct size and cell-free supernatant (BMS-2h) from BMMNC after 2 h
incubation (A) The area at risk (AAR) from 25 min LAD ischaemia and 2 h LAD
reperfusion, (% LV) was similar between all groups (1-way ANOVA, P>0.05). (B) When
compared to the PBS, infarct size was non-significantly reduced by a single IV bolus of
BMS-2h despite increasing the BMMMC number to obtain BMS-2h (1-way ANOVA,
P>0.05).
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Figure 4.3.2.2 Infarct size and cell-free supernatant (BMS-24h) after 24 h incubation
of BMMC (A) The area at risk (AAR) from 25 min LAD ischaemia and 2 h LAD
reperfusion, expressed as % LV was similar between all groups (1-way ANOVA, P>0.05).
(B)When compared to the PBS, infarct size was reduced by a single IV bolus of BMS-24h
and this reduction was statistically significant for BMS-24h from 20 million or more
BMMNC (1-way ANOVA and Dunnett’s post test, *P < 0.01, n=6).
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Figure 4.3.2.3 Haemodynamic variability and cell-free supernatant (BMS-24h) from
BMMNC after 24 h incubation. When compared with PBS (control) alterations in (A)
mean arterial pressure (MAP), (B) heart rate (HR), and (C) pressure rate index (PRI) were
similar between all experimental groups (2-way ANOVA, P > 0.05).
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4.4 Modulation of the Left Ventricular Proteome by
BMMNC or BMS Therapy post Regional I/R
4.4.1 Methods
BMMNC were isolated from ex vivo adult BM aspirated from
femurs and tibae of Wistar male rats, as previously described. Randomly
selected Wistar male rats underwent 25 min LAD ischemia and 2 h of
reperfusion. Animals received either 10 million BMMNC or BMS obtained
from 50 million cells over 24 h. Administration was by a single IV bolus at
the onset of reperfusion and control animals received PBS. Sham controls
underwent the same surgical manipulation but not LAD ischaemia and
reperfusion. At the end of reperfusion, the ex vivo left ventricular area at risk
(AAR) was rapidly cooled by immersion in liquid nitrogen and stored in a
freezer (-80°C) for subsequent proteomic analysis, as described in methods
(chapter 2).

4.4.2 Results
Gel image analysis of triplicate 2-DE gels for each experimental
group revealed 464 matched protein spots between the four experimental
groups (Figure 4.4.2.1). When comparing the spot intensities of matched
spots, 87 spots had differences between the experimental groups.When
comparing protein expression of PBS controls, hearts treated with either
BMMNC or BMS demonstrated significantly higher expression of a number
of proteins which are shown in Table 4.4.2.2
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Specifically, when compared to sham hearts, the expression of antiapoptotic signal transduction protein 14-3-3 epsilon was 1.5 fold lower in
PBS treated hearts. In contrast, both BMMNC and BMS treated hearts
demonstrated a 1.5 fold higher expression of the anti-apoptotic signal
transduction protein 14-3-3 epsilon when compared with PBS treated
control hearts.

When compared to sham hearts, the expression of the

antioxidant peroxiredoxin-6 was 2.3 fold lower in PBS treated hearts. The
expression of the other differentially expressed antioxidant catalase was
similar, when comparing the PBS and sham treated hearts. The expression
of both antioxidants catalase and peroxiredoxin-6 was at least two folds
higher in the BMMNC treated hearts than in the PBS hearts, whilst only the
expression of peroxiredoxin-6

was 1.6 fold higher for the BMS treated

hearts than in the PBS hearts. Turning to the expression of heat shock
protein (HSP), when compared to sham hearts, the expression of HSPs was
lower in PBS treated hearts for both the low and the high molecular weight
HSPs. Conversely, compared to the PBS control, BMMNC treated hearts
had increased expression of HSP 20 (3.0 folds), alpha-B-crystallin (1.7
folds), HSP 72 (2.8 folds), TNF-Receptor Associated Protein-1 (2.3 folds),
and Ischaemia Responsive Protein-94 (1.6).

This trend of higher HSP

expression was also demonstrated when comparing PBS controls with the
BMS treated animals, however, this was noted for only three HSP, namely
alpha-B-crystallin (1.5 folds), HSP 72 (2.1 folds), TNF, and Ischaemia
Responsive Protein-94 (1.5).
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There were also changes in the expression of cytosolic and
mitochondrial bioenergetic proteins; when compared with the sham hearts,
PBS treated hearts had lower expression of alpha-Enolase (2.3 folds).
Conversely, on comparing the PBS control hearts, BMMNC hearts had
higher expression of alpha-Enolase (1.6 folds) and Glyceraldehyde-3Phosphate Dehydrogenase (2.3 folds). Similarly, comparing the BMS
treated hearts also showed a trend for increased expression of glycolytic
proteins

by

the

higher

expression

of

Glyceraldehyde-3-phosphate

dehydrogenase (1.8 folds). The expression of fatty acid oxidation proteins
was remarkably different to that noted for the glycolytic proteins. When
compared with the sham-operated hearts, the PBS treated hearts’ expression
of acyl-co-A reductases and carboxylase was slightly higher. In sharp
contrast, treatment with BMMNC caused the hearts to have a lower
expression of acyl-co-A reductases and carboxylase. The trend for reduced
expression of fatty acid acyl-co-A reductases and carboxylase expression
was also apparent in the BMS treated hearts. There was attenuation of
mitochondrial respiratory protein expression in the PBS treated hearts
attenuated, when compared to the sham hearts: aconitase (3.4 folds) and
voltage dependent anion channel protein-1 (1.5 fold). Whilst there was
increased expression of these proteins in the both the BMMNC and the
BMS treated hearts. Interestingly glutamate dehydrogenase expression was
unchanged in PBS hearts but significantly decreased in both the BMMNC
and the BMS treated hearts.
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Figure 4.4.2.1 The 2-dimension gel electrophoresis images showing protein separation
of protein homogenates from the left ventricular area at risk. Protein homogenates
were derived from area at risk of hearts subjected to 25 min LAD ischemia followed by 2 h
reperfusion or sham animals (no LAD ischaemia and reperfusion).
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Protein

Role

PBS
versus
Sham
(folds)

BMMNC
versus
PBS
(folds)

BMS
versus
PBS
(folds)

Mascot
Score

Mr

pI

Peptides
Matched

% Total
Sequence
Coverage

14-3-3 epsilon

Signaling

↓ (1.5)

↑ (1.5)

↑ (1.5)

489

29274

4.5

12

41

Peroxiredoxin-6

Antioxidant

↓ (2.3)

↑ (2.1)

↑ (1.6)

351

24672

6.5

5

27

Catalase

Antioxidant

↑ (1.2)

↑ (2.6)

↓ (1.1)

193

59931

7.15

4

8

HSP 20

HSP

↓ (13)

↑ (3)

↓ (1.3)

93

17551

6.05

3

19

Alpha
B-crystallin

HSP

↓ (3.0)

↑ (1.7)

↑ (1.5)

207

20155

6.84

6

29

HSP 72

HSP

↓ (4.3)

↑ (2.8)

↑ (2.1)

261

71055

5.37

6

12

TNF-Receptor
Associated
Protein 1

HSP

↓ (2.7)

↑ (2.3)

↑ (1.3)

321

80639

6.56

7

12

Ischaemia
Responsive
Protein-94

HSP

↓ (1.6)

↑ (1.6)

↑ (1.5)

166

94795

5.13

4

5

Alpha-enolase

Glycolysis

↓ (2.3)

↑ (1.6)

1.0

717

47309

6.16

15

38

Glyceraldehyde
3-Phosphate
Dehydrogenase

Glycolysis

1.0

↑ (2.3)

↑(1.8)

170

36098

8.43

4

11

Aconitase

Mitochondrial
Respiratory

↓ (3.4)

↑ (4.7)

↑(4.3)

398

86162

7.87

12

17

Citrate synthase

Mitochondrial
Respiratory

↑ (1.1)

↑ (2.3)

↓(1.7)

132

52176

8.53

5

11

Mitochondrial
Respiratory

↓ (1.5)

↑ (2.7)

↑(1.8)

308

30720

8.63

5

19

Voltage
Dependent
Anion Channel
Protein 1

Table 4.4.2.2 Differential protein expression as analyzed by proteomics of the left
ventricular area at risk post 25 min LAD ischaemia and 2h reperfusion. The group
comparisons were: (1) PBS versus sham; (2) BMMNC versus PBS; (3) Supernatant from
50 million BMMNC after 24 h (BMS) versus PBS. Protein spots with significant folds
increase (↑) or decrease (↓) underwent analysis by mass spectroscopy to identify each
protein by number of peptides matched, the total percentage of peptide sequence coverage,
and the corresponding Mascot score. A Mascot score of greater than 30 suggests protein
identification with a statistical significance of P< 0.05. Mr was the observed molecular
weight (Daltons) and pI denotes isoelectric pH.
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4.5 BMMNC Therapy and Cell Signaling
4.5.1 Methods
Having shown that both BMMNC and the BMMNC derived
supernatant, (BMS) were equally cardioprotective, in a rat model of LAD
regional ischaemia and myocardial reperfusion, I investigated the signaling
pathways for BMMNC mediated cardioprotection. The increased expression
of 14-3-3 epsilon by both BMMNC and BMS treated hearts suggested that
PI3K/Akt survival kinase pathway might have a role in BMMNC mediated
cardioprotection. Phosphorylation of BAD by Akt causes it to bind to 14-33 epsilon instead of the anti-apoptotic proteins Bcl-2 and Bcl-XL (Zha et al.,
1996). Thus, PI3K/Akt signaling was investigated.
BMMNC were isolated from ex vivo adult BM aspirated from
femurs and tibae of Wistar male rats, as previously described. Infarct size
was measured in randomly selected Wistar male rats that had been treated
with the PI3K inhibitor LY294002 (0.3mg/ kg), by slow IV infusion 10 min
prior to 25 min LAD ischaemia and 2 h reperfusion (Table 4.5.1).
In order to detect PI3K/Akt signaling, randomly selected Wistar
male rats underwent 25 min LAD ischemia and only 30 min of reperfusion.
Animals received 10 million BMMNC by single IV bolus at the onset of
reperfusion and control animals received PBS. Sham controls underwent the
same surgical manipulation but not LAD ischaemia and reperfusion (Tables
4.5.1.1 & 2). At the end of reperfusion, the left ventricular area at risk
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(AAR) was rapidly cooled by immediate immersion in liquid nitrogen and
storage in a deep freezer at -80°C for subsequent western blot analysis, as
described in methods (chapter 2). Western blots of protein extracts from
AAR protein homogenates were analyzed for phosphorylation of Akt, GSK3, p38 MAPK and NF-κB. Precise details of the western blotting
techniques are given in Chapter 2.
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Table 4.5.1.1 Experimental Design: Infarct size and pre-treatment with LY294002 and
injection of IV BMMNC upon reperfusion in a model of 25 min LAD ischaemia and 2
h reperfusion (I/R-2h). Wistar male rats pretreatment with LY294002 (0.3mg/kg, IV) 10
min prior to the onset of either I/R-2h or no LAD occlusion i.e. sham procedure. Either
PBS or a bolus of 10 million BMMNC was at onset of reperfusion. n is the number of
animals in each group.

Group

n

Protocol

Pre-Ischaemia Injectate

Sham

5

No I/R-2h

LY294002 (0.3 mg/ kg)

Reperfusion
Injectate
PBS (0.5 ml)

PBS

6

I/R-2h

LY294002 (0.3 mg/ kg)

PBS (0.5 ml)

BMMNC 6

I/R-2h

LY294002 (0.3 mg/ kg)

BMMNC (10 x 106)

Table 4.5.1.2 Experimental Design: Cell signaling analysis following pre-treatment
with either LY294002 (0.3mg/kg) or dimethyl sulphoxide (DMSO) 10% in a model of
25 min LAD ischaemia and 30 min reperfusion (I/R-30min). Wistar male rats were
pretreated with either DMSO 10% (vehicle) or LY294002 (0.3 mg/kg, IV) 10 min prior to
the onset of either I/R-30min or sham procedure. Either PBS or a bolus of 10 million
BMMNC were given upon reperfusion and n is the number of animals in each group.

Group

n

Injectate

Injectate Upon

Pre-Ischaemia

Reperfusion

Protocol

Sham

5

No I/R-30min

DMSO 10%

PBS

PBS

5

I/R-30min

DMSO 10%

PBS

LY294002 + PBS 6

I/R-30min

LY294002

PBS

BMMNC

3

I/R-30min

LY294002

BMMNC (10 x 106)

LY294002 +

3

I/R-30min

LY294002

BMMNC (10 x 106)

BMMNC
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4.5.2 Results
When compared with controls, pre-ischaemia treatment with
LY294002 and regional myocardial ischaemia-reperfusion injury (I/R)
caused a significant myocardial infarct; the injection of BMMNC upon
reperfusion could not attenuate the size of infarction (Figure 4.5.2.1 B).
There was no difference between groups when comparing the AAR and the
haemodynamic parameters (Figures 4.5.2.1 A & 4.5.2.2).
When compared to the PBS controls, BMMNC injection upon
reperfusion caused significant Aktserine473 phosphorylation and pre-ischaemia
treatment with LY294002 ameliorated BMMNC mediated Aktserine473
phosphorylation (Figure 4.5.2.3). When compared to the PBS controls,
BMMNC injection upon reperfusion caused significant GSK-3βserine9
phosphorylation and pre-ischaemia treatment with LY294002 ameliorated
BMMNC mediated GSK-3βserine9 phosphorylation. Conversely, compared to
the PBS controls, BMMNC injection upon reperfusion caused significant
reductions in both the phosphorylation of p38-MAPK and nuclear
translocation of NF-κB. Thus, pre-ischaemia treatment with LY294002
ameliorated BMMNC mediated inhibition of both p38-MAPK and NF-κB
(Figure 4.5.2.4).
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Figure 4.5.2.1 Infarct size and pre-treatment with LY294002 (A) The area at risk
(AAR) from 25 min LAD ischaemia and 2 h LAD reperfusion was with LY294002
(0.3mg/kg). When compared to PBS, infarct size was similar to the group receiving a single
IV bolus of 10 BMMNC upon reperfusion (1-way ANOVA and Dunnett’s post test,
P>0.05, n=6).
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Figure 4.5.2.2 The haemodynamic parameters were similar between all experimental
groups from baseline to the end of each experiment. (A) Mean arterial pressure (MAP); (B)
Heart rate (HR); (C) Pressure rate index (PRI) (2-way ANOVA, P > 0.05).
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Figure 4.5.2.3 Western blots of left ventricular area at risk 30 min post LAD
reperfusion to detect phosphorylated cytosolic Akt and glycogen synthase kinase3β(GSK-3β). (A) When compared with phosphate buffered saline (PBS), an IV bolus of 10
million bone marrow mononuclear cells (BMMNC) upon reperfusion significantly
augmented the phosphorylation of Akt at serine 473. Akt phosphorylation is significantly
lower following pre-treatment with LY294002. (B) Compared to PBS, BMMNC upon
reperfusion also significantly phosphorylated GSK-3β at serine 9, which was significantly
lower following pre-treatment with LY294002. 1-way ANOVA and Dunnett’s post test;
**P<0.01 and *P< 0.05.
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Figure 4.5.2.4 Western blots of left ventricular area at risk 30 min post LAD
reperfusion to detect phosphorylated cytosolic p38-mitogen activated protein kinase
(p38MAPK) and nuclear translocation of p65 nuclear factor (p65NF-κB). (A) When
compared with phosphate buffered saline (PBS), an IV bolus of 10 million bone marrow
mononuclear

cells

(BMMNC)

upon

reperfusion

significantly

attenuated

the

phosphorylation of p38MAPK. Significantly, phosphorylation of p38 MAPK was higher
following pre-treatment with LY294002. (B)

Compared to PBS, BMMNC upon

reperfusion also significantly attenuated nuclear translocation of p65NF-κB, which was
significantly higher following pre-treatment with LY294002 (1-way ANOVA and
Dunnett’s post hoc test, *P< 0.05).
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4.6 Discussion
In this chapter, I have shown that in a rat model of regional I/R, IV
administration of either BMMNC or BMS upon reperfusion reduced infarct
size. Further, BMMNC and BMS were associated with increased expression
of cardioprotective proteins. That cardioprotection was not exclusive to
injection of cells suggested that BMMNC afforded cardioprotection by
secreted factors. The equivalent expression of the anti-apoptotic signaling
protein 14-3-3 epsilon by both BMMNC and BMS suggests the extracellular
pro-survival factors activated either G-protein coupled receptors or receptor
tyrosine kinases to activate the PI3K/Akt survival kinase pathway.
Activated PI3K converts membrane phosphatidylinositol 4, 5 diphosphate
(PIP2) to phosphatidylinositol 3,4,5 triphosphate (PIP3). Akt binds to PIP3
and is brought into close proximity with membrane bound phosphoinositide
dependent kinases (PDK1 and PDK2). PDK2 phosphorylates Akt at serine473, which then stimulates the phosphorylation of Akt at threonine-308 by
PDK1 to fully activate Akt (Sarbassov et al., 2005). Activated Akt
phosphorylates and inactivates a myriad of pro-apoptotic molecules
including

Bcl-2-associated

death promoter

protein

(BAD).

Serine

phosphorylation of BAD by Akt, permits 14-3-3 epsilon to bind with BAD,
and prevents BAD from forming hetero-dimers with the anti-apoptotic
proteins Bcl-2 and Bcl-XL (Zha et al., 1996). Free Bcl-2 and Bcl-XL
normally bind to mitochondrial voltage dependent anion channel (VDAC) to
maintain the channel in a controlled open state, which allows continued
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export of high energy phosphates (Vander Heiden et al., 2000).
Dimerization of Bcl-2 or Bcl-XL with BAD, frees the pro-apoptotic Bax and
Bak

to

bind

with

VDAC

causing

its disruption,

mitochondrial

depolarization, release of cytochrome c, and subsequent initiation of
apoptosis (Shimizu et al., 1999). Thus, the higher expression of 14-3-3
epsilon in the BMMNC and BMS treated hearts may have contributed to the
increased expression of voltage dependent anion channel isoform 1 (VDAC1). Moreover, VDAC-1 may have a role in the formation of mitochondrial
membrane transition pore (MPTP) pore (Cesura et al., 2003; Crompton et
al., 1998). Thus, the higher expression of VDAC-1 during reperfusion
could have prevented the formation of the MPTP, subsequent mitochondrial
membrane depolarization, and release of pro-apoptotic proteins (Halestrap
et al., 2004).
The treatment with BMMNC upon reperfusion was also associated with
significant attenuation in phosphorylated p38 MAPK. Activated or
phosphorylated p38 MAPK augments myocardial I/R injury (Gao et al.,
2002; Kaiser et al., 2004) possibly by MAPK mediated phosphorylation of
NHE-1 during reperfusion(Khaled et al., 2001). But pre-treatment with
LY294002 only partially restored phosphorylated p38 MAPK, when
compared with the controls (Figure 4.5.4). This suggests that BMMNC
inhibition of p38 MAPK during I/R might also be by other mechanisms
such as ROS as suggested a previous report (Sabri et al., 1998). Thus,
BMMNC may have also attenuated the phosphorylation of p38 MAPK by
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attenuating ROS possibly by BMMNC expressed anti-oxidants, which is
corroborated by their higher expression as shown in the proteomic data.
The

increased

expression

of

the

anti-oxidants

catalase

and

peroxiredoxin-6, in hearts treated by BMMNC may have contributed to their
cardioprotective role (Nagy et al., 2006). Interestingly, in the BMS treated
hearts there was only increased expression of peroxiredoxin-6. The
traditional role for anti-oxidants as scavengers of ROS has, however,
recently been revised as it becomes more evident that ROS play an
important regulatory role in pro-survival signaling pathways. Intracellular
H2O2 can reversibly oxidize and inhibit the lipid phosphatase PTEN
(phosphatase

and

tensin

deleted

in

chromosome

10),

which

dephosphorylates PIP3 and blocks the phosphorylation of Akt. Previous
reports have suggested that some growth factors increase pro-survival
signaling by increased intracellular H2O2 production and inhibition of PTEN
(Kang et al., 2004). The presented data suggests that excessive antioxidants
may be unnecessary and that PI3 mediated Akt signaling is of much greater
importance for attenuating I/Rinjury.
Further aspects of BMMNC mediated cardioprotection that were
enlightened by the proteomic data need further discussion. HSPs have
important roles as molecular chaperones by ensuring correct folding of
newly synthesized proteins and repair or degradation of denatured proteins.
Both BMMNC and BMS treated hearts had had increased expression of
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HSP which have been suggested to protect against I/R injury: HSP20 (Fan
et al., 2005), alpha-B-crystallin (Morrison et al., 2003), HSP72 (Suzuki et
al., 2002), TNF receptor associated protein-1(Montesano Gesualdi et al.,
2007; Xiang et al., 2010), and ischemia responsive protein-94 (Yagita et al.,
1999). The regulation of HSP is by Heat Shock Transcription factor-1,
which is subject to PI3K/Akt signaling (Zhou et al., 2004).
Increased glycolytic bioenergetics is associated with reduced fatty acid
oxidation and this bioenergetic switch reportedly can reduce apoptosis
following myocardial ischemia and reperfusion (Opie et al., 2002). This
was particularly notable in BMMNC treated hearts and to some extent in
BMS treated hearts. Fatty acid oxidation during reperfusion leads to lipid
peroxidation and loss of mitochondrial cardiolipin, which is associated with
leakage of cytochrome c from the inner mitochondrial membrane with
subsequent initiation of apoptotic cell death (Paradies et al., 2004). The
cytoprotective metabolic switch from FAO to glycolysis by the pro-survival
transcription factor, hypoxia inducible factor-1-alpha (HIF-1α). Effects of
HIF-1α include the increased expression of glycolytic enzymes and
suppression of fatty acid oxidation enzymes (Belanger et al., 2007). During
hypoxia, HIF-1α levels increase and undergo nuclear translocation, to
promote transcription of pro-survival genes. Stabilization of HIF-1α during
reperfusion is dependent upon activation of PI3/Akt and the concomitant
increased expression of HSP72 and HSP90. Both HSP72 and HSP90 bind to
the oxygen dependent degradation domain of HIF-1α and prevent its
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degradation during normoxia (Zhou et al., 2004). This is concordant with
the data presented here.
There are a number of limitations to the data presented in this chapter.
Firstly, we were not able to identify or characterise the cardioprotective
composition of BMS. An attempt to separate and identify proteins in BMS
by proteomics, however, produce 2-DE gel images of very low intensity
spots and protein identification was not possible. Secondly, the
intravenously injected BMMNC were not tracked to see whether they
homed into the ischemic myocardium or became trapped in the other organs
such as the lung. Thus, it is not entirely clear whether the injected BMMNC
caused a local effect, a distant effect, or a combination of both.
In summary, I/R can be attenuated by IV administration of either
BMMNC or BMS at the onset of reperfusion. This suggests adult stem cells
have an important non-regenerative cardioprotective role which is mediated
by their secreted factors. Moreover, the injection of BMMNC or BMS was
associated with increased expression of cardioprotective proteins including
proteins associated with PI3/Akt signaling, anti-oxidants, HSP and
glycolytic proteins. The data presented here suggests that the secreted
proteins of adult stem cells may be used as adjuncts to current myocardial
protective strategies and could augment myocardial protection. Further,
BMS may provide an “off the shelf” therapeutic option and warrants further
investigation.
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Chapter 5
Mesenchymal Stem Cell Therapy and Regional
Myocardial I/R
5.1 Introduction
In the previous chapter, the data supported the hypothesis that nonregenerative mechanisms principally underlie cardioprotection afforded by
unfractionated BMMNC therapy. Unfractionated BMMNC, however,
contain three types of stem cells: haematopoietic stem cells, MSCs, and
endothelial progenitor stem cells . Mesenchymal stem cells contribute only a
small fraction of the total BMMNC population (< 0.01%) and are
considered to be the stem cells to regenerate non-haematopoietic tissues
(Prockop 1997). Mesenchymal stem cells are easily isolated from BM by
their adherence to plastic. Mesenchymal stem cells are highly proliferative
and can be rapidly expanded in culture, have potential for safe allogeneic
cell therapy, and also have potential to differentiate into non-haematopoietic
cells (Ferrari et al., 1998; Friedenstein et al., 1987; Makino et al., 1999).
These advantages suggest important benefits that have not been
demonstrated in the clinical trials to date (1) allogeneic transplantation of
superior quality to autologous stem cells, (2) ease of isolation and high
proliferative activity may permit “off the shelf” stem cell therapy (3)
cardiomyocyte differentiation to replace dead or injured cardiomyocytes.
With these advantages in mind, I investigated whether bone marrow derived
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MSC might be cardioprotective in a rat model of LAD myocardial
ischaemia and reperfusion.

5.2 Mesenchymal Stem Cell Therapy and Regional
Myocardial I/R
5.2.1 Methods
Donor MSC were isolated from BM obtained from ex vivo femurs
and tibae of Wistar male rats. Whole bone marrow was collected in
complete culture media (10ml alpha-Modified Eagles Medium (α-MEM) +
1% glutamine + penicillin 100U/ml + streptomycin 100mg/ml, and 5%
foetal bovine serum) and MSC were isolated by virtue of their adherence to
a plastic surface (Friedenstein et al., 1987). The BM obtained from femurs
and tibae was centrifuged (1500rpm for 5 min) and resuspended in culture
medium for subsequent culture in T75 tissue culture flasks. Non-adherent
cell were removed by repeat washes with culture media at the following
times 1, 2, 6, 12, 24, 48 and 72 h. The remaining plastic adherent cells had
media changes every 48 h and passage at 70% confluence by 0.25% trypsinEDTA for 5 min in a 37oC incubator with 5% CO2. At each passage,
reseeding cell density was 1.5x105/cm2. Culture expansion of plastic
adherent cells was demonstrable beyond passage number 25, however, only
cells obtained from cultures less than passage number 13 were used for in
vivo experimentation. The isolated and culture expanded cells were
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characterised at each passage by flow cytometric analysis for specific cell
surface antigens as previously described (Chapter 2). Following culture
expansion cells were mobilised: removal of the culture medium and
incubation with 5ml 0.25% trypsin-EDTA for 5 min in a 37oC incubator
with 5% CO2. The disassociated cells were collected in 1 ml Hank's
Buffered Salt Solution (HBSS), centrifuged at 1500 rpm for 5 min, and
resuspended in 0.5 ml PBS. logarithmic amplification.
Randomly selected Wistar male rats underwent 25 min LAD
ischemia and 2 h reperfusion. At the onset of reperfusion, animals selectec
for MSC therapy received MSC, suspended in 0.5 ml PBS, as a single IV
bolus. At the end of 2 h reperfusion, the region of the left ventricle subjected
to LAD ischaemia and reperfusion was analyzed for infarct size by the
method previously described (Nachlas et al., 1963). Vehicle controls
received PBS and Sham controls underwent the same surgical manipulation,
but not LAD ischaemia and reperfusion.
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Table 5.2.1.1 Experimental Design: Myocardial infarct size and adult
bone marrow derived mesenchymal stem cells (MSC) therapy upon
reperfusion

Group

n

Reperfusion Protocol

IV Injection upon Reperfusion

Sham

6

No I/R-2h

0.5 ml PBS

PBS

8

I/R-2h

0.5 ml PBS

MSC-0.5

4

I/R-2h

0.5 x106 MSC in 0.5 ml PBS

MSC-1

5

I/R-2h

1 x106 MSC in 0.5 ml PBS

MSC-2.5

5

I/R-2h

2.5 x106 MSC in 0.5 ml PBS

MSC-5

7

I/R-2h

5 x106 MSC in 0.5 ml PBS
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5.2.2 Results
In Figure 5.2.2.1 (A) The AAR (% LV) from I/R, was no different
between the controls and treatment groups. Similarly, in Figure 5.2.2.2, I
have shown that the haemodynamic parameters mean arterial pressure, heart
rate and pressure rate index were not different between the controls and
treatment groups at all time points. When compared with PBS, the injection of
MSC at reperfusion did attenuate myocardial infarct size and these reductions
were statistically significant particularly when the number of MSC injected
were greater than one million cells (Figure 5.2.2.1 B).

138

A
AAR (%LV)

70
60
50
40
30
20
10
0
Sham PBS 0.5

1

2.5

MSC x 10

5

6

Infarct Size (% AAR)

B
70
60
50
40

*** *** ***

30
20
10
0
Sham PBS 0.5

1

2.5

MSC X 10

5

6

Figure 5.2.2.1 Myocardial infarct size and adult bone marrow derived mesenchymal
stem cells (MSC) therapy upon reperfusion. (A) Area at risk (AAR) from 25 min LAD
ischaemia and 2 h reperfusion, expressed % LV and was similar between all groups (1-way
ANOVA, P>0.05). (B) When compared to PBS, infarct size was significantly reduced by a
single IV bolus of one million or more MSC upon reperfusion (1-way ANOVA and
Dunnett’s post hoc test, ***P<0.0001). The sham group underwent the same surgical
procedure but no LAD occlusion.
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Figure 5.2.2.2 The haemodynamic parameters were similar between all experimental
groups from baseline to the end of each experiment. (A) Mean arterial pressure (MAP);
(B) Heart rate (HR); (C) Pressure rate index (PRI) (2-way ANOVA, P > 0.05).
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5.3 Bone Marrow MSC Therapy and Cardiac
Function post Regional I/R
5.3.1 Methods
Having shown the cardioprotective effect of IV MSC injection at the
onset of myocardial reperfusion, I then investigated whether MSC injection
had any effect upon cardiac function. The modalities of transthoracic
echocardiography and left ventricular pressure catheter quantified indices of
left ventricular function. Randomly selected Wistar male rats were subjected
to 25 min of LAD occlusion and reperfusion for 7 days (I/R-7D) as
described previously (Chapter 2). A delay of 7 days before the acquisition of
cardiac functional data was necessary to allow for the resolution of postischaemic ventricular stunning (Braunwald and Kloner, 1982). I injected 2.5
million MSC as a single IV bolus at the onset of reperfusion. After
thoracotomy closure and 1 hour following the onset of reperfusion the
general anaesthetic was terminated and animals were recovered. At the end
of 7 days post I/R-7D, echocardiography and LV pressure catheter data
acquisition and analysis was undertaken by observers blinded to the
experimental groups.
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Table 5.3.1.1 Experimental Design: Myocardial infarct size following
either IV PBS or bone marrow derived mesenchymal stem cells (MSC)
in a model of 25 min LAD ischaemia and 7 days reperfusion (I/R-7D).
Wistar male rats underwent either 25 min LAD occlusion and 7 days of
reperfusion (I/R-7D) or no LAD occlusion i.e. sham procedure. An IV bolus
of either PBS or 2.5 million MSC was at the onset of reperfusion. n is the
number of animals in each group.
Group

n

Reperfusion Protocol

IV Injection upon Reperfusion

Sham

5

No I/R-7D

0.5 ml PBS

PBS

5

I/R-7D

0.5 ml PBS

MSC

5

I/R-7D

2.5 x106 MSC in 0.5 ml PBS
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5.3.2 Results
In Figure 5.3.2.1, I present the data relating to left ventricular function
as determined by transthoracic 2D echocardiography, following I/R-7D.
When compared with controls (PBS), injection of 2.5 million MSC upon
reperfusion preserved left ventricular function. Thus, both LVEF and FAC
were significantly higher in the MSC therapy group.
In Figure 5.3.2.2 (A-E) data for the LV pressure transduction catheter is
presented. (A-D) when compared with PBS controls, injection of 2.5 million
MSC upon reperfusion did not significantly improve mean values for
dP/dtmax, contractility index, dP/dtmin, and tau. (E) However, when compared
with controls, LVEDP was significantly lower following MSC injection.
The intraventricular pressure catheter will depend upon LV volume loading
and the non-significant differences between groups for the dP/dtmax,
contractility index, dP/dtmin, and tau may have been due to lower LV
preloading.
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Figure 5.3.2.1 Transthoracic 2D echocardiography following I/R-7D.(A) Compared to
PBS, LVEF was significantly higher in animals treated by a single IV bolus of MSC upon
reperfusion (1-way ANOVA and Dunnett’s post hoc test, ***P<0.0001, n=5). (B)
Similarly, when compared to the PBS treated animals. Left ventricular fractional area of
contraction (FAC) was significantly higher for IV injection of MSC injection (1-way
ANOVA and Dunnett’s post hoc test, ***P<0.0001, n=5).
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Figure 5.3.2.2 LV pressure catheterisation post I/R-7D. (A) When compared to PBS,
dP/dtmax was non-significantly higher in animals treated with 2.5 million MSC, upon
reperfusion. (B) LV contractility index was also non-significantly higher for MSC treated
animals when compared to the PBS controls. (C) dP/dtmin was non-significantly lower for
MSC when compared to the PBS (D) Tau was similar for MSC when compared to PBS. (E)
Compared to PBS, LV end diastolic pressure (LVEDP) was significantly lower in animals
treated by MSC upon reperfusion (1-way ANOVA and Dunnett’s post hoc test, P<0.001,
n=5).
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5.4 Mesenchymal Stem Cell Therapy and Cardiac
Fibrosis following Regional I/R
5.4.1Methods
A qualitative assessment of the volume of ECM collagen deposition post 25
min LAD occlusion and reperfusion for 21 days was by picrosirius red
staining cryosections of Wistar male rat hearts. The donor 2.5 million MSC
was by IV bolus at the onset of reperfusion. After 21 days of reperfusion,
the rats were anaesthetized using 5% isoflurane and then sacrificed by
cervical dislocation. The hearts were then excised and perfused with 10ml
of ice cold PBS, followed by 5ml ice cold 4% paraformaldehyde (Sigma)
via an 18 Ch cannula inserted in the ascending aorta and then immersed for
30 min in 4% paraformaldehyde on ice. Next the hearts were washed with
PBS and incubated with 30% sucrose in PBS solution at 4°C overnight. The
fixed hearts were then cut transversely into two segments between the base
and the apex. These segments were then embedded in OCT compound
(VWR) using a polyethylene mould and frozen in liquid nitrogen cooled
isopentane and stored at -80°C. Cryosections (15-25μm) were cut from each
segment using a rotary cryotome (Leica) and then placed on polysine-coated
glass slides (VWR). Cryosections were washed with PBS and dried at room
temperature overnight. The sections were then immersed in fast blue (0.15%
Fast Blue in magnesium borate) for 10 min at room temperature. The
sections were then washed with de-ionised water and stained with 0.1%
picrosirius red F3B (0.1g Sirus red in 100ml saturated aqueous picric acid)
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for 10 min at room temperature. The sections were then rinsed in de-ionised
water for 5 times and then in immersed in picric alcohol (20ml, absolute
alcohol; 70ml de-ionised water; 10ml saturated aqueous picric acid).
Sections were then dehydrated through a methanol series and mounted in
DPX (VWR) and examined by microscopy.

5.4.2 Results
Myocardial fibrosis was demonstrable by increased collagen
deposition and this was identifiable by increased myocardial uptake of
picrosirius red (PS). Regions with differential myocardial fibrosis are
therefore remarkable under microscopic examination. When I compared the
sham hearts with injection of PBS upon reperfusion, I noted LAD regional
ischaemia-reperfusion injury and treatment with PBS caused an extensive
degree of picrosirius red staining within the anterior myocardium of the left
ventricle. Further, I noted the free wall thickness of the myocardium with
increased staining with picrosirius red was much thinner, dilated LV cavity,
and regions remote from increased PS staining were hypertrophied. In
contrast, when I compared the picrosirius staining of the PBS treated hearts
with MSC treated hearts the degree of picrosirius staining was much lower.
The reduced PS staining was also associated with normal wall thickness and
a non-dilated left ventricle.
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PBS

MSC

Figure 5.4.2.1 Picrosirius red staining. Cryosections of hearts from animals 21 days post
25 min LAD ischaemia and reperfusion and treated by a single IV bolus of 2.5 million
culture-expanded mesenchymal stem cells (MSC) or phosphate buffered saline group (PBS)
upon reperfusion. The sham heart underwent the same surgical procedure except for LAD
ischaemia and reperfusion.
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5.5 Discussion
In this chapter, I have shown that BM derived MSC could be culture
expanded to provide non-regenerative stem cell benefits in a rat model of
regional myocardial I/R. These benefits include the reduction in infarct size
by 1 million or more MSC given IV upon reperfusion. In concordance with
the afforded cardioprotection, there was also preservation in myocardial
function as evidenced by the echocardiogram assessment of ventricular
function, namely the LVEF and FAC. Although, the LV pressure catheter
assessment of LV function were not entirely consistent with that noted on
echo, this may be have been due to lower preloading of LV as suggested by
the significantly low LVEDP. The benefits of reduction in myocardial
infarct size and preservation of LV function were also concordant with the
appearance of significantly reduced ECM fibrosis and absence of adverse
ventricular remodeling.
There are particular advantages of using culture expanded MSC as an adult
stem cell source:
1. Culture expanded bone marrow MSC might be a potential “off the
shelf” source of adult stem cells, which would be desirable clinically
in the emergent treatment of AMI. Clearly, the autologous harvest of
BMMNC would be time consuming and harvested BMMNC might
not be available for administration at the onset of coronary
reperfusion, in a case of AMI.
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2. That allogeneic MSC injection might be feasible has been suggested
by data that suggests that MSC are “immune-privileged” and are
unlikely to cause a host immune reaction (Meisel et al., 2004).
Further, clinical data from bone marrow transplant patients suggest
allogeneic and donor mismatch MSC injections are beneficial in
steroid refractory graft versus host disease (Le Blanc et al., 2008).
3. Autologous bone marrow MSC might be harvestable and culture
expanded well in advance of a cardiac procedure where a significant
period of regional or global myocardial reperfusion injury is
anticipated, e.g. complex open-heart surgery.
4.

Autologous bone marrow MSC harvested well in advance might be
optimised for improved non-regenerative and possibly regenerative
benefits, e.g. MSC over expressing Akt (Gnecchi et al., 2006).
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Chapter 6
Trafficking

of

Stem

Cells

during

Regional Myocardial I/R
6.1 Introduction
Thus far, I have shown that a single IV bolus of exogenous BM
derived stem cells when injected at the onset of reperfusion can attenuate
myocardial reperfusion injury. There is, however, a vast endogenous stem
cell reservoir contained within the bone marrow architecture of the entire
endoskeleton. The mobilisation of bone marrow stem cells is by signaling
between stromal cell derived factor-1 (SDF-1) and its cognate receptor
CXCR4. Endothelial and stromal cellular lining of the bone marrow stem
cell niche constitutively expresses SDF-1, which interacts with its cognate
receptor CXCR4 expressed on the stem cell surface (Dar et al., 2005; Imai
et al., 1999; Ponomaryov et al., 2000). Further, signaling between bone
marrow vascular niches expressing SDF-1 and haematopoietic stem cell
surface expressed CXCR4 signaling contributes to the retention and
quiescence of haematopoietic stem cells in their endosteal niches (Nie et al.,
2008). During homeostasis, bone marrow stem cells continually and
variably egress into the blood stream in a circadian cyclical manner. These
circadian changes in the levels of circulating bone marrow stem cells is
under sympathetic control via noradrenaline binding to beta-3-adrenoceptors
on bone marrow stromal cells to decrease expression of SDF-1 and reduced
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CXCR4 signaling (Mendez-Ferrer et al., 2008). These daily changes in bone
marrow stem cell mobilisation are, however, slow and peak 5 h following
exposure to light (Mendez-Ferrer et al., 2008). In stress or pathological
states, e.g. following AMI there is an elevation of SDF-1 in the heart, which
intravasates to create a chemokine or SDF-1 gradient between the bone
marrow stem cell niche and site of the myocardial infarction for trafficking
of mobilised stem cells (Askari et al., 2003; Ceradini et al., 2004; Jiang et
al., 2002; Wojakowski et al., 2004). Taking into account that SDF-1 is
highly expressed by the bone marrow stem cell niche (Sugiyama et al.,
2006), a rapid and massive intravasation of bone marrow stem cells would
require a commensurate reduction in SDF-1 activity within the bone marrow
niche. The data that I have presented thus far suggests that the endogenous
bone marrow stem cell mobilisation cannot match the timing and magnitude
of an exogenous bone marrow stem cell delivery. Direct disruption of
CXCR4 and SDF-1 interaction, however, can lead to a massive and rapid
mobilisation of endogenous bone marrow stem cells (Broxmeyer et al.,
2005; Sweeney et al., 2002). An important endogenous mechanism that
leads to the direct disruption of CXCR4 and SDF-1 interaction and deadhesion of stem cells from their niche is the stem cell expression of CD26.
CD26 is a type II transmembrane glycoprotein with extra-membranous
dipeptidyl peptidase-4 activity to cleave and inactivate SDF-1 (Zhai et al.,
2009). Moreover, the reduced expression of CD45 expression leads to
impairment of SDF-1 function, which can also contribute to a reduction in
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stem cell retention within the bone marrow (Shivtiel et al., 2008). In this
chapter, I have investigated modulations in the endogenous bone marrow
mononuclear cell phenotype in the context of regional myocardial
ischaemia-reperfusion injury. In chapter 3, I presented data that
demonstrated equivalent protection by exogenous BMMNC injection and
ischaemic preconditioning.

Thus, I examined whether myocardial

ischaemic preconditioning modulated the endogenous bone marrow stem
cell phenotype, given that it is the most powerful endogenous myocardial
protective strategy against I/Rinjury, to date (Murry et al., 1986).

6.2 Modulation of Endogenous BMMNC Phenotype
post Regional Myocardial I/R
6.2.1Methods
Randomly selected Wistar male rats were subjected to I/R-2h and
subsequently underwent BM removal from femurs and tibae, as previously
described (Chapter 2). Sham controls underwent the same surgical
procedure but no LAD occlusion. BMMNC were isolated from the BM by
Percoll density gradient centrifugation, as previously described. Primary
monoclonal antibodies for cell surface markers CD34, CD45, CD133, c-Kit,
were separately added to one million BMMMC aliquots for 30 min on ice.
BMMNC were washed twice with 1 ml HBSS, centrifugation (1500 rpm for
5 min), resuspended in 100 µl HBSS and the secondary antibody incubation
was added and cell kept for 30 min on ice and washing twice with HBSS (1
ml). BMMNC were fixed in 2% paraformaldehyde PBS (500 µl) and
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analyzed by fluorescence activated cell sorting (FACS) flow cytometry
using a DakoCyan flowcytometer equipped with Summit v4.3 software
(DakoCytomation, UK). FACS data collected 10,000-gated events using 3decade logarithmic amplification.

6.2.2 Results
When compared with sham animals, there was a non-significant
elevation in the endogenous expression of CD34, CD133 and c-Kit positive
bone marrow mononuclear cell in animals subjected to 25 min LAD
ischaemia and 2 h reperfusion (I/R). This modulation in endogenous
phenotype effect is lower when animals subjected to I/R and receive a single
IV injection bolus of exogenous 10 million ex vivo unfractionated BMMNC.
Interestingly, when compared with the shams, animals subjected to I/R had a

significantly higher expression of the endogenous bone marrow CD45
positive cells, which was lower in those animals subjected to I/R and
receiving BMMNC upon of reperfusion. This lowered expression of
endogenous bone marrow CD45 positive cells by the injection exogenous
BMMNC upon of reperfusion, however, did not achieve statistical
significance (Figure 6.2.2.1). Thus in summary, I/R increased the
endogenous bone marrow expression of CD34, CD133, c-Kit and CD45
positive mononuclear cells, where only the augmented expression of CD45
positive cells was statistically significant. Secondly, the higher endogenous
bone marrow expression of CD34, CD133, c-Kit and CD45 positive
mononuclear cells caused by I/R was reducible by the administration of
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exogenous BMMNC, but these reductions were not statistically significant.
These results suggest that endogenous bone marrow stem cell phenotype
changes in response to myocardial I/R injury and that a timely injection of
exogenous BMMNC may be significantly beneficial to the endogenous bone
marrow response to myocardial injury.
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Figure 6.2.2.1 Flow cytometry phenotype analyses for the haematopoietic stem cell
markers CD34, CD133, CD45 and c-kit of ex vivo endogenous BMMNC. (A, B&C)
When compared with sham, 25min LAD ischaemia and 2 h reperfusion (I/R) nonsignificantly elevated CD34, c-kit and CD133 positive endogenous BMMNC. The increase
in endogenous CD34, CD133 and c-kit positive cells following I/R was non-significantly
attenuated by a single IV bolus of 10 million ex vivo unfractionated BMMNC. (D) When
compared with shams, I/R-2h significantly augmented endogenous BMMNC CD45
positive phenotype (1-way ANOVA and Dunnett’s post hoc test, P< 0.05, n=10).
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6.3 Modulation of Endogenous BMMNC Phenotype
post

Ischaemic

Preconditioning

and

Regional

Myocardial I/R
6.3.1 Methods
Randomly selected Wistar male rats underwent 2 cycles of 5 min
LAD ischemia and 5 min of reperfusion for ischaemic preconditioning
(IPC) of the myocardium. Subsequent to the IPC, animals underwent I/R-2h.
Sham controls underwent the same surgical procedure but no LAD
occlusion. At the end of reperfusion, BMMNC were isolated from the BM
of femurs and tibae, as previously described (Chapter 2). Primary
monoclonal antibodies for the cell surface markers CD34, CD45, CD133, cKit, CD26, and CXCR4 were separately added to one million BMMMC
aliquots for 30 min on ice. BMMNC are washed twice with 1ml HBSS,
centrifugation (1500 rpm for 5 min), resuspended in 100 µl HBSS and the
secondary antibody incubation was added and cell kept for 30 min on ice
and washing twice with HBSS (1ml). BMMNC were fixed in 2%
paraformaldehyde PBS (500 µl) and analyzed by FACS flow cytometry
using a DakoCyan flowcytometer equipped with Summit v4.3 software
(DakoCytomation, UK). FACS data collected 10,000-gated events using 3decade logarithmic amplification.
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6.3.2 Results
When compared with sham, animals subjected to IPC followed by
I/R-2h had a non-significant elevation in the endogenous expression of
CD34 and c-Kit positive BMMNC. Endogenous BMMNC expression of
CD133 was similar between groups. Interestingly, when compared with
sham group, endogenous BMMNC expression of CD45 was significantly
lower in those animals subjected to IPC followed by I/R-2h (Figure 6.3.2.1).
Further, when compared to sham animals, following IPC and I/R-2h caused
endogenous BMMNC to highly express both CD26 and CXCR4; CD26
expression was at least six folds higher whilst CXCR4 expression was 10
folds higher (Figure 6.3.2.2)
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Figure 6.3.2.1 FACS flow cytometry phenotype analyses for the haematopoietic stem
cell markers CD34, CD133, CD45 and c-Kit in endogenous BMMNC. (A & B) When
compared with sham, ischaemic preconditioning followed by 25min LAD ischaemia and 2
h reperfusion (IPC+I/R) non-significantly elevated CD34 and c-kit expression. (C)
Compared to sham, IPC+I/R had similar expression of CD133 positive endogenous bone
marrow mononuclear cells. (D) When compared with shams, IPC+I/R significantly
attenuated the endogenous CD45 positive endogenous bone marrow mononuclear cells
(unpaired Student’s t test, P< 0.001, n=5).
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Figure 6.3.2.2 Flow cytometry phenotype analyses for the expression of endogenous
stem cell trafficking surface markers CD26 CXCR4 in endogenous BMMNC. (A)
When compared with sham, ischaemic preconditioning (IPC) followed by 25min LAD
ischaemia and 2 h reperfusion (I/R) significantly augmented CD26 expression in the
endogenous BMMNC (unpaired Student’s t test, P< 0.0001, n=5). (B) In concordance,
compared to sham, IPC+I/R significantly augmented expression of CXCR4 expression in
the endogenous BMMNC (unpaired Student’s t test, P< 0.01, n=5).
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6.4 Discussion
In this chapter, I have presented data that demonstrates that the
endogenous bone marrow derived BMMNC are capable of modulating their
phenotype in response to the stress of regional myocardial ischaemia and
reperfusion injury. This data is in concordance with previous data in that it
suggests that the bone marrow is a dynamic system with an important role
for the provision of stem cells to the repair of tissue injury (Kollet et al.,
2003). Firstly, I have shown that regional myocardial ischaemia and
reperfusion caused the bone marrow derived BMMNC expression of CD45
to increase, which would be in accordance to the rise of inflammatory
cytokines in the circulation (Lapidot et al., 2002). This augmented BMMNC
CD45 expression suggests an an inflammatory response by the bone marrow
following I/R. Thus, the response to regional myocardial ischaemia and
reperfusion injury is to increase mobilisation of haematopoietic stem cells
and production of leucocytes. Secondly, I have shown that the injection of
10 million exogenous bone marrow derived BMMNC caused the
endogenous bone marrow derived BMMNC to decrease expression of
CD45. This non-significant but definite trend suggests that the injection of
exogenous BMMNC acted to reduce the degree of myocardial injury to
ischaemia and reperfusion and consequently the cross talk between the
circulating blood and the bone marrow may have been to attenuate the
inflammatory cellular output from the bone marrow. I do not present data to
show that the attenuated CD45 positive endogenous bone marrow cells
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translated to a decreased leukocyte efflux and trafficking to the ischaemic
regions of the myocardium. Nevertheless, it would be reasonable to assume
that a significantly reduced inflammatory cellular influx into the ischaemic
and reperfused myocardium may have contributed, at least in part, to the
observed attenuation of myocardial injury.
Myocardial ischaemic preconditioning followed by 25 min LAD
ischaemia and 2 h reperfusion altered the endogenous bone marrow
mononuclear cellular composite phenotype. Interestingly, similar to the
bone marrow cellular modulation caused by an exogenous BMMNC
injection, ischaemic preconditioning also caused a reduction in endogenous
bone marrow expression of CD45 positive mononuclear cells. Ischaemic
preconditioning, however, caused an approximate three folds reduction in
CD45 expression, which was statistically significant. This suggests that the
crosstalk between preconditioned myocardium and the endogenous bone
marrow would be to reduce the bone marrow production and subsequent
discharge of inflammatory cells, whilst augmenting C34 and c-kit positive
cells. In concordance with the augmented C34 and c-kit positive
endogenous bone marrow mononuclear cell expression, the communication
between the preconditioned myocardium also resulted in increased bone
expression of CD26 that was least six folds greater than that for the sham
animals. The increase in CD26 expression was also associated with a higher
expression of CXCR4 that was approximately 10 fold higher than for the
bone marrow mononuclear cells from sham animals. Stem cell expression of
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CXCR4 can be rapidly increased by externalization of intracellular stores on
human CD34 positive cells leading to increased SDF-1 mediated trafficking
(Kollet et al., 2003; Peled et al., 1999). These findings are in concordance
with the clinical use of granulocyte colony stimulating factor (G-CSF) for
mobilization of haematopoietic stem cells by decreasing SDF-1 expression
and up regulating CXCR4 in human and murine bone marrow (Petit et al.,
2002). Stem cell mobilisation by G-CSF, however, is slow and takes
approximately 5 days to peak. The magnitude of increased CD26 expression
would suggest a more direct inhibition of SDF-1 within the bone marrow
stem cell niche. Direct SDF-1 and CXCR4 disruption would lead to a rapid
and massive increase in the circulating bone marrow derived stem cells as
previously documented (Broxmeyer et al., 2005; Sweeney et al., 2002). A
direct disruption of SDF-1 and CXR4 bonding as suggested by the six-fold
CD26 expression would be consistent with a massive mobilization of
endogenous bone marrow stem cells, which could be on par with an
exogenous bolus injection of BMMNC. This may also explain the parity of
cardioprotection when comparing ischaemic preconditioning and exogenous
bone marrow stem cell injections at the onset of reperfusion, as suggested
by the data I presented in chapter 3.
Taken together, these findings are concordant with the data that I
have presented and the data from others reporting the phenomena of
cardioprotection associated with ischaemic preconditioning, which was
initially reported by Murry et. al. (Murry et al., 1986). Thus, the data
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presented here suggests that the cardioprotection afforded by ischaemic
preconditioning may have role for highly augmented mobilization of
endogenous bone marrow derived CD34 and c-kit positive stem cells, which
may be essential for limiting and reparation of myocardial injury due to
ischaemia and reperfusion. Moreover, a mechanism of cardioprotection by
the rapid and massive mobilization of bone marrow derived stem cells might
also explain the comparable myocardial protection afforded by myocardial
ischaemic preconditioning, remote ischaemic preconditioning and postconditioning.
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Chapter 7
Mesenchymal Stem Cell Therapy and
IPC are Synergistic
7.1 Introduction
In chapter 3, I presented data that suggested that cardioprotection by
an exogenous bone marrow derived stem cell injection is comparable to
myocardial ischaemic preconditioning. In the previous chapter, I have
presented

further

data

that

suggests

that

myocardial

ischaemic

preconditioning may have a role in the swift and massive mobilization of
endogenous bone marrow derived haematopoietic stem cells. The exact
mechanism for cardioprotection afforded by ischaemic preconditioning is
not entirely clear in the literature, despite its discovery more than 25 years
ago (Murry et al., 1986). A recent review by Yellon et. al., had suggested
that the molecular mechanism underlying ischaemic preconditioning might
be due to the activation of survival kinase signaling (Yellon et al., 2007). In
conjunction with the data presented in chapter 4, which suggests that the
exogenous injection of bone marrow derived stem cells activate PI3K/Akt
survival kinase pathway. I hypothesized that the underlying mechanisms for
cardioprotection afforded by both exogenous bone marrow stem cell therapy
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and ischaemic preconditioning are reliant upon a massive deployment of
bone marrow derived stem cells within the systemic circulation. I tested this
hypothesis by investigating whether the cardioprotection afforded by
ischaemic preconditioning might augment the cardioprotection afforded by
exogenous bone marrow derived MSC injection at the onset of reperfusion,
in an anaesthetised Wistar male rat model of regional myocardial ischaemia
and reperfusion.

7.2 IPC plus Mesenchymal Stem Cell Therapy and
Infarct Size post Regional Myocardial I/R
7.2.1Methods
Randomly selected Wistar male rats underwent 25 min LAD
ischaemia and 2 h reperfusion. Donor MSCs were isolated from BM
obtained from ex vivo femurs and tibae of Wistar male rats, as described
previously (Chapter 2). The isolated and culture expanded cells were
phenotyped by FACS flow cytometry for

CD34, CD133, CD45, c-Kit,

CD29, and CD90 as previously described (Chapter 2). Following culture
expansion, cells were mobilised by removal of culture media and
deadhesion with 5 ml 0.25% trypsin-EDTA for 5 min in a 37oC incubator
with 5% CO2. The disassociated cells are collected in 1ml Hank's Buffered
Salt Solution, centrifuged 1500 rpm for 5 min, and resuspended in 0.5 ml
PBS. Randomly selected syngeneic Wistar male rats were subjected to 25
min LAD occlusion and 2 h of reperfusion (I/R-2h). At the onset of
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reperfusion, MSC therapy animals received 2.5 million MSC by IV bolus
injection. At the end of 2 h reperfusion, the region of the left ventricle
subjected to I/R-2h was analyzed for myocardial infarct size, as previously
described. The controls received PBS and Sham animals underwent the
same surgical manipulation as the other animals except for LAD occlusion
and reperfusion.

7.2.2 Results
With reference to figure 7.2.2.1, the comparison of the sham animal
group with the animals receiving PBS at reperfusion demonstrated a
significantly increased left ventricular infarct size (Sham: 7± 0.9% versus
PBS: 55 ± 2%, P< 0.0001, n = 9). Conversely, when comparing the PBS
group with the animals that were subjected to IPC, there was a significant
reduction in left ventricular infarct size (PBS: 55± 2%, versus IPC:30 ± 3%
P< 0.0001, n = 6). The injection of 2.5 million exogenous MSCs at the onset
of reperfusion consistently reduced left ventricular infarct size as compared
to the PBS controls (PBS: 55± 2%, versus MSC: 25 ± 5% P< 0.0001, n = 5).
Interestingly, when compared with the PBS controls, animals that had
received 2.5 million cells pre-ischaemia and a further 2.5 million MSC at
the onset of reperfusion (MSC+MSC) also had a significant reduction in left
ventricular infarction, but this was similar to that in animals receiving MSC
only upon reperfsuion. Thus, there was, however, no additional benefit
conferred by the extra injection of 2.5 million MSC prior to the onset of
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ischaemia (PBS: 55± 2%, versus MSC+MSC: 23 ± 10% P< 0.0001, n = 5).
As hypothesized, when I compared PBS controls with animals that
underwent IPC and then received 2.5 million exogenous MSC at the onset
of reperfusion (IPC+MSC), there was a dramatic reduction in left
ventricular myocardial infarction, similar to that in the sham animal group
(PBS: 55± 2%, versus IPC+MSC: 6 ± 2% P< 0.0001, n = 7). There were no
significant differences in the left ventricular area at risk between the
controls and the treatment groups. There were also no demonstrable
difference in the haemodynamic parameters between the controls and
treatment groups (Figure 7.2.2.2).
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Figure 7.2.2.1 (A) The area at risk (AAR) from 25 min LAD ischaemia and 2 h LAD
reperfusion, expressed as % LV was similar between all groups (1-way ANOVA, P>0.05).
(B) When compared with controls (PBS), IPC, pre-treatment with an IV bolus of 2.5
million MSC and then a further IV bolus of 2.5 million MSC upon reperfusion
(MSC+MSC), and IPC+MSC upon reperfusion significantly attenuated infarct size (1-way
ANOVA and Dunnett’s post hoc test, ***P<0.001, n=5). When comparing IPC with
IPC+MSC, there was a further significant reduction in infarct size beyond that by IPC alone
(P<0.01, n=7). The sham group underwent the same surgical procedure except for LAD
ischaemia and reperfusion.
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Figure 7.2.2.2 (A) MAP was significantly higher at reperfusion times: 60min for
MSC+MSC, 90min and 120min for IPC+MSC group. (B) Compared to PBS, HR was
significantly lower in shams at ischaemia times 0, 5, 15 and 25min. (C) PRI were similar
between all experimental groups from baseline to the end of each experiment (2-way
ANOVA and Bonferonni’s post hoc test, P > 0.05). Sham group under the same surgical
procedure except for I/R.
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7.3 Discussion
In this chapter, I have presented data that tested the hypothesis that
cardioprotection afforded by either ischaemic preconditioning or exogenous
bone marrow derived stem cell therapy is reliant upon a swift and massive
mobilization of stem cells into the peripheral circulation. I have presented
data where the combination of IPC with the systemic injection of exogenous
bone marrow derived MSCs upon reperfusion reduced myocardial infarct
size to sham levels. The magnitude of cardioprotection afforded suggests
that the two cardioprotective strategies were acting in synergy. These data
also suggest the injection of 2.5 million exogenous MSC prior to the onset
of reperfusion did not have any additional benefit to that afforded by the
timely injection at the onset of reperfusion. The reason why this may be so
is that a lack of SDF-1 expression by the myocardium prior to the onset of
ischaemia may have lead to the exogenous MSC trafficking to tissues with
the higher constitutive expression of SDF-1 such as the bone marrow or the
spleen. It thus follows, that the haematopoietic stem cells mobilized by
ischaemic preconditioning and the injected MSC may have trafficked to a
high SDF-1 gradient created by the ischaemic myocardium.
IPC is the phenomenon attributable to the diligent study by Murry,
Jennings and Reimer in 1986 and since its initial description it has become
one of the most quoted scientific studies in the cardiovascular literature
(Murry et al., 1986). The following data from this landmark study
corroborate the data that I have presented in this and the previous chapter.
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(1) Murry et. al., reported that preconditioning the heart was only
cardioprotective in the short or 40 min ischaemia model but not in the 3 h
ischaemia model. When taken together with my data, it suggests that the
bone marrow derived stem cells were mobilised into the circulation by
ischaemic preconditioning. However, in the absence of reperfusion within
the first 2 h or so and in the absence of an SDF-1 chemokine gradient, the
mobilized stem cells would have trafficked back to the bone marrow.
Hence, the lack of protection observed in the 3 h ischaemia model. (2) The
pattern of injury described in the 40-minute ischaemia model is patchy and
diffuse, which is consistent with the pattern of exogenous stem cell
engraftment into the myocardium following IV injection, which is
consistent with observations in my laboratory and that by others. In contrast,
the pattern of injury in the 40 min controls and 3h ischaemia model had
solid or confluent infarcts. (3) Murry et. al., also report that pre-treatment
with verapamil in the 40 min ischaemia and reperfusion model was
significantly cardioprotective, but continuous verapamil initiated 15 min
after the onset of ischaemia in the 3 h ischaemia model was not
cardioprotective. Following this observation, the authors suggest that
verapamil pre-treatment might share a common mechanism with IPC.
Interestingly, a more recent report suggests that verapamil can disrupt the
SDF-1/CXCR4 signaling axis in bone marrow derived stem cells and impair
in vitro MSC migration (Wang et al., 2008). Thus, pre-treatment with
verapamil may lead to stem cell mobilization from the bone marrow;
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however, continuous verapamil injection could impair stem cell trafficking
to the ischaemic myocardium. Indeed, blocking the CXCR4 receptor
disrupts the SDF-1/CXCR4 cell-cell adhesion but the mobilized cells cannot
home to tissues highly expressing SDF-1, such as lung, liver and bone
marrow (Burger et al., 2009; Liang et al., 2004).
Following the description of myocardial IPC, there have been
consistent reports of preconditioning the heart in numerous ex vivo and in
vivo experimental models and clinical scenarios. In fact, preconditioning the
myocardium can be by pharmacological and non-pharmacological stimuli
that not necessarily require an initial ischaemic myocardial event. More
recently, the phenomenon of remote preconditioning where the ischaemic
event is distant to the target organ has been reported.
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Chapter 8
8.1 General Discussion
Adult stem cell therapy to regenerate myocardial infarction thus far
remains a clinical non-entity despite the passage of more than a decade
since the promise of the earliest experimental reports. Whether this potential
benefit of adult stem cell therapy becomes a reality of future clinical
practice remains uncertain. In the course of this thesis, I have investigated
another potential use of adult stem cell therapy namely the non-regenerative
benefits of adult bone marrow derived stem cell therapy in a rat model of
acute myocardial ischaemia and reperfusion. The initial work demonstrated
that unfractionated BMMNC when applied as early as the onset of
reperfusion can powerfully attenuate acute myocardial infarction, preserve
myocardial function, and prevent adverse ventricular remodeling. This
degree of myocardial protection was similar to that afforded by IPC, which
is the undisputed gold standard for myocardial protection.
The initial experiments investigated whether infarct size could be
attenuated by adult bone marrow derived stem cells or BMMNC therapy.
The unfractionated BMMNC were phenotypically positive for the surface
markers CD34, CD133, c-Kit, which are typically expressed by bone
marrow haematopoietic stem cells. Donor BMMNC cell counts were high
for CD45 phenotype, which is a pan leukocyte marker used to identify T or
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B-lymphocytes within the haematopoietic progenitors. This might appear to
be counter-intuitive for myocardial protection, considering that the injected
CD45 positive cell population could differentiate into inflammatory
macrophages and exacerbate I/R injury. In contrast, BMMNC injection
afforded myocardial protection, this suggesting that lineage differentiation
of donor BMMNC into an inflammatory cells was unlikely during acute
reperfusion. Although at this stage I could not entirely dismiss BMMNC
transdifferentiation into de novo myocardium there were, however, a
number of aspects that did not support BMMNC differentiation to be the
principal mechanism responsible for myocardial protection. Firstly, the
injected BMMNC had not been enriched for c-Kit postive BMMNC, which
was considered to be necessary in the initial myocardial regeneration studies
using adult bone marrow derived BMMNC as reported by Orlic et. al., and
Jackson et. al.,(Jackson et al., 2001; Orlic et al., 2001). Secondly, the length
of time following cell injection and the observed benefit at the 2 h endpoint
could not support BMMNC differentiation into functional cardiomyocytes
as the primary mechanism for infarct size reduction. Orlic et. al., reported
regeneration of myocardium 9 days post cell injection and currently there is
no data to suggest that adult stem cells can differentiate into fully functional
cardiomyocytes within 2 hours of cell delivery. Thirdly, the number of adult
stem cells retained in the ischaemic myocardium following intravenous
injection is suggested to be very small in comparsion to that accumulating in
the liver, lungs, kidneys and spleen (Aicher et al., 2003; Barbash et al.,
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2003). Lastly, the initial experimental data corroborated that which had been
reported by Murry et al., and Balsam et al., suggesting that donor BMMNC
do not undergo differentiation into any of the cell types of myocardial
lineage (Balsam et al., 2004; Murry et al., 2004).
Therefore, I then turned my focus to the non-regenerative aspects of adult
bone marrow derived stem cell therapy. In contrast to differentiated cells, adult and
embryonic stem cells highly express cytoprotective genes associated with
resistance to oxidative stress, repair of DNA, and detoxifier systems (Dernbach et
al., 2004; Ivanova et al., 2002; Ramalho-Santos et al., 2002). Proteomics of stem
cell also suggest that these cytoprotective genes are highly translated (Feldmann et
al., 2005).These essential cytoprotective mechanisms ensure bone marrow stem
cell survival within their relatively hypoxic stem cell niche (Uccelli et al., 2008;
Wilson et al., 2006). The next stage of my thesis was to elucidate the nature

of BMMNC non-regenerative mechanisms and their role in attenuating
acute ischaemia and reperfusion. By isolating the cardiomyocytes from the
region of the myocardium subjected to ischaemia and reperfusion, I was
able to show that BMMNC therapy attenuated cardiomyocyte death by
reducing both cardiomyocyte apoptosis and necrosis. This attenuation of
cardiomyocyte apoptosis and necrosis was most effective when BMMNC
therapy was initiated at the onset of myocardial reperfusion. This
observation was concordant with both the myocardial infarction data
presented in chapter 3 and also with suggested homing mechanism of bone
marrow stem cells i.e at the peak of the myocardial expression of SDF-1,
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which is at the end of ischaemia (Askari et al., 2003; Ceradini et al., 2004;
Jiang et al., 2002; Wojakowski et al., 2004).
Having suggested that BMMNC therapy afforded protection by nonregenerative means, I tested whether adult stem cell secreted factors could
mediate cardioprotection in lieu of the cell injection. Interestingly, I found
that removing the cells from BMMNC therapy did not eliminate
cardioprotection. The BMMNC derived paracrine factors were, however,
required to be highly concentrated such that BMS derived from at least 20
million BMMNC over at least 24 hours was necessay to replicate the
cardioprotection that was afforded by 10 million BMMNC, which could be
injected immediately following isolation. These data supported BMMNC
mediated cardioprotection was (1) non-regenerative (2) dependent upon the
trafficking of stem cells, possibly by SDF-1/CXCR4 signaling, to the
ischaemic and myocardium.
In order to further understand the molecular mechanisms undelying
BMMNC derived paracrine factors, I conducted a proteomic analysis of the
left ventricular region that had been subjected to I/R-2h and treated with
either BMMNC or BMS. The comparison of the LV proteome of hearts
treated with either 10 million BMMNC or BMS, from 50 million BMMNC
over 24 hours, suggested that a number of proteins might have a role in
BMMNC mediated cardioprotection. Proteomic data suggested BMMNC
were cardioprotective by a wide number of survival mechanims as
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suggested by differential protein expression of (a) anti-apoptotic signal
transduction protein 14-3-3 epsilon (b) anti-oxidants (c) heat shock proteins
(d) glycolytic proteins (e) mitochondrial respiratory proteins.
The higher expression of 14-3-3 epsilon was equally up-regulated
following either BMMNC or BMS therapy. An augmented expression of
14-3-3 epsilon was concordant with anti-apoptotic effects of BMMNC
therapy (chapter 4) and suggested PI3K/Akt survival kinase signaling may
have a major role for BMMNC mediated cardioprotection. That this was
indeed the case was also suggested by the augmented phosphorylation of
Akt by BMMNC therapy, as noted in the Western blots. That the
downstream phosphorylation of GSK-3beta of the PI3K/Akt survival kinase
signaling

suggested

that

BMMNC

therapy

could

have

inhibited

mitochondrial MPTP opening during reperfusion. Prevention of MPTP
opening by BMMNC therapy was also suggested by the significantly higher
expression of the mitochondrial VDAC-1.
Proteomic study of BMMNC therapy mediated cardioprotection also
suggested that BMMNC therapy caused higher expression of anti-oxidants
(Table 4.4.4). In connection with this, the activation of p38 MAPK during
I/R is suggested to be causally linked to increased ROS, particularly H2O2
(Meldrum et al., 1998). Activation of p38 MAPK during I/R can augment
myocardial I/R injury (Chai et al., 2008; Gao et al., 2002; Jaswal et al.,
2007; Kumar et al., 2004). Active p38 MAPK is suggested to augment I/R

178

by increasing myocardial inflammatory cytokines (Oto et al., 2009; Yin et
al., 2008). Others, however, suggest the contrary (Steenbergen 2002). In
concordance with the former, Western blotting suggested that BMMNC
therapy attenuated phophorylation of p38 MAPK and also reduced the
nuclear translocation of the pro-inflammatory cytokine transcription factor
NF-κB.
Proteomics also eluded to other cardioprotective benefits associated with
BMMNC therapy such as a higher expression of heat shock proteins,
glycolytic proteins, and mitochonrial respiratory proteins. It is of course
unclear as to which molecular mechanism has the principal role in BMMNC
cardioprotection and future work might identify BMMNC secreted
paracrine factors tp help elucidate the principal cardioprotective molecular
mechanism(s).
BMMNC therapy in clincal applications where myocardial I/R is
obligatory such as

heart transplantation, cardiopulmonary bypass, and

coronary angioplasty might be hampered by the availability of BMMNC for
immediate injection upon reperfusion. Further, the injection of autologous
BMMNC i.e. from patients with heart disease and other multisystem comorbities may not provide the same therapeutic benefits demonstrated by
the data presented in this thesis. Importantly, I have used freshly isolated
syngeneic BMMNC, which were not be available as an “off the shelf”
option for immediate injection when required. Thus, a clinically feasible
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adult stem cell therapy would require a stem source that is easily available
and without excessive delay. Therefore, I investigated whether the other
major bone marrow stem cell type MSC might be cardioprotective in the
myocardial I/R-2h rat model. The reasons for this were two fold (1) MSC
are very easily isolated from whole BM and expanded in culture (2) the
potential of MSC for allogeneic transplantation. These properties of MSC
provides potential for MSC banking from healthy donors, for later clinical
therapy in unrelated recipients. MSCs isolated from ex vivo whole marrow
were expanded in culture and noted to be CD45 negative, CD29 positive
and CD90 positive. I have shown that systemic IV injection of MSC at the
onset of reperfusion could also powerfully attenuate myocardial infarction,
preserve myocardial function, and prevent adverse ventricular remodeling.
This suggested that an “off the shelf” BM derived stem cell for potential
clinical use might be a possibility.
At this stage of my thesis, I was intrigued that the exogenous
delivery of two different bone marrow derived stem cell types was
powerfully cardioprotective but the endogenous bone marrow reservoir of
the same stem cells types could not afford significant cardioprotection.
Shintani et al., had, interestingly, reported an increased mobilisation of
endogenous bone marrow derived stem cells following AMI (Shintani et al.,
2001). This was possibly due to the ischaemia augmented expression of
myocardial SDF-1 and CXCR4 mediated trafficking of cells from the bone
marrow niche(Askari et al., 2003; Dar et al., 2005; Sugiyama et al., 2006).
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However, despite the SDF-1/CXCR4 signaling the

endogenous bone

marrow stem cell mobilisation during I/R the consequential cardioprotection
is insignificant compared to the cardioprotection afforded by exogenous
stem cell therapy.
Initial data presented in this thesis suggested that cardioprotection by
exogenous BMMNC therapy was similar to that afforded by IPC. IPC is the
phenomenon attributable to the landmark study by Murry, Jennings and
Reimer in 1986 and since its initial description it has become one of the
most quoted scientific studies in the cardiovascular literature (Murry et al.,
1986). Further interpretation of this report in the context of the data
presented in this thesis was interesting in a number of ways: (1) Murry et.
al., reported that preconditioning the heart was only cardioprotective in the
short or 40 min ischaemia model but not in the 3h ischaemia model. When
taken together with my data, this suggersted that the bone marrow derived
stem cells could be mobilised by IPC but in the absence of reperfusion or in
the absence of an SDF-1 chemokine gradient the mobilized stem cells would
not be able reach the ischaemic myocardium. (2) The pattern of injury
described in the 40 min ischaemia model is patchy and diffuse, which is
consistent with the pattern of exogenous stem cell engraftment into the
myocardium following IV injection. In contrast, the pattern of injury in the
3 h ischaemia model was solid or confluent infarcts. (3) Murry et. al., also
reported that pre-treatment with verapamil in the 40 min ischaemia and
reperfusion model was significantly cardioprotective, but continuous

181

verapamil initiated 15 min after the onset of ischaemia in the 3 h ischaemia
model was not cardioprotective. Following this observation, the authors
suggest that verapamil pre-treatment might share a common mechanism
with ischaemia pre-conditioning. Interestingly, a more recent report
suggests that verapamil can disrupt the SDF-1/CXCR4 signaling axis in
bone marrow derived stem cells and impair in vitro MSC migration (Wang
et al., 2008). Thus, pre-treatment with verapamil may lead to stem cell
mobilization from the bone marrow; however, continuous verapamil
injection could impair stem cell engraftment into the ischaemic
myocardium. Indeed, blocking the CXCR4 receptor disrupts the SDF1/CXCR4 signaling and the mobilized cells would therefore not home and
engraft into tissues highly expressing SDF-1, such as the ischaemic
myocardium (Liang et al., 2004).
Having suggested that IPC may have a role in endogenous stem cell
mobilisation led to experiments where the impact of I/R and IPC upon the
endogenous BMMNC phenotype and SDF-1/CXCR4 signaling was
investigated. Firstly, it was notable that I/R augmented endogenous
BMMNC expression of CD45, which would be in keeping with the rise of
inflammatory cytokines in the circulation following acute myocardial
infarction (Lapidot et al., 2002). This augmented endogenous stem cell
CD45 expression suggests that the initial bone marrow response to regional
myocardial I/R is to increase mobilisation and production of inflammatory
leucocytes. In contrast, IPC and I/R had attenuated endogenous BMMNC
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CD45 positive cells by three folds. This suggested that the preconditioned
myocardium attenuated bone marrow

derived inflammatory leucocytes,

which is concordant with IPC mediated attenuation of myocardial acute
inflammation.

Moreover,

endogenous

BMMNC

attenuated

CD45

expression can impair SDF-1/CXCR4 signaling to reduce endogenous stem
cell retention within the bone marrow niche (Shivtiel et al., 2008). Direct
disruption of CXCR4 and SDF-1 interaction, however, can lead to a massive
and rapid mobilisation of endogenous bone marrow stem cells (Broxmeyer
et al., 2005; Sweeney et al., 2002). An important endogenous mechanism
that leads to the direct disruption of CXCR4 and SDF-1 interaction and deadhesion of stem cells from their niche is the stem cell expression of CD26.
CD26 is a type II transmembrane glycoprotein with extra-membranous
dipeptidyl peptidase-4 activity to cleave and inactivate SDF-1 (Zhai et al.,
2009). In concordance with IPC having a role in increased bone marrow
stem cell mobilisation, IPC augmented endogenous BMMNC expression of
CD26 by six folds greater than that for the sham animals. The augmented
BMMNC CD26 expression was also associated with a higher expression of
CXCR4 that was approximately 10 fold higher than that for the endogenous
BMMNC from sham animals. Stem cell expression of CXCR4 can be
rapidly increased by externalization of intracellular stores on human CD34
positive stem cells leading to increased plasma SDF-1 mediated trafficking
(Kollet et al., 2003; Peled et al., 1999). These findings were also in
concordance with the clinical use of granulocyte colony stimulating factor
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(G-CSF) for mobilization of haematopoietic stem cells by decreasing SDF-1
expression and up regulating CXCR4 expression in both human and murine
bone marrow (Petit et al., 2002). The magnitude of increased CD26
expression would suggest a more direct inhibition of SDF-1 within the bone
marrow stem cell niche. Direct disruption of SDF-1 and CXR4 bonding by
the augmented CD26 and CXCR4 expression would be consistent with a
massive mobilization of endogenous bone marrow stem cells by IPC.
Hence the final experiment of the thesis whereby I demonstrated that
IPC and exogenous MSC injection at the onset of reperfusion could
synergistically abolish myocardial I/R injury. Further, it is also notable that
the injection of 2.5 million exogenous MSC prior to the onset of 25 min
regional ischaemia did not have any additional benefit to that afforded by
the timely injection of MSC at the onset of reperfusion. This could be
attributable due to a lack of SDF-1 expression by the myocardium prior to
the onset of ischaemia and failure of the exogenous MSC to home into the
myocardium. The augmented mobilization of endogenous bone marrow
derived stem cells by IP might be an essential mechanism for limiting
myocardial I/R injury. Further, the rapid and massive mobilization of bone
marrow derived stem cells by IP might also explain the comparable
myocardial protection afforded by remote ischaemic preconditioning and
post-conditioning.
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The data presented in this thesis is limited in the following ways: (1)
there is no data to confirm that the combined effect of IPC and MSC did
lead to increased exogenous and endogenous stem cell homing and
engraftment within the ischaemic myocardium. (2) There is no molecular
data to support the observed enhanced cardioprotection by IPC and MSC
therapy. (3) The ischaemia time is short and whether the augmented
protection by IP plus MSC therapy following longer ischaemia times
persists is debatable.
Future experimental work should examine whether exogenous bone
marrow derived stem cell therapy is also cardioprotective in a large animal
model of myocardial ischaemia and reperfusion injury e.g. the porcine
model. Subject to large animal data, this method of cardioprotection might
be translatable into clinically where myocardial ischaemia and reperfusion is
obligatory such as heart transplantation, cardiopulmonary bypass and
coronary angioplasty.

185

References
Abbott, J.D., Huang, Y., Liu, D., Hickey, R., Krause, D.S., Giordano, F.J.
(2004). "Stromal cell-derived factor-1alpha plays a critical role in stem cell
recruitment to the heart after myocardial infarction but is not sufficient to induce
homing in the absence of injury." Circulation 110(21): 3300-3305.
Aicher, A., Brenner, W., Zuhayra, M., Badorff, C., Massoudi, S., Assmus, B.,
Eckey, T., Henze, E., Zeiher, A.M., Dimmeler, S. (2003). "Assessment of the
tissue distribution of transplanted human endothelial progenitor cells by radioactive
labeling." Circulation 107(16): 2134-2139.
Ambrosio, G., Flaherty, J.T., Duilio, C., Tritto, I., Santoro, G., Elia, P.P.,
Condorelli, M., Chiariello, M. (1991). "Oxygen radicals generated at reflow
induce peroxidation of membrane lipids in reperfused hearts." J Clin Invest 87(6):
2056-2066.
Amit, M., Carpenter, M.K., Inokuma, M.S., Chiu, C.P., Harris, C.P., Waknitz,
M.A., Itskovitz-Eldor, J., Thomson, J.A. (2000). "Clonally derived human
embryonic stem cell lines maintain pluripotency and proliferative potential for
prolonged periods of culture." Dev Biol 227(2): 271-278.
Anversa, P., Leri, A., Kajstura, J. (2006). "Cardiac regeneration." J Am Coll
Cardiol 47(9): 1769-1776.
Asahara, T., Murohara, T., Sullivan, A., Silver, M., van der Zee, R., Li, T.,
Witzenbichler, B., Schatteman, G., Isner, J.M. (1997). "Isolation of putative
progenitor endothelial cells for angiogenesis." Science 275(5302): 964-967.
Askari, A.T., Unzek, S., Popovic, Z.B., Goldman, C.K., Forudi, F.,
Kiedrowski, M., Rovner, A., Ellis, S.G., Thomas, J.D., DiCorleto, P.E., Topol,
E.J., Penn, M.S. (2003). "Effect of stromal-cell-derived factor 1 on stem-cell
homing and tissue regeneration in ischaemic cardiomyopathy." Lancet 362(9385):
697-703.
Baller, D., Zipfel, J., Hellige, G. (1980). "Usefulness and limitations of
myocardial oxygen consumption indices." Clin Cardiol 3(3): 212-213.

186

Balsam, L.B., Wagers, A.J., Christensen, J.L., Kofidis, T., Weissman, I.L.,
Robbins, R.C. (2004). "Haematopoietic stem cells adopt mature haematopoietic
fates in ischaemic myocardium." Nature 428(6983): 668-673.
Barbash, I.M., Chouraqui, P., Baron, J., Feinberg, M.S., Etzion, S., Tessone,
A., Miller, L., Guetta, E., Zipori, D., Kedes, L.H., Kloner, R.A., Leor, J.
(2003). "Systemic delivery of bone marrow-derived mesenchymal stem cells to the
infarcted myocardium: feasibility, cell migration, and body distribution."
Circulation 108(7): 863-868.
Belanger, A.J., Luo, Z., Vincent, K.A., Akita, G.Y., Cheng, S.H., Gregory,
R.J., Jiang, C. (2007). "Hypoxia-inducible factor 1 mediates hypoxia-induced
cardiomyocyte lipid accumulation by reducing the DNA binding activity of
peroxisome proliferator-activated receptor alpha/retinoid X receptor." Biochem
Biophys Res Commun 364(3): 567-572.
Beltrami, A.P., Barlucchi, L., Torella, D., Baker, M., Limana, F., Chimenti, S.,
Kasahara, H., Rota, M., Musso, E., Urbanek, K., Leri, A., Kajstura, J., NadalGinard, B., Anversa, P. (2003). "Adult cardiac stem cells are multipotent and
support myocardial regeneration." Cell 114(6): 763-776.
Bigelow, W.G., Lindsay, W.K., Greenwood, W.F. (1950). "Hypothermia; its
possible role in cardiac surgery: an investigation of factors governing survival in
dogs at low body temperatures." Annals of surgery 132(5): 849-866.
Bing, R.J. (2001). "Myocardial ischemia and infarction: growth of ideas."
Cardiovasc Res 51(1): 13-20.
Blau, H.M., Brazelton, T.R., Weimann, J.M. (2001). "The evolving concept of a
stem cell: entity or function?" Cell 105(7): 829-841.
Bolli, R., Becker, L., Gross, G., Mentzer, R., Jr., Balshaw, D., Lathrop, D.A.
(2004). "Myocardial protection at a crossroads: the need for translation into clinical
therapy." Circulation research 95(2): 125-134.
Bolli, R., Dawn, B., Xuan, Y.T. (2003). "Role of the JAK-STAT pathway in
protection against myocardial ischemia/reperfusion injury." Trends Cardiovasc
Med 13(2): 72-79.
Bolli, R., Patel, B.S., Jeroudi, M.O., Lai, E.K., McCay, P.B. (1988).
"Demonstration of free radical generation in "stunned" myocardium of intact dogs

187

with the use of the spin trap alpha-phenyl N-tert-butyl nitrone." The Journal of
clinical investigation 82(2): 476-485.
Bonaros, N., Rauf, R., Wolf, D., Margreiter, E., Tzankov, A., Schlechta, B.,
Kocher, A., Ott, H., Schachner, T., Hering, S., Bonatti, J., Laufer, G. (2006).
"Combined transplantation of skeletal myoblasts and angiopoietic progenitor cells
reduces infarct size and apoptosis and improves cardiac function in chronic
ischemic heart failure." The Journal of thoracic and cardiovascular surgery 132(6):
1321-1328.
Bradford, M.M. (1976). "A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding."
Anal Biochem 72: 248-254.
Braimbridge, M.V., Chayen, J., Bitensky, L., Hearse, D.J., Jynge, P.,
Cankovic-Darracott, S. (1977). "Cold cardioplegia or continuous coronary
perfusion? Report on preliminary clinical experience as assessed cytochemically."
The Journal of thoracic and cardiovascular surgery 74(6): 900-906.
Braunwald, E., Kloner, R.A. (1982). "The stunned myocardium: prolonged,
postischemic ventricular dysfunction." Circulation 66(6): 1146-1149.
Braunwald, E., Kloner, R.A. (1985). "Myocardial reperfusion: a double-edged
sword?" J Clin Invest 76(5): 1713-1719.
Brilla, C.G., Janicki, J.S., Weber, K.T. (1991). "Impaired diastolic function and
coronary reserve in genetic hypertension. Role of interstitial fibrosis and medial
thickening of intramyocardial coronary arteries." Circulation research 69(1): 107115.
Broxmeyer, H.E., Orschell, C.M., Clapp, D.W., Hangoc, G., Cooper, S., Plett,
P.A., Liles, W.C., Li, X., Graham-Evans, B., Campbell, T.B., Calandra, G.,
Bridger, G., Dale, D.C., Srour, E.F. (2005). "Rapid mobilization of murine and
human hematopoietic stem and progenitor cells with AMD3100, a CXCR4
antagonist." J Exp Med 201(8): 1307-1318.
Buckberg, G.D. (1979). "A proposed "solution" to the cardioplegic controversy."
The Journal of thoracic and cardiovascular surgery 77(6): 803-815.
Buja, L.M., Entman, M.L. (1998). "Modes of myocardial cell injury and cell
death in ischemic heart disease." Circulation 98(14): 1355-1357.

188

Burger, J.A., Peled, A. (2009). "CXCR4 antagonists: targeting
microenvironment in leukemia and other cancers." Leukemia 23(1): 43-52.

the

Camici, P.G., Gropler, R.J., Jones, T., L'Abbate, A., Maseri, A., Melin, J.A.,
Merlet, P., Parodi, O., Schelbert, H.R., Schwaiger, M., Wijns, W. (1996). "The
impact of myocardial blood flow quantitation with PET on the understanding of
cardiac diseases." European heart journal 17(1): 25-34.
Ceradini, D.J., Kulkarni, A.R., Callaghan, M.J., Tepper, O.M., Bastidas, N.,
Kleinman, M.E., Capla, J.M., Galiano, R.D., Levine, J.P., Gurtner, G.C.
(2004). "Progenitor cell trafficking is regulated by hypoxic gradients through HIF1 induction of SDF-1." Nat Med 10(8): 858-864.
Cesura, A.M., Pinard, E., Schubenel, R., Goetschy, V., Friedlein, A., Langen,
H., Polcic, P., Forte, M.A., Bernardi, P., Kemp, J.A. (2003). "The voltagedependent anion channel is the target for a new class of inhibitors of the
mitochondrial permeability transition pore." The Journal of biological chemistry
278(50): 49812-49818.
Chai, W., Wu, Y., Li, G., Cao, W., Yang, Z., Liu, Z. (2008). "Activation of p38
mitogen-activated protein kinase abolishes insulin-mediated myocardial protection
against ischemia-reperfusion injury." Am J Physiol Endocrinol Metab 294(1):
E183-189.
Chen, S.L., Fang, W.W., Ye, F., Liu, Y.H., Qian, J., Shan, S.J., Zhang, J.J.,
Chunhua, R.Z., Liao, L.M., Lin, S., Sun, J.P. (2004). "Effect on left ventricular
function of intracoronary transplantation of autologous bone marrow mesenchymal
stem cell in patients with acute myocardial infarction." Am J Cardiol 94(1): 92-95.
Chien, K.R. (2004). "Stem cells: lost in translation." Nature 428(6983): 607-608.
Cleutjens, J.P. (1996). "The role of matrix metalloproteinases in heart disease."
Cardiovasc Res 32(5): 816-821.
Cohn, J.N., Bristow, M.R., Chien, K.R., Colucci, W.S., Frazier, O.H.,
Leinwand, L.A., Lorell, B.H., Moss, A.J., Sonnenblick, E.H., Walsh, R.A.,
Mockrin, S.C., Reinlib, L. (1997). "Report of the National Heart, Lung, and
Blood Institute Special Emphasis Panel on Heart Failure Research." Circulation
95(4): 766-770.
Collino, M., Aragno, M., Mastrocola, R., Gallicchio, M., Rosa, A.C., Dianzani,
C., Danni, O., Thiemermann, C., Fantozzi, R. (2006). "Modulation of the

189

oxidative stress and inflammatory response by PPAR-gamma agonists in the
hippocampus of rats exposed to cerebral ischemia/reperfusion." European journal
of pharmacology 530(1-2): 70-80.
Crompton, M., Costi, A., Hayat, L. (1987). "Evidence for the presence of a
reversible Ca2+-dependent pore activated by oxidative stress in heart
mitochondria." The Biochemical journal 245(3): 915-918.
Crompton, M., Ellinger, H., Costi, A. (1988). "Inhibition by cyclosporin A of a
Ca2+-dependent pore in heart mitochondria activated by inorganic phosphate and
oxidative stress." The Biochemical journal 255(1): 357-360.
Crompton, M., Virji, S., Ward, J.M. (1998). "Cyclophilin-D binds strongly to
complexes of the voltage-dependent anion channel and the adenine nucleotide
translocase to form the permeability transition pore." European journal of
biochemistry / FEBS 258(2): 729-735.
Dai, W., Hale, S.L., Martin, B.J., Kuang, J.Q., Dow, J.S., Wold, L.E., Kloner,
R.A. (2005). "Allogeneic mesenchymal stem cell transplantation in postinfarcted
rat myocardium: short- and long-term effects." Circulation 112(2): 214-223.
Dar, A., Goichberg, P., Shinder, V., Kalinkovich, A., Kollet, O., Netzer, N.,
Margalit, R., Zsak, M., Nagler, A., Hardan, I., Resnick, I., Rot, A., Lapidot, T.
(2005). "Chemokine receptor CXCR4-dependent internalization and resecretion of
functional chemokine SDF-1 by bone marrow endothelial and stromal cells." Nat
Immunol 6(10): 1038-1046.
Dawn, B., Guo, Y., Rezazadeh, A., Huang, Y., Stein, A.B., Hunt, G., Tiwari, S.,
Varma, J., Gu, Y., Prabhu, S.D., Kajstura, J., Anversa, P., Ildstad, S.T., Bolli,
R. (2006). "Postinfarct cytokine therapy regenerates cardiac tissue and improves
left ventricular function." Circ Res 98(8): 1098-1105.
de Roos, B., Duivenvoorden, I., Rucklidge, G., Reid, M., Ross, K., Lamers,
R.J., Voshol, P.J., Havekes, L.M., Teusink, B. (2005). "Response of
apolipoprotein E*3-Leiden transgenic mice to dietary fatty acids: combining liver
proteomics with physiological data." FASEB J 19(7): 813-815.
Deb, A., Wang, S., Skelding, K.A., Miller, D., Simper, D., Caplice, N.M.
(2003). "Bone marrow-derived cardiomyocytes are present in adult human heart: A
study of gender-mismatched bone marrow transplantation patients." Circulation
107(9): 1247-1249.

190

Dernbach, E., Urbich, C., Brandes, R.P., Hofmann, W.K., Zeiher, A.M.,
Dimmeler, S. (2004). "Antioxidative stress-associated genes in circulating
progenitor cells: evidence for enhanced resistance against oxidative stress." Blood
104(12): 3591-3597.
Deutsch, E., Berger, M., Kussmaul, W.G., Hirshfeld, J.W., Jr., Herrmann,
H.C., Laskey, W.K. (1990). "Adaptation to ischemia during percutaneous
transluminal coronary angioplasty. Clinical, hemodynamic, and metabolic
features." Circulation 82(6): 2044-2051.
Engelmann, M.G., Theiss, H.D., Hennig-Theiss, C., Huber, A., Wintersperger,
B.J., Werle-Ruedinger, A.E., Schoenberg, S.O., Steinbeck, G., Franz, W.M.
(2006). "Autologous bone marrow stem cell mobilization induced by granulocyte
colony-stimulating factor after subacute ST-segment elevation myocardial
infarction undergoing late revascularization: final results from the G-CSF-STEMI
(Granulocyte Colony-Stimulating Factor ST-Segment Elevation Myocardial
Infarction) trial." J Am Coll Cardiol 48(8): 1712-1721.
Engler, R.L., Dahlgren, M.D., Peterson, M.A., Dobbs, A., Schmid-Schonbein,
G.W. (1986). "Accumulation of polymorphonuclear leukocytes during 3-h
experimental myocardial ischemia." The American journal of physiology 251(1 Pt
2): H93-100.
Entman, M.L., Michael, L., Rossen, R.D., Dreyer, W.J., Anderson, D.C.,
Taylor, A.A., Smith, C.W. (1991). "Inflammation in the course of early
myocardial ischemia." FASEB J 5(11): 2529-2537.
Entman, M.L., Youker, K., Shoji, T., Kukielka, G., Shappell, S.B., Taylor,
A.A., Smith, C.W. (1992). "Neutrophil induced oxidative injury of cardiac
myocytes. A compartmented system requiring CD11b/CD18-ICAM-1 adherence."
J Clin Invest 90(4): 1335-1345.
Fan, G.C., Ren, X., Qian, J., Yuan, Q., Nicolaou, P., Wang, Y., Jones, W.K.,
Chu, G., Kranias, E.G. (2005). "Novel cardioprotective role of a small heat-shock
protein, Hsp20, against ischemia/reperfusion injury." Circulation 111(14): 17921799.
Feigl, E.O. (1983). "Coronary physiology." Physiological reviews 63(1): 1-205.
Feldmann, R.E., Jr., Bieback, K., Maurer, M.H., Kalenka, A., Burgers, H.F.,
Gross, B., Hunzinger, C., Kluter, H., Kuschinsky, W., Eichler, H. (2005).
"Stem cell proteomes: a profile of human mesenchymal stem cells derived from
umbilical cord blood." Electrophoresis 26(14): 2749-2758.

191

Feng, J., Schaus, B.J., Fallavollita, J.A., Lee, T.C., Canty, J.M., Jr. (2001).
"Preload induces troponin I degradation independently of myocardial ischemia."
Circulation 103(16): 2035-2037.
Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E., Stornaiuolo, A.,
Cossu, G., Mavilio, F. (1998). "Muscle regeneration by bone marrow-derived
myogenic progenitors." Science 279(5356): 1528-1530.
Fiers, W., Beyaert, R., Declercq, W., Vandenabeele, P. (1999). "More than one
way to die: apoptosis, necrosis and reactive oxygen damage." Oncogene 18(54):
7719-7730.
Fishbein, M.C., Maclean, D., Maroko, P.R. (1978). "Experimental myocardial
infarction in the rat: qualitative and quantitative changes during pathologic
evolution." The American journal of pathology 90(1): 57-70.
Fliss, H., Gattinger, D. (1996). "Apoptosis in ischemic and reperfused rat
myocardium." Circ Res 79(5): 949-956.
Frangogiannis, N.G., Smith, C.W., Entman, M.L. (2002). "The inflammatory
response in myocardial infarction." Cardiovasc Res 53(1): 31-47.
Freude, B., Masters, T.N., Robicsek, F., Fokin, A., Kostin, S., Zimmermann,
R., Ullmann, C., Lorenz-Meyer, S., Schaper, J. (2000). "Apoptosis is initiated by
myocardial ischemia and executed during reperfusion." J Mol Cell Cardiol 32(2):
197-208.
Friedenstein, A.J., Chailakhyan, R.K., Gerasimov, U.V. (1987). "Bone marrow
osteogenic stem cells: in vitro cultivation and transplantation in diffusion
chambers." Cell Tissue Kinet 20(3): 263-272.
Fuchs, S., Baffour, R., Zhou, Y.F., Shou, M., Pierre, A., Tio, F.O., Weissman,
N.J., Leon, M.B., Epstein, S.E., Kornowski, R. (2001). "Transendocardial
delivery of autologous bone marrow enhances collateral perfusion and regional
function in pigs with chronic experimental myocardial ischemia." J Am Coll
Cardiol 37(6): 1726-1732.
Fukuhara, S., Tomita, S., Nakatani, T., Ohtsu, Y., Ishida, M., Yutani, C.,
Kitamura, S. (2004). "G-CSF promotes bone marrow cells to migrate into
infarcted mice heart, and differentiate into cardiomyocytes." Cell Transplant 13(78): 741-748.

192

Fukuhara, S., Tomita, S., Yamashiro, S., Morisaki, T., Yutani, C., Kitamura,
S., Nakatani, T. (2003). "Direct cell-cell interaction of cardiomyocytes is key for
bone marrow stromal cells to go into cardiac lineage in vitro." The Journal of
thoracic and cardiovascular surgery 125(6): 1470-1480.
Gao, F., Yue, T.L., Shi, D.W., Christopher, T.A., Lopez, B.L., Ohlstein, E.H.,
Barone, F.C., Ma, X.L. (2002). "p38 MAPK inhibition reduces myocardial
reperfusion injury via inhibition of endothelial adhesion molecule expression and
blockade of PMN accumulation." Cardiovasc Res 53(2): 414-422.
Gao, W.D., Liu, Y., Mellgren, R., Marban, E. (1996). "Intrinsic myofilament
alterations underlying the decreased contractility of stunned myocardium. A
consequence of Ca2+-dependent proteolysis?" Circ Res 78(3): 455-465.
Garbade, J., Schubert, A., Rastan, A.J., Lenz, D., Walther, T., Gummert, J.F.,
Dhein, S., Mohr, F.W. (2005). "Fusion of bone marrow-derived stem cells with
cardiomyocytes in a heterologous in vitro model." Eur J Cardiothorac Surg 28(5):
685-691.
Gnecchi, M., He, H., Noiseux, N., Liang, O.D., Zhang, L., Morello, F., Mu, H.,
Melo, L.G., Pratt, R.E., Ingwall, J.S., Dzau, V.J. (2006). "Evidence supporting
paracrine hypothesis for Akt-modified mesenchymal stem cell-mediated cardiac
protection and functional improvement." FASEB J 20(6): 661-669.
Goldhaber, J.I. (1996). "Free radicals enhance Na+/Ca2+ exchange in ventricular
myocytes." The American journal of physiology 271(3 Pt 2): H823-833.
Goldhaber, J.I., Liu, E. (1994). "Excitation-contraction coupling in single guineapig ventricular myocytes exposed to hydrogen peroxide." The Journal of
physiology 477 ( Pt 1): 135-147.
Gorg, A., Weiss, W., Dunn, M.J. (2004). "Current two-dimensional
electrophoresis technology for proteomics." Proteomics 4(12): 3665-3685.
Gottlieb, R.A., Burleson, K.O., Kloner, R.A., Babior, B.M., Engler, R.L.
(1994). "Reperfusion injury induces apoptosis in rabbit cardiomyocytes." J Clin
Invest 94(4): 1621-1628.
Gottlieb, R.A., Engler, R.L. (1999). "Apoptosis in myocardial ischemiareperfusion." Annals of the New York Academy of Sciences 874: 412-426.

193

Halestrap, A.P. (2009). "What is the mitochondrial permeability transition pore?"
J Mol Cell Cardiol 46(6): 821-831.
Halestrap, A.P., Clarke, S.J., Javadov, S.A. (2004). "Mitochondrial permeability
transition pore opening during myocardial reperfusion--a target for
cardioprotection." Cardiovasc Res 61(3): 372-385.
Halestrap, A.P., Woodfield, K.Y., Connern, C.P. (1997). "Oxidative stress, thiol
reagents, and membrane potential modulate the mitochondrial permeability
transition by affecting nucleotide binding to the adenine nucleotide translocase."
The Journal of biological chemistry 272(6): 3346-3354.
Hausenloy, D.J., Wynne, A.M., Yellon, D.M. (2007). "Ischemic preconditioning
targets the reperfusion phase." Basic Res Cardiol 102(5): 445-452.
He, J., Gu, D., Wu, X., Reynolds, K., Duan, X., Yao, C., Wang, J., Chen, C.S.,
Chen, J., Wildman, R.P., Klag, M.J., Whelton, P.K. (2005). "Major causes of
death among men and women in China." The New England journal of medicine
353(11): 1124-1134.
He, J.Q., Ma, Y., Lee, Y., Thomson, J.A., Kamp, T.J. (2003). "Human
embryonic stem cells develop into multiple types of cardiac myocytes: action
potential characterization." Circ Res 93(1): 32-39.
Hearse, D.J. (1977). "Reperfusion of the ischemic myocardium." J Mol Cell
Cardiol 9(8): 605-616.
Hein, S., Scheffold, T., Schaper, J. (1995). "Ischemia induces early changes to
cytoskeletal and contractile proteins in diseased human myocardium." The Journal
of thoracic and cardiovascular surgery 110(1): 89-98.
Heyndrickx, G.R., Millard, R.W., McRitchie, R.J., Maroko, P.R., Vatner, S.F.
(1975). "Regional myocardial functional and electrophysiological alterations after
brief coronary artery occlusion in conscious dogs." J Clin Invest 56(4): 978-985.
Hill, J.M., Zalos, G., Halcox, J.P., Schenke, W.H., Waclawiw, M.A., Quyyumi,
A.A., Finkel, T. (2003). "Circulating endothelial progenitor cells, vascular
function, and cardiovascular risk." The New England journal of medicine 348(7):
593-600.

194

Hofmann, M., Wollert, K.C., Meyer, G.P., Menke, A., Arseniev, L.,
Hertenstein, B., Ganser, A., Knapp, W.H., Drexler, H. (2005). "Monitoring of
bone marrow cell homing into the infarcted human myocardium." Circulation
111(17): 2198-2202.
Holly, T.A., Drincic, A., Byun, Y., Nakamura, S., Harris, K., Klocke, F.J.,
Cryns, V.L. (1999). "Caspase inhibition reduces myocyte cell death induced by
myocardial ischemia and reperfusion in vivo." J Mol Cell Cardiol 31(9): 17091715.
Hou, D., Youssef, E.A., Brinton, T.J., Zhang, P., Rogers, P., Price, E.T.,
Yeung, A.C., Johnstone, B.H., Yock, P.G., March, K.L. (2005). "Radiolabeled
cell distribution after intramyocardial, intracoronary, and interstitial retrograde
coronary venous delivery: implications for current clinical trials." Circulation
112(9 Suppl): I150-156.
Huber, L.A., Pfaller, K., Vietor, I. (2003). "Organelle proteomics: implications
for subcellular fractionation in proteomics." Circ Res 92(9): 962-968.
Imai, K., Kobayashi, M., Wang, J., Shinobu, N., Yoshida, H., Hamada, J.,
Shindo, M., Higashino, F., Tanaka, J., Asaka, M., Hosokawa, M. (1999).
"Selective secretion of chemoattractants for haemopoietic progenitor cells by bone
marrow endothelial cells: a possible role in homing of haemopoietic progenitor
cells to bone marrow." Br J Haematol 106(4): 905-911.
Inagaki, K., Churchill, E., Mochly-Rosen, D. (2006). "Epsilon protein kinase C
as a potential therapeutic target for the ischemic heart." Cardiovasc Res 70(2): 222230.
Ishikawa, F., Shimazu, H., Shultz, L.D., Fukata, M., Nakamura, R., Lyons, B.,
Shimoda, K., Shimoda, S., Kanemaru, T., Nakamura, K., Ito, H., Kaji, Y.,
Perry, A.C., Harada, M. (2006). "Purified human hematopoietic stem cells
contribute to the generation of cardiomyocytes through cell fusion." FASEB J
20(7): 950-952.
Ivanova, N.B., Dimos, J.T., Schaniel, C., Hackney, J.A., Moore, K.A.,
Lemischka, I.R. (2002). "A stem cell molecular signature." Science 298(5593):
601-604.
Iwasaki, H., Kawamoto, A., Ishikawa, M., Oyamada, A., Nakamori, S.,
Nishimura, H., Sadamoto, K., Horii, M., Matsumoto, T., Murasawa, S.,
Shibata, T., Suehiro, S., Asahara, T. (2006). "Dose-dependent contribution of
CD34-positive cell transplantation to concurrent vasculogenesis and

195

cardiomyogenesis for functional regenerative
infarction." Circulation 113(10): 1311-1325.

recovery

after

myocardial

Jackson, K.A., Majka, S.M., Wang, H., Pocius, J., Hartley, C.J., Majesky,
M.W., Entman, M.L., Michael, L.H., Hirschi, K.K., Goodell, M.A. (2001).
"Regeneration of ischemic cardiac muscle and vascular endothelium by adult stem
cells." J Clin Invest 107(11): 1395-1402.
Jain, M., DerSimonian, H., Brenner, D.A., Ngoy, S., Teller, P., Edge, A.S.,
Zawadzka, A., Wetzel, K., Sawyer, D.B., Colucci, W.S., Apstein, C.S., Liao, R.
(2001). "Cell therapy attenuates deleterious ventricular remodeling and improves
cardiac performance after myocardial infarction." Circulation 103(14): 1920-1927.
Janssens, S., Dubois, C., Bogaert, J., Theunissen, K., Deroose, C., Desmet, W.,
Kalantzi, M., Herbots, L., Sinnaeve, P., Dens, J., Maertens, J., Rademakers,
F., Dymarkowski, S., Gheysens, O., Van Cleemput, J., Bormans, G., Nuyts, J.,
Belmans, A., Mortelmans, L., Boogaerts, M., Van de Werf, F. (2006).
"Autologous bone marrow-derived stem-cell transfer in patients with ST-segment
elevation myocardial infarction: double-blind, randomised controlled trial." Lancet
367(9505): 113-121.
Jaswal, J.S., Gandhi, M., Finegan, B.A., Dyck, J.R., Clanachan, A.S. (2007).
"Inhibition of p38 MAPK and AMPK restores adenosine-induced cardioprotection
in hearts stressed by antecedent ischemia by altering glucose utilization." American
journal of physiology. Heart and circulatory physiology 293(2): H1107-1114.
Jenkins, D.P., Pugsley, W.B., Alkhulaifi, A.M., Kemp, M., Hooper, J., Yellon,
D.M. (1997). "Ischaemic preconditioning reduces troponin T release in patients
undergoing coronary artery bypass surgery." Heart 77(4): 314-318.
Jennings, R.B., Sommers, H.M., Smyth, G.A., Flack, H.A., Linn, H. (1960).
"Myocardial necrosis induced by temporary occlusion of a coronary artery in the
dog." Arch Pathol 70: 68-78.
Jennings, R.B., Steenbergen, C., Jr., Reimer, K.A. (1995). "Myocardial
ischemia and reperfusion." Monogr Pathol 37: 47-80.
Jiang, Y., Jahagirdar, B.N., Reinhardt, R.L., Schwartz, R.E., Keene, C.D.,
Ortiz-Gonzalez, X.R., Reyes, M., Lenvik, T., Lund, T., Blackstad, M., Du, J.,
Aldrich, S., Lisberg, A., Low, W.C., Largaespada, D.A., Verfaillie, C.M.
(2002). "Pluripotency of mesenchymal stem cells derived from adult marrow."
Nature 418(6893): 41-49.

196

Jugdutt, B.I. (2003). "Ventricular remodeling after infarction and the extracellular
collagen matrix: when is enough enough?" Circulation 108(11): 1395-1403.
Juhaszova, M., Zorov, D.B., Kim, S.H., Pepe, S., Fu, Q., Fishbein, K.W.,
Ziman, B.D., Wang, S., Ytrehus, K., Antos, C.L., Olson, E.N., Sollott, S.J.
(2004). "Glycogen synthase kinase-3beta mediates convergence of protection
signaling to inhibit the mitochondrial permeability transition pore." J Clin Invest
113(11): 1535-1549.
Kaiser, R.A., Bueno, O.F., Lips, D.J., Doevendans, P.A., Jones, F., Kimball,
T.F., Molkentin, J.D. (2004). "Targeted inhibition of p38 mitogen-activated
protein kinase antagonizes cardiac injury and cell death following ischemiareperfusion in vivo." The Journal of biological chemistry 279(15): 15524-15530.
Kajstura, J., Cheng, W., Reiss, K., Clark, W.A., Sonnenblick, E.H.,
Krajewski, S., Reed, J.C., Olivetti, G., Anversa, P. (1996). "Apoptotic and
necrotic myocyte cell deaths are independent contributing variables of infarct size
in rats." Lab Invest 74(1): 86-107.
Kamihata, H., Matsubara, H., Nishiue, T., Fujiyama, S., Tsutsumi, Y., Ozono,
R., Masaki, H., Mori, Y., Iba, O., Tateishi, E., Kosaki, A., Shintani, S.,
Murohara, T., Imaizumi, T., Iwasaka, T. (2001). "Implantation of bone marrow
mononuclear cells into ischemic myocardium enhances collateral perfusion and
regional function via side supply of angioblasts, angiogenic ligands, and
cytokines." Circulation 104(9): 1046-1052.
Kang, H.J., Kim, H.S., Zhang, S.Y., Park, K.W., Cho, H.J., Koo, B.K., Kim,
Y.J., Soo Lee, D., Sohn, D.W., Han, K.S., Oh, B.H., Lee, M.M., Park, Y.B.
(2004). "Effects of intracoronary infusion of peripheral blood stem-cells mobilised
with granulocyte-colony stimulating factor on left ventricular systolic function and
restenosis after coronary stenting in myocardial infarction: the MAGIC cell
randomised clinical trial." Lancet 363(9411): 751-756.
Karmazyn, M., Gan, X.T., Humphreys, R.A., Yoshida, H., Kusumoto, K.
(1999). "The myocardial Na(+)-H(+) exchange: structure, regulation, and its role in
heart disease." Circ Res 85(9): 777-786.
Kawada, H., Fujita, J., Kinjo, K., Matsuzaki, Y., Tsuma, M., Miyatake, H.,
Muguruma, Y., Tsuboi, K., Itabashi, Y., Ikeda, Y., Ogawa, S., Okano, H.,
Hotta, T., Ando, K., Fukuda, K. (2004). "Nonhematopoietic mesenchymal stem
cells can be mobilized and differentiate into cardiomyocytes after myocardial
infarction." Blood 104(12): 3581-3587.

197

Kawamoto, A., Gwon, H.C., Iwaguro, H., Yamaguchi, J.I., Uchida, S.,
Masuda, H., Silver, M., Ma, H., Kearney, M., Isner, J.M., Asahara, T. (2001).
"Therapeutic potential of ex vivo expanded endothelial progenitor cells for
myocardial ischemia." Circulation 103(5): 634-637.
Kehat, I., Kenyagin-Karsenti, D., Snir, M., Segev, H., Amit, M., Gepstein, A.,
Livne, E., Binah, O., Itskovitz-Eldor, J., Gepstein, L. (2001). "Human
embryonic stem cells can differentiate into myocytes with structural and functional
properties of cardiomyocytes." J Clin Invest 108(3): 407-414.
Khaled, A.R., Moor, A.N., Li, A., Kim, K., Ferris, D.K., Muegge, K., Fisher,
R.J., Fliegel, L., Durum, S.K. (2001). "Trophic factor withdrawal: p38 mitogenactivated protein kinase activates NHE1, which induces intracellular
alkalinization." Mol Cell Biol 21(22): 7545-7557.
Kim, S.J., Kudej, R.K., Yatani, A., Kim, Y.K., Takagi, G., Honda, R.,
Colantonio, D.A., Van Eyk, J.E., Vatner, D.E., Rasmusson, R.L., Vatner, S.F.
(2001). "A novel mechanism for myocardial stunning involving impaired Ca(2+)
handling." Circ Res 89(9): 831-837.
Kinnaird, T., Stabile, E., Burnett, M.S., Shou, M., Lee, C.W., Barr, S., Fuchs,
S., Epstein, S.E. (2004). "Local delivery of marrow-derived stromal cells
augments collateral perfusion through paracrine mechanisms." Circulation 109(12):
1543-1549.
Klocke, F.J. (1976). "Coronary blood flow in man." Progress in cardiovascular
diseases 19(2): 117-166.
Kobayashi, T., Hamano, K., Li, T.S., Katoh, T., Kobayashi, S., Matsuzaki, M.,
Esato, K. (2000). "Enhancement of angiogenesis by the implantation of self bone
marrow cells in a rat ischemic heart model." The Journal of surgical research 89(2):
189-195.
Kocher, A.A., Schuster, M.D., Szabolcs, M.J., Takuma, S., Burkhoff, D.,
Wang, J., Homma, S., Edwards, N.M., Itescu, S. (2001). "Neovascularization of
ischemic myocardium by human bone-marrow-derived angioblasts prevents
cardiomyocyte apoptosis, reduces remodeling and improves cardiac function." Nat
Med 7(4): 430-436.
Kokoszka, J.E., Waymire, K.G., Levy, S.E., Sligh, J.E., Cai, J., Jones, D.P.,
MacGregor, G.R., Wallace, D.C. (2004). "The ADP/ATP translocator is not
essential for the mitochondrial permeability transition pore." Nature 427(6973):
461-465.

198

Kollet, O., Shivtiel, S., Chen, Y.Q., Suriawinata, J., Thung, S.N., Dabeva,
M.D., Kahn, J., Spiegel, A., Dar, A., Samira, S., Goichberg, P., Kalinkovich,
A., Arenzana-Seisdedos, F., Nagler, A., Hardan, I., Revel, M., Shafritz, D.A.,
Lapidot, T. (2003). "HGF, SDF-1, and MMP-9 are involved in stress-induced
human CD34+ stem cell recruitment to the liver." J Clin Invest 112(2): 160-169.
Korbling, M., Estrov, Z. (2003). "Adult stem cells for tissue repair - a new
therapeutic concept?" The New England journal of medicine 349(6): 570-582.
Kumar, D., Menon, V., Ford, W.R., Clanachan, A.S., Jugdutt, B.I. (2004).
"Effect of angiotensin II type 2 receptor blockade on mitogen activated protein
kinases during myocardial ischemia-reperfusion." Mol Cell Biochem 258(1-2):
211-218.
Laflamme, M.A., Murry, C.E. (2005). "Regenerating the heart." Nat Biotechnol
23(7): 845-856.
Lapidot, T., Petit, I. (2002). "Current understanding of stem cell mobilization: the
roles of chemokines, proteolytic enzymes, adhesion molecules, cytokines, and
stromal cells." Exp Hematol 30(9): 973-981.
Le Blanc, K., Frassoni, F., Ball, L., Locatelli, F., Roelofs, H., Lewis, I., Lanino,
E., Sundberg, B., Bernardo, M.E., Remberger, M., Dini, G., Egeler, R.M.,
Bacigalupo, A., Fibbe, W., Ringden, O. (2008). "Mesenchymal stem cells for
treatment of steroid-resistant, severe, acute graft-versus-host disease: a phase II
study." Lancet 371(9624): 1579-1586.
Lebkowski, J.S., Gold, J., Xu, C., Funk, W., Chiu, C.P., Carpenter, M.K.
(2001). "Human embryonic stem cells: culture, differentiation, and genetic
modification for regenerative medicine applications." Cancer J 7 Suppl 2: S83-93.
Leist, M., Single, B., Castoldi, A.F., Kuhnle, S., Nicotera, P. (1997).
"Intracellular adenosine triphosphate (ATP) concentration: a switch in the decision
between apoptosis and necrosis." J Exp Med 185(8): 1481-1486.
Leobon, B., Garcin, I., Menasche, P., Vilquin, J.T., Audinat, E., Charpak, S.
(2003). "Myoblasts transplanted into rat infarcted myocardium are functionally
isolated from their host." Proc Natl Acad Sci U S A 100(13): 7808-7811.
Leung, A.W., Halestrap, A.P. (2008a). "Recent progress in elucidating the
molecular mechanism of the mitochondrial permeability transition pore."
Biochimica et biophysica acta 1777(7-8): 946-952.

199

Leung, A.W., Varanyuwatana, P., Halestrap, A.P. (2008b). "The mitochondrial
phosphate carrier interacts with cyclophilin D and may play a key role in the
permeability transition." The Journal of biological chemistry 283(39): 2631226323.
Levenberg, S., Golub, J.S., Amit, M., Itskovitz-Eldor, J., Langer, R. (2002).
"Endothelial cells derived from human embryonic stem cells." Proc Natl Acad Sci
U S A 99(7): 4391-4396.
Lew, W.Y. (2004). "Mobilizing cells to the injured myocardium: a novel rescue
strategy or an unwelcome intrusion?" J Am Coll Cardiol 44(7): 1521-1522.
Liang, Z., Wu, T., Lou, H., Yu, X., Taichman, R.S., Lau, S.K., Nie, S.,
Umbreit, J., Shim, H. (2004). "Inhibition of breast cancer metastasis by selective
synthetic polypeptide against CXCR4." Cancer Res 64(12): 4302-4308.
Liu, Y., Downey, J.M. (1992a). "Ischemic preconditioning protects against
infarction in rat heart." The American journal of physiology 263(4 Pt 2): H11071112.
Liu, Y., Downey, J.M. (1992b). "Ischemic preconditioning protects against
infarction in rat heart." Am J Physiol 263(4 Pt 2): H1107-1112.
Lloyd-Jones, D., Adams, R.J., Brown, T.M., Carnethon, M., Dai, S., De
Simone, G., Ferguson, T.B., Ford, E., Furie, K., Gillespie, C., Go, A.,
Greenlund, K., Haase, N., Hailpern, S., Ho, P.M., Howard, V., Kissela, B.,
Kittner, S., Lackland, D., Lisabeth, L., Marelli, A., McDermott, M.M., Meigs,
J., Mozaffarian, D., Mussolino, M., Nichol, G., Roger, V.L., Rosamond, W.,
Sacco, R., Sorlie, P., Thom, T., Wasserthiel-Smoller, S., Wong, N.D., WylieRosett, J. (2010). "Heart disease and stroke statistics--2010 update: a report from
the American Heart Association." Circulation 121(7): e46-e215.
Lopez, M.F., Melov, S. (2002). "Applied proteomics: mitochondrial proteins and
effect on function." Circ Res 90(4): 380-389.
Loscalzo, J. (2003). "Proteomics in cardiovascular biology and medicine."
Circulation 108(4): 380-383.
Lunde, K., Solheim, S., Aakhus, S., Arnesen, H., Abdelnoor, M., Egeland, T.,
Endresen, K., Ilebekk, A., Mangschau, A., Fjeld, J.G., Smith, H.J.,
Taraldsrud, E., Grogaard, H.K., Bjornerheim, R., Brekke, M., Muller, C.,
Hopp, E., Ragnarsson, A., Brinchmann, J.E., Forfang, K. (2006).

200

"Intracoronary injection of mononuclear bone marrow cells in acute myocardial
infarction." The New England journal of medicine 355(12): 1199-1209.
Makino, S., Fukuda, K., Miyoshi, S., Konishi, F., Kodama, H., Pan, J., Sano,
M., Takahashi, T., Hori, S., Abe, H., Hata, J., Umezawa, A., Ogawa, S. (1999).
"Cardiomyocytes can be generated from marrow stromal cells in vitro." J Clin
Invest 103(5): 697-705.
Matsunaga, T., Warltier, D.C., Weihrauch, D.W., Moniz, M., Tessmer, J.,
Chilian, W.M. (2000). "Ischemia-induced coronary collateral growth is dependent
on vascular endothelial growth factor and nitric oxide." Circulation 102(25): 30983103.
McDonough, J.L., Arrell, D.K., Van Eyk, J.E. (1999). "Troponin I degradation
and covalent complex formation accompanies myocardial ischemia/reperfusion
injury." Circ Res 84(1): 9-20.
McGregor, E., Dunn, M.J. (2003). "Proteomics of heart disease." Hum Mol
Genet 12 Spec No 2: R135-144.
Meisel, R., Zibert, A., Laryea, M., Gobel, U., Daubener, W., Dilloo, D. (2004).
"Human bone marrow stromal cells inhibit allogeneic T-cell responses by
indoleamine 2,3-dioxygenase-mediated tryptophan degradation." Blood 103(12):
4619-4621.
Meissner, A., Morgan, J.P. (1995). "Contractile dysfunction and abnormal Ca2+
modulation during postischemic reperfusion in rat heart." The American journal of
physiology 268(1 Pt 2): H100-111.
Meldrum, D.R., Dinarello, C.A., Cleveland, J.C., Jr., Cain, B.S., Shames, B.D.,
Meng, X., Harken, A.H. (1998). "Hydrogen peroxide induces tumor necrosis
factor alpha-mediated cardiac injury by a P38 mitogen-activated protein kinasedependent mechanism." Surgery 124(2): 291-296; discussion 297.
Meldrum, D.R., Shenkar, R., Sheridan, B.C., Cain, B.S., Abraham, E.,
Harken, A.H. (1997). "Hemorrhage activates myocardial NFkappaB and increases
TNF-alpha in the heart." J Mol Cell Cardiol 29(10): 2849-2854.
Melrose, D.G., Dreyer, B., Bentall, H.H., Baker, J.B. (1955). "Elective cardiac
arrest." Lancet 269(6879): 21-22.

201

Mendez-Ferrer, S., Lucas, D., Battista, M., Frenette, P.S. (2008).
"Haematopoietic stem cell release is regulated by circadian oscillations." Nature
452(7186): 442-447.
Meyer, G.P., Wollert, K.C., Lotz, J., Steffens, J., Lippolt, P., Fichtner, S.,
Hecker, H., Schaefer, A., Arseniev, L., Hertenstein, B., Ganser, A., Drexler, H.
(2006). "Intracoronary bone marrow cell transfer after myocardial infarction:
eighteen months' follow-up data from the randomized, controlled BOOST (BOne
marrOw transfer to enhance ST-elevation infarct regeneration) trial." Circulation
113(10): 1287-1294.
Min, J.Y., Yang, Y., Converso, K.L., Liu, L., Huang, Q., Morgan, J.P., Xiao,
Y.F. (2002). "Transplantation of embryonic stem cells improves cardiac function in
postinfarcted rats." Journal of applied physiology 92(1): 288-296.
Mitra, R., Morad, M. (1985). "A uniform enzymatic method for dissociation of
myocytes from hearts and stomachs of vertebrates." The American journal of
physiology 249(5 Pt 2): H1056-1060.
Mocanu, M.M., Baxter, G.F., Yellon, D.M. (2000). "Caspase inhibition and
limitation of myocardial infarct size: protection against lethal reperfusion injury."
British journal of pharmacology 130(2): 197-200.
Montesano Gesualdi, N., Chirico, G., Pirozzi, G., Costantino, E., Landriscina,
M., Esposito, F. (2007). "Tumor necrosis factor-associated protein 1 (TRAP-1)
protects cells from oxidative stress and apoptosis." Stress 10(4): 342-350.
Morrison, L.E., Hoover, H.E., Thuerauf, D.J., Glembotski, C.C. (2003).
"Mimicking phosphorylation of alphaB-crystallin on serine-59 is necessary and
sufficient to provide maximal protection of cardiac myocytes from apoptosis." Circ
Res 92(2): 203-211.
Mueller, M., Herzog, C., Larmann, J., Schmitz, M., Hilfiker-Kleiner, D.,
Gessner, J.E., Theilmeier, G. (2013). "The receptor for activated complement
factor 5 (C5aR) conveys myocardial ischemic damage by mediating neutrophil
transmigration." Immunobiology 218(9): 1131-1138.
Muller-Ehmsen, J., Krausgrill, B., Burst, V., Schenk, K., Neisen, U.C., Fries,
J.W., Fleischmann, B.K., Hescheler, J., Schwinger, R.H. (2006). "Effective
engraftment but poor mid-term persistence of mononuclear and mesenchymal bone
marrow cells in acute and chronic rat myocardial infarction." J Mol Cell Cardiol
41(5): 876-884.

202

Murad-Netto, S., Moura, R., Romeo, L.J., Manoel Neto, A., Duarte, N.,
Barreto, F., Jensen, A., Vina, R.F., Vraslovik, F., Oberdan, A., Benetti, F.,
Saslavsky, J., Vina, M.F., Amino, J.G. (2004). "Stem cell therapy with retrograde
coronary perfusion in acute myocardial infarction. A new technique." Arq Bras
Cardiol 83(4): 352-354; 349-351.
Murohara, T., Ikeda, H., Duan, J., Shintani, S., Sasaki, K., Eguchi, H.,
Onitsuka, I., Matsui, K., Imaizumi, T. (2000). "Transplanted cord blood-derived
endothelial precursor cells augment postnatal neovascularization." J Clin Invest
105(11): 1527-1536.
Murphy, E., Steenbergen, C. (2008). "Ion transport and energetics during cell
death and protection." Physiology 23: 115-123.
Murry, C.E., Jennings, R.B., Reimer, K.A. (1986). "Preconditioning with
ischemia: a delay of lethal cell injury in ischemic myocardium." Circulation 74(5):
1124-1136.
Murry, C.E., Soonpaa, M.H., Reinecke, H., Nakajima, H., Nakajima, H.O.,
Rubart, M., Pasumarthi, K.B., Virag, J.I., Bartelmez, S.H., Poppa, V.,
Bradford, G., Dowell, J.D., Williams, D.A., Field, L.J. (2004). "Haematopoietic
stem cells do not transdifferentiate into cardiac myocytes in myocardial infarcts."
Nature 428(6983): 664-668.
Nachlas, M.M., Shnitka, T.K. (1963). "Macroscopic identification of early
myocardial infarcts by alterations in dehydrogenase activity." The American
journal of pathology 42: 379-405.
Nadal-Ginard, B., Kajstura, J., Leri, A., Anversa, P. (2003). "Myocyte death,
growth, and regeneration in cardiac hypertrophy and failure." Circ Res 92(2): 139150.
Naghavi, M., Libby, P., Falk, E., Casscells, S.W., Litovsky, S., Rumberger, J.,
Badimon, J.J., Stefanadis, C., Moreno, P., Pasterkamp, G., Fayad, Z., Stone,
P.H., Waxman, S., Raggi, P., Madjid, M., Zarrabi, A., Burke, A., Yuan, C.,
Fitzgerald, P.J., Siscovick, D.S., de Korte, C.L., Aikawa, M., Airaksinen, K.E.,
Assmann, G., Becker, C.R., Chesebro, J.H., Farb, A., Galis, Z.S., Jackson, C.,
Jang, I.K., Koenig, W., Lodder, R.A., March, K., Demirovic, J., Navab, M.,
Priori, S.G., Rekhter, M.D., Bahr, R., Grundy, S.M., Mehran, R., Colombo,
A., Boerwinkle, E., Ballantyne, C., Insull, W., Jr., Schwartz, R.S., Vogel, R.,
Serruys, P.W., Hansson, G.K., Faxon, D.P., Kaul, S., Drexler, H., Greenland,
P., Muller, J.E., Virmani, R., Ridker, P.M., Zipes, D.P., Shah, P.K., Willerson,
J.T. (2003). "From vulnerable plaque to vulnerable patient: a call for new
definitions and risk assessment strategies: Part II." Circulation 108(15): 1772-1778.

203

Nagy, N., Malik, G., Fisher, A.B., Das, D.K. (2006). "Targeted disruption of
peroxiredoxin 6 gene renders the heart vulnerable to ischemia-reperfusion injury."
American journal of physiology. Heart and circulatory physiology 291(6): H26362640.
Nie, Y., Han, Y.C., Zou, Y.R. (2008). "CXCR4 is required for the quiescence of
primitive hematopoietic cells." J Exp Med 205(4): 777-783.
Nygren, J.M., Jovinge, S., Breitbach, M., Sawen, P., Roll, W., Hescheler, J.,
Taneera, J., Fleischmann, B.K., Jacobsen, S.E. (2004). "Bone marrow-derived
hematopoietic cells generate cardiomyocytes at a low frequency through cell
fusion, but not transdifferentiation." Nat Med 10(5): 494-501.
Oh, H., Bradfute, S.B., Gallardo, T.D., Nakamura, T., Gaussin, V., Mishina,
Y., Pocius, J., Michael, L.H., Behringer, R.R., Garry, D.J., Entman, M.L.,
Schneider, M.D. (2003). "Cardiac progenitor cells from adult myocardium:
homing, differentiation, and fusion after infarction." Proc Natl Acad Sci U S A
100(21): 12313-12318.
Ohno, M., Takemura, G., Ohno, A., Misao, J., Hayakawa, Y., Minatoguchi, S.,
Fujiwara, T., Fujiwara, H. (1998). ""Apoptotic" myocytes in infarct area in rabbit
hearts may be oncotic myocytes with DNA fragmentation: analysis by immunogold
electron microscopy combined with In situ nick end-labeling." Circulation 98(14):
1422-1430.
Oliver, M.F., Opie, L.H. (1994). "Effects of glucose and fatty acids on myocardial
ischaemia and arrhythmias." Lancet 343(8890): 155-158.
Opie, L.H., Sack, M.N. (2002). "Metabolic plasticity and the promotion of cardiac
protection in ischemia and ischemic preconditioning." J Mol Cell Cardiol 34(9):
1077-1089.
Orlic, D., Kajstura, J., Chimenti, S., Jakoniuk, I., Anderson, S.M., Li, B.,
Pickel, J., McKay, R., Nadal-Ginard, B., Bodine, D.M., Leri, A., Anversa, P.
(2001). "Bone marrow cells regenerate infarcted myocardium." Nature 410(6829):
701-705.
Oto, T., Calderone, A., Li, Z., Rosenfeldt, F.L., Pepe, S. (2009). "p38 Mitogenactivated protein kinase inhibition reduces inflammatory cytokines in a brain-dead
transplant donor animal model." Heart Lung Circ 18(6): 393-400.

204

Page, D.L., Caulfield, J.B., Kastor, J.A., DeSanctis, R.W., Sanders, C.A.
(1971). "Myocardial changes associated with cardiogenic shock." N Engl J Med
285(3): 133-137.
Paradies, G., Petrosillo, G., Pistolese, M., Di Venosa, N., Federici, A.,
Ruggiero, F.M. (2004). "Decrease in mitochondrial complex I activity in
ischemic/reperfused rat heart: involvement of reactive oxygen species and
cardiolipin." Circ Res 94(1): 53-59.
Paradies, G., Petrosillo, G., Pistolese, M., Di Venosa, N., Serena, D., Ruggiero,
F.M. (1999). "Lipid peroxidation and alterations to oxidative metabolism in
mitochondria isolated from rat heart subjected to ischemia and reperfusion." Free
radical biology & medicine 27(1-2): 42-50.
Park, J.L., Lucchesi, B.R. (1999). "Mechanisms of myocardial reperfusion
injury." The Annals of thoracic surgery 68(5): 1905-1912.
Pedersen, S.F. (2006). "The Na+/H+ exchanger NHE1 in stress-induced signal
transduction: implications for cell proliferation and cell death." Pflugers Archiv :
European journal of physiology 452(3): 249-259.
Peled, A., Petit, I., Kollet, O., Magid, M., Ponomaryov, T., Byk, T., Nagler, A.,
Ben-Hur, H., Many, A., Shultz, L., Lider, O., Alon, R., Zipori, D., Lapidot, T.
(1999). "Dependence of human stem cell engraftment and repopulation of
NOD/SCID mice on CXCR4." Science 283(5403): 845-848.
Perin, E.C., Dohmann, H.F., Borojevic, R., Silva, S.A., Sousa, A.L., Mesquita,
C.T., Rossi, M.I., Carvalho, A.C., Dutra, H.S., Dohmann, H.J., Silva, G.V.,
Belem, L., Vivacqua, R., Rangel, F.O., Esporcatte, R., Geng, Y.J., Vaughn,
W.K., Assad, J.A., Mesquita, E.T., Willerson, J.T. (2003). "Transendocardial,
autologous bone marrow cell transplantation for severe, chronic ischemic heart
failure." Circulation 107(18): 2294-2302.
Petit, I., Szyper-Kravitz, M., Nagler, A., Lahav, M., Peled, A., Habler, L.,
Ponomaryov, T., Taichman, R.S., Arenzana-Seisdedos, F., Fujii, N.,
Sandbank, J., Zipori, D., Lapidot, T. (2002). "G-CSF induces stem cell
mobilization by decreasing bone marrow SDF-1 and up-regulating CXCR4." Nat
Immunol 3(7): 687-694.
Ping, P., Zhang, J., Zheng, Y.T., Li, R.C., Dawn, B., Tang, X.L., Takano, H.,
Balafanova, Z., Bolli, R. (1999). "Demonstration of selective protein kinase Cdependent activation of Src and Lck tyrosine kinases during ischemic
preconditioning in conscious rabbits." Circ Res 85(6): 542-550.

205

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R., Mosca,
J.D., Moorman, M.A., Simonetti, D.W., Craig, S., Marshak, D.R. (1999).
"Multilineage potential of adult human mesenchymal stem cells." Science
284(5411): 143-147.
Ponomaryov, T., Peled, A., Petit, I., Taichman, R.S., Habler, L., Sandbank, J.,
Arenzana-Seisdedos, F., Magerus, A., Caruz, A., Fujii, N., Nagler, A., Lahav,
M., Szyper-Kravitz, M., Zipori, D., Lapidot, T. (2000). "Induction of the
chemokine stromal-derived factor-1 following DNA damage improves human stem
cell function." J Clin Invest 106(11): 1331-1339.
Prockop, D.J. (1997). "Marrow stromal cells as stem cells for nonhematopoietic
tissues." Science 276(5309): 71-74.
Quaini, F., Urbanek, K., Beltrami, A.P., Finato, N., Beltrami, C.A., NadalGinard, B., Kajstura, J., Leri, A., Anversa, P. (2002). "Chimerism of the
transplanted heart." The New England journal of medicine 346(1): 5-15.
Ramalho-Santos, M., Yoon, S., Matsuzaki, Y., Mulligan, R.C., Melton, D.A.
(2002). ""Stemness": transcriptional profiling of embryonic and adult stem cells."
Science 298(5593): 597-600.
Reimer, K.A., Lowe, J.E., Rasmussen, M.M., Jennings, R.B. (1977). "The
wavefront phenomenon of ischemic cell death. 1. Myocardial infarct size vs
duration of coronary occlusion in dogs." Circulation 56(5): 786-794.
Reinecke, H., Poppa, V., Murry, C.E. (2002). "Skeletal muscle stem cells do not
transdifferentiate into cardiomyocytes after cardiac grafting." J Mol Cell Cardiol
34(2): 241-249.
Richard, V., Murry, C.E., Reimer, K.A. (1995). "Healing of myocardial infarcts
in dogs. Effects of late reperfusion." Circulation 92(7): 1891-1901.
Roberts, R., DeMello, V., Sobel, B.E. (1976). "Deleterious effects of
methylprednisolone in patients with myocardial infarction." Circulation 53(3
Suppl): I204-206.
Rosamond, W., Flegal, K., Friday, G., Furie, K., Go, A., Greenlund, K., Haase,
N., Ho, M., Howard, V., Kissela, B., Kittner, S., Lloyd-Jones, D., McDermott,
M., Meigs, J., Moy, C., Nichol, G., O'Donnell, C.J., Roger, V., Rumsfeld, J.,
Sorlie, P., Steinberger, J., Thom, T., Wasserthiel-Smoller, S., Hong, Y. (2007).
"Heart disease and stroke statistics--2007 update: a report from the American Heart

206

Association Statistics Committee and Stroke Statistics Subcommittee." Circulation
115(5): e69-171.
Rouslin, W., Broge, C.W., Grupp, I.L. (1990). "ATP depletion and mitochondrial
functional loss during ischemia in slow and fast heart-rate hearts." The American
journal of physiology 259(6 Pt 2): H1759-1766.
Sabri, A., Byron, K.L., Samarel, A.M., Bell, J., Lucchesi, P.A. (1998).
"Hydrogen peroxide activates mitogen-activated protein kinases and Na+-H+
exchange in neonatal rat cardiac myocytes." Circ Res 82(10): 1053-1062.
Salem, J.E., Saidel, G.M., Stanley, W.C., Cabrera, M.E. (2002). "Mechanistic
model of myocardial energy metabolism under normal and ischemic conditions."
Annals of biomedical engineering 30(2): 202-216.
Sarbassov, D.D., Guertin, D.A., Ali, S.M., Sabatini, D.M. (2005).
"Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex."
Science 307(5712): 1098-1101.
Sarmento-Leite, R., Silva, G.V., Dohman, H.F., Rocha, R.M., Dohman, H.J.,
de Mattos, N.D., Carvalho, L.A., Gottechall, C.A., Perin, E.C. (2003).
"Comparison of left ventricular electromechanical mapping and left ventricular
angiography: defining practical standards for analysis of NOGA maps." Tex Heart
Inst J 30(1): 19-26.
Scarabelli, T.M., Knight, R.A., Rayment, N.B., Cooper, T.J., Stephanou, A.,
Brar, B.K., Lawrence, K.M., Santilli, G., Latchman, D.S., Baxter, G.F., Yellon,
D.M. (1999). "Quantitative assessment of cardiac myocyte apoptosis in tissue
sections using the fluorescence-based tunel technique enhanced with
counterstains." J Immunol Methods 228(1-2): 23-28.
Schachinger, V., Erbs, S., Elsasser, A., Haberbosch, W., Hambrecht, R.,
Holschermann, H., Yu, J., Corti, R., Mathey, D.G., Hamm, C.W., Suselbeck,
T., Assmus, B., Tonn, T., Dimmeler, S., Zeiher, A.M. (2006). "Intracoronary
bone marrow-derived progenitor cells in acute myocardial infarction." The New
England journal of medicine 355(12): 1210-1221.
Schaper, J., Meiser, E., Stammler, G. (1985). "Ultrastructural morphometric
analysis of myocardium from dogs, rats, hamsters, mice, and from human hearts."
Circulation research 56(3): 377-391.

207

Schott, R.J., Rohmann, S., Braun, E.R., Schaper, W. (1990). "Ischemic
preconditioning reduces infarct size in swine myocardium." Circ Res 66(4): 11331142.
Schultz, J.E., Hsu, A.K., Barbieri, J.T., Li, P.L., Gross, G.J. (1998). "Pertussis
toxin abolishes the cardioprotective effect of ischemic preconditioning in intact rat
heart." The American journal of physiology 275(2 Pt 2): H495-500.
Shattock, M.J. (1997). "Myocardial stunning: do we know the mechanism?" Basic
Res Cardiol 92 Suppl 2: 18-22.
Shen, A.C., Jennings, R.B. (1972). "Kinetics of calcium accumulation in acute
myocardial ischemic injury." The American journal of pathology 67(3): 441-452.
Shi, Q., Rafii, S., Wu, M.H., Wijelath, E.S., Yu, C., Ishida, A., Fujita, Y.,
Kothari, S., Mohle, R., Sauvage, L.R., Moore, M.A., Storb, R.F., Hammond,
W.P. (1998). "Evidence for circulating bone marrow-derived endothelial cells."
Blood 92(2): 362-367.
Shimizu, S., Narita, M., Tsujimoto, Y. (1999). "Bcl-2 family proteins regulate the
release of apoptogenic cytochrome c by the mitochondrial channel VDAC." Nature
399(6735): 483-487.
Shintani, S., Murohara, T., Ikeda, H., Ueno, T., Honma, T., Katoh, A., Sasaki,
K., Shimada, T., Oike, Y., Imaizumi, T. (2001). "Mobilization of endothelial
progenitor cells in patients with acute myocardial infarction." Circulation 103(23):
2776-2779.
Shivtiel, S., Kollet, O., Lapid, K., Schajnovitz, A., Goichberg, P., Kalinkovich,
A., Shezen, E., Tesio, M., Netzer, N., Petit, I., Sharir, A., Lapidot, T. (2008).
"CD45 regulates retention, motility, and numbers of hematopoietic progenitors,
and affects osteoclast remodeling of metaphyseal trabecules." J Exp Med 205(10):
2381-2395.
Silva, G.V., Litovsky, S., Assad, J.A., Sousa, A.L., Martin, B.J., Vela, D.,
Coulter, S.C., Lin, J., Ober, J., Vaughn, W.K., Branco, R.V., Oliveira, E.M.,
He, R., Geng, Y.J., Willerson, J.T., Perin, E.C. (2005). "Mesenchymal stem cells
differentiate into an endothelial phenotype, enhance vascular density, and improve
heart function in a canine chronic ischemia model." Circulation 111(2): 150-156.
Smith, C.W., Marlin, S.D., Rothlein, R., Toman, C., Anderson, D.C. (1989).
"Cooperative interactions of LFA-1 and Mac-1 with intercellular adhesion

208

molecule-1 in facilitating adherence and transendothelial migration of human
neutrophils in vitro." J Clin Invest 83(6): 2008-2017.
Smith, C.W., Rothlein, R., Hughes, B.J., Mariscalco, M.M., Rudloff, H.E.,
Schmalstieg, F.C., Anderson, D.C. (1988). "Recognition of an endothelial
determinant for CD 18-dependent human neutrophil adherence and transendothelial
migration." J Clin Invest 82(5): 1746-1756.
Snabaitis, A.K., Hearse, D.J., Avkiran, M. (2002). "Regulation of sarcolemmal
Na(+)/H(+) exchange by hydrogen peroxide in adult rat ventricular myocytes."
Cardiovasc Res 53(2): 470-480.
Sobel, B.E., Bresnahan, G.F., Shell, W.E., Yoder, R.D. (1972). "Estimation of
infarct size in man and its relation to prognosis." Circulation 46(4): 640-648.
Spinale, F.G. (2002). "Matrix metalloproteinases: regulation and dysregulation in
the failing heart." Circ Res 90(5): 520-530.
Stamm, C., Westphal, B., Kleine, H.D., Petzsch, M., Kittner, C., Klinge, H.,
Schumichen, C., Nienaber, C.A., Freund, M., Steinhoff, G. (2003). "Autologous
bone-marrow stem-cell transplantation for myocardial regeneration." Lancet
361(9351): 45-46.
Steenbergen, C. (2002). "The role of p38 mitogen-activated protein kinase in
myocardial ischemia/reperfusion injury; relationship to ischemic preconditioning."
Basic Res Cardiol 97(4): 276-285.
Stephens, N.G., Parsons, A., Schofield, P.M., Kelly, F., Cheeseman, K.,
Mitchinson, M.J. (1996). "Randomised controlled trial of vitamin E in patients
with coronary disease: Cambridge Heart Antioxidant Study (CHAOS)." Lancet
347(9004): 781-786.
Stirling, M.C., McClanahan, T.B., Schott, R.J., Lynch, M.J., Bolling, S.F.,
Kirsh, M.M., Gallagher, K.P. (1989). "Distribution of cardioplegic solution
infused antegradely and retrogradely in normal canine hearts." The Journal of
thoracic and cardiovascular surgery 98(6): 1066-1076.
Sugiyama, T., Kohara, H., Noda, M., Nagasawa, T. (2006). "Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone
marrow stromal cell niches." Immunity 25(6): 977-988.

209

Suzuki, K., Brand, N.J., Smolenski, R.T., Jayakumar, J., Murtuza, B.,
Yacoub, M.H. (2000). "Development of a novel method for cell transplantation
through the coronary artery." Circulation 102(19 Suppl 3): III359-364.
Suzuki, K., Murtuza, B., Sammut, I.A., Latif, N., Jayakumar, J., Smolenski,
R.T., Kaneda, Y., Sawa, Y., Matsuda, H., Yacoub, M.H. (2002). "Heat shock
protein 72 enhances manganese superoxide dismutase activity during myocardial
ischemia-reperfusion injury, associated with mitochondrial protection and
apoptosis reduction." Circulation 106(12 Suppl 1): I270-276.
Sweeney, E.A., Lortat-Jacob, H., Priestley, G.V., Nakamoto, B.,
Papayannopoulou, T. (2002). "Sulfated polysaccharides increase plasma levels of
SDF-1 in monkeys and mice: involvement in mobilization of stem/progenitor
cells." Blood 99(1): 44-51.
Taimor, G., Lorenz, H., Hofstaetter, B., Schluter, K.D., Piper, H.M. (1999).
"Induction of necrosis but not apoptosis after anoxia and reoxygenation in isolated
adult cardiomyocytes of rat." Cardiovasc Res 41(1): 147-156.
Takahashi, M., Li, T.S., Suzuki, R., Kobayashi, T., Ito, H., Ikeda, Y.,
Matsuzaki, M., Hamano, K. (2006). "Cytokines produced by bone marrow cells
can contribute to functional improvement of the infarcted heart by protecting
cardiomyocytes from ischemic injury." American journal of physiology. Heart and
circulatory physiology 291(2): H886-893.
Takahashi, T., Lord, B., Schulze, P.C., Fryer, R.M., Sarang, S.S., Gullans,
S.R., Lee, R.T. (2003). "Ascorbic acid enhances differentiation of embryonic stem
cells into cardiac myocytes." Circulation 107(14): 1912-1916.
Tang, Y.L., Zhao, Q., Qin, X., Shen, L., Cheng, L., Ge, J., Phillips, M.I. (2005).
"Paracrine action enhances the effects of autologous mesenchymal stem cell
transplantation on vascular regeneration in rat model of myocardial infarction."
The Annals of thoracic surgery 80(1): 229-236; discussion 236-227.
Teoh, K.H., Christakis, G.T., Weisel, R.D., Fremes, S.E., Mickle, D.A.,
Romaschin, A.D., Harding, R.S., Ivanov, J., Madonik, M.M., Ross, I.M., et al.
(1986). "Accelerated myocardial metabolic recovery with terminal warm blood
cardioplegia." The Journal of thoracic and cardiovascular surgery 91(6): 888-895.
Thomas, S.A., Fallavollita, J.A., Lee, T.C., Feng, J., Canty, J.M., Jr. (1999).
"Absence of troponin I degradation or altered sarcoplasmic reticulum uptake
protein expression after reversible ischemia in swine." Circ Res 85(5): 446-456.

210

Thompson, C.A., Nasseri, B.A., Makower, J., Houser, S., McGarry, M.,
Lamson, T., Pomerantseva, I., Chang, J.Y., Gold, H.K., Vacanti, J.P.,
Oesterle, S.N. (2003). "Percutaneous transvenous cellular cardiomyoplasty. A
novel nonsurgical approach for myocardial cell transplantation." J Am Coll Cardiol
41(11): 1964-1971.
Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel,
J.J., Marshall, V.S., Jones, J.M. (1998a). "Embryonic stem cell lines derived
from human blastocysts." Science 282(5391): 1145-1147.
Thomson, J.A., Marshall, V.S. (1998b). "Primate embryonic stem cells." Curr
Top Dev Biol 38: 133-165.
Thornton, J., Striplin, S., Liu, G.S., Swafford, A., Stanley, A.W., Van Winkle,
D.M., Downey, J.M. (1990). "Inhibition of protein synthesis does not block
myocardial protection afforded by preconditioning." The American journal of
physiology 259(6 Pt 2): H1822-1825.
Till, J.E., Mc, C.E. (1961). "A direct measurement of the radiation sensitivity of
normal mouse bone marrow cells." Radiat Res 14: 213-222.
Tomanek, R.J., Zheng, W., Yue, X. (2004). "Growth factor activation in
myocardial vascularization: therapeutic implications." Mol Cell Biochem 264(1-2):
3-11.
Tomita, S., Li, R.K., Weisel, R.D., Mickle, D.A., Kim, E.J., Sakai, T., Jia, Z.Q.
(1999). "Autologous transplantation of bone marrow cells improves damaged heart
function." Circulation 100(19 Suppl): II247-256.
Tong, H., Chen, W., Steenbergen, C., Murphy, E. (2000). "Ischemic
preconditioning activates phosphatidylinositol-3-kinase upstream of protein kinase
C." Circ Res 87(4): 309-315.
Tong, H., Imahashi, K., Steenbergen, C., Murphy, E. (2002). "Phosphorylation
of glycogen synthase kinase-3beta during preconditioning through a
phosphatidylinositol-3-kinase--dependent pathway is cardioprotective." Circ Res
90(4): 377-379.
Turrens, J.F. (2003). "Mitochondrial formation of reactive oxygen species." The
Journal of physiology 552(Pt 2): 335-344.

211

Uccelli, A., Moretta, L., Pistoia, V. (2008). "Mesenchymal stem cells in health
and disease." Nat Rev Immunol 8(9): 726-736.
Uemura, R., Xu, M., Ahmad, N., Ashraf, M. (2006). "Bone marrow stem cells
prevent left ventricular remodeling of ischemic heart through paracrine signaling."
Circ Res 98(11): 1414-1421.
Urbanek, K., Torella, D., Sheikh, F., De Angelis, A., Nurzynska, D., Silvestri,
F., Beltrami, C.A., Bussani, R., Beltrami, A.P., Quaini, F., Bolli, R., Leri, A.,
Kajstura, J., Anversa, P. (2005). "Myocardial regeneration by activation of
multipotent cardiac stem cells in ischemic heart failure." Proc Natl Acad Sci U S A
102(24): 8692-8697.
Van Eyk, J.E., Powers, F., Law, W., Larue, C., Hodges, R.S., Solaro, R.J.
(1998). "Breakdown and release of myofilament proteins during ischemia and
ischemia/reperfusion in rat hearts: identification of degradation products and
effects on the pCa-force relation." Circ Res 82(2): 261-271.
Vanden Hoek, T.L., Shao, Z., Li, C., Zak, R., Schumacker, P.T., Becker, L.B.
(1996). "Reperfusion injury on cardiac myocytes after simulated ischemia." The
American journal of physiology 270(4 Pt 2): H1334-1341.
Vander Heiden, M.G., Chandel, N.S., Li, X.X., Schumacker, P.T., Colombini,
M., Thompson, C.B. (2000). "Outer mitochondrial membrane permeability can
regulate coupled respiration and cell survival." Proc Natl Acad Sci U S A 97(9):
4666-4671.
Vasa, M., Fichtlscherer, S., Aicher, A., Adler, K., Urbich, C., Martin, H.,
Zeiher, A.M., Dimmeler, S. (2001). "Number and migratory activity of circulating
endothelial progenitor cells inversely correlate with risk factors for coronary artery
disease." Circ Res 89(1): E1-7.
Ventura, C., Guarnieri, C., Caldarera, C.M. (1985). "Inhibitory effect of
superoxide radicals on cardiac myofibrillar ATPase activity." Ital J Biochem 34(4):
267-274.
Ventura, C., Zinellu, E., Maninchedda, E., Maioli, M. (2003). "Dynorphin B is
an agonist of nuclear opioid receptors coupling nuclear protein kinase C activation
to the transcription of cardiogenic genes in GTR1 embryonic stem cells." Circ Res
92(6): 623-629.

212

von Degenfeld, G., Raake, P., Kupatt, C., Lebherz, C., Hinkel, R., Gildehaus,
F.J., Munzing, W., Kranz, A., Waltenberger, J., Simoes, M., Schwaiger, M.,
Thein, E., Boekstegers, P. (2003). "Selective pressure-regulated retroinfusion of
fibroblast growth factor-2 into the coronary vein enhances regional myocardial
blood flow and function in pigs with chronic myocardial ischemia." J Am Coll
Cardiol 42(6): 1120-1128.
Vulliet, P.R., Greeley, M., Halloran, S.M., MacDonald, K.A., Kittleson, M.D.
(2004). "Intra-coronary arterial injection of mesenchymal stromal cells and
microinfarction in dogs." Lancet 363(9411): 783-784.
Wang, Y.P., Tang, J.M., Guo, L.Y., Kong, X., Yang, J.Y., Chen, L., Huang,
Y.Z., Wang, J.N. (2008). "[Adenovirus-mediated stromal cell-derived factor-1
alpha gene transfer promotes mesenchymal stem cell migration]." Nan Fang Yi Ke
Da Xue Xue Bao 28(7): 1190-1194.
Weber, K.T. (1997). "Extracellular matrix remodeling in heart failure: a role for
de novo angiotensin II generation." Circulation 96(11): 4065-4082.
Werner, N., Kosiol, S., Schiegl, T., Ahlers, P., Walenta, K., Link, A., Bohm,
M., Nickenig, G. (2005). "Circulating endothelial progenitor cells and
cardiovascular outcomes." The New England journal of medicine 353(10): 9991007.
Wilkins, M.R., Pasquali, C., Appel, R.D., Ou, K., Golaz, O., Sanchez, J.C.,
Yan, J.X., Gooley, A.A., Hughes, G., Humphery-Smith, I., Williams, K.L.,
Hochstrasser, D.F. (1996). "From proteins to proteomes: large scale protein
identification by two-dimensional electrophoresis and amino acid analysis."
Biotechnology (N Y) 14(1): 61-65.
Wilson, A., Trumpp, A. (2006). "Bone-marrow haematopoietic-stem-cell niches."
Nat Rev Immunol 6(2): 93-106.
Wobus, A.M., Kaomei, G., Shan, J., Wellner, M.C., Rohwedel, J., Ji, G.,
Fleischmann, B., Katus, H.A., Hescheler, J., Franz, W.M. (1997). "Retinoic
acid accelerates embryonic stem cell-derived cardiac differentiation and enhances
development of ventricular cardiomyocytes." J Mol Cell Cardiol 29(6): 1525-1539.
Wojakowski, W., Tendera, M., Michalowska, A., Majka, M., Kucia, M.,
Maslankiewicz, K., Wyderka, R., Ochala, A., Ratajczak, M.Z. (2004).
"Mobilization of CD34/CXCR4+, CD34/CD117+, c-met+ stem cells, and
mononuclear cells expressing early cardiac, muscle, and endothelial markers into

213

peripheral blood in patients with acute myocardial infarction." Circulation 110(20):
3213-3220.
Xiang, F., Huang, Y.S., Shi, X.H., Zhang, Q. (2010). "Mitochondrial chaperone
tumour necrosis factor receptor-associated protein 1 protects cardiomyocytes from
hypoxic injury by regulating mitochondrial permeability transition pore opening."
FEBS J 277(8): 1929-1938.
Xu, C., Police, S., Rao, N., Carpenter, M.K. (2002). "Characterization and
enrichment of cardiomyocytes derived from human embryonic stem cells." Circ
Res 91(6): 501-508.
Xue, T., Cho, H.C., Akar, F.G., Tsang, S.Y., Jones, S.P., Marban, E.,
Tomaselli, G.F., Li, R.A. (2005). "Functional integration of electrically active
cardiac derivatives from genetically engineered human embryonic stem cells with
quiescent recipient ventricular cardiomyocytes: insights into the development of
cell-based pacemakers." Circulation 111(1): 11-20.
Yagita, Y., Kitagawa, K., Taguchi, A., Ohtsuki, T., Kuwabara, K., Mabuchi,
T., Matsumoto, M., Yanagihara, T., Hori, M. (1999). "Molecular cloning of a
novel member of the HSP110 family of genes, ischemia-responsive protein 94 kDa
(irp94), expressed in rat brain after transient forebrain ischemia." Journal of
neurochemistry 72(4): 1544-1551.
Yan, X., Anzai, A., Katsumata, Y., Matsuhashi, T., Ito, K., Endo, J.,
Yamamoto, T., Takeshima, A., Shinmura, K., Shen, W., Fukuda, K., Sano, M.
(2013). "Temporal dynamics of cardiac immune cell accumulation following acute
myocardial infarction." J Mol Cell Cardiol 62: 24-35.
Yaoita, H., Ogawa, K., Maehara, K., Maruyama, Y. (1998). "Attenuation of
ischemia/reperfusion injury in rats by a caspase inhibitor." Circulation 97(3): 276281.
Yellon, D.M., Alkhulaifi, A.M., Browne, E.E., Pugsley, W.B. (1992). "Ischaemic
preconditioning limits infarct size in the rat heart." Cardiovasc Res 26(10): 983987.
Yellon, D.M., Alkhulaifi, A.M., Pugsley, W.B. (1993). "Preconditioning the
human myocardium." Lancet 342(8866): 276-277.
Yellon, D.M., Hausenloy, D.J. (2007). "Myocardial reperfusion injury." The New
England journal of medicine 357(11): 1121-1135.

214

Yin, H., Zhang, J., Lin, H., Wang, R., Qiao, Y., Wang, B., Liu, F. (2008). "p38
mitogen-activated protein kinase inhibition decreases TNFalpha secretion and
protects against left ventricular remodeling in rats with myocardial ischemia."
Inflammation 31(2): 65-73.
Zak, R. (1974). "Development and proliferative capacity of cardiac muscle cells."
Circ Res 35(2): suppl II:17-26.
Zemgulis, V., Ronquist, G., Bjerner, T., Henze, A., Waldenstrom, A., Thelin,
S., Wikstrom, G. (2001). "Energy-related metabolites during and after induced
myocardial infarction with special emphasis on the reperfusion injury after
extracorporeal circulation." Acta physiologica Scandinavica 171(2): 129-143.
Zha, J., Harada, H., Yang, E., Jockel, J., Korsmeyer, S.J. (1996). "Serine
phosphorylation of death agonist BAD in response to survival factor results in
binding to 14-3-3 not BCL-X(L)." Cell 87(4): 619-628.
Zhai, W., Jungraithmayr, W., De Meester, I., Inci, I., Augustyns, K., Arni, S.,
Hillinger, S., Scharpe, S., Weder, W., Korom, S. (2009). "Primary graft
dysfunction in lung transplantation: the role of CD26/dipeptidylpeptidase IV and
vasoactive intestinal peptide." Transplantation 87(8): 1140-1146.
Zhao, Z.Q., Morris, C.D., Budde, J.M., Wang, N.P., Muraki, S., Sun, H.Y.,
Guyton, R.A. (2003). "Inhibition of myocardial apoptosis reduces infarct size and
improves regional contractile dysfunction during reperfusion." Cardiovasc Res
59(1): 132-142.
Zhao, Z.Q., Nakamura, M., Wang, N.P., Wilcox, J.N., Shearer, S., Ronson,
R.S., Guyton, R.A., Vinten-Johansen, J. (2000). "Reperfusion induces
myocardial apoptotic cell death." Cardiovasc Res 45(3): 651-660.
Zhao, Z.Q., Velez, D.A., Wang, N.P., Hewan-Lowe, K.O., Nakamura, M.,
Guyton, R.A., Vinten-Johansen, J. (2001). "Progressively developed myocardial
apoptotic cell death during late phase of reperfusion." Apoptosis 6(4): 279-290.
Zheng, Z.J., Croft, J.B., Giles, W.H., Mensah, G.A. (2001). "Sudden cardiac
death in the United States, 1989 to 1998." Circulation 104(18): 2158-2163.
Zhou, J., Schmid, T., Frank, R., Brune, B. (2004). "PI3K/Akt is required for heat
shock proteins to protect hypoxia-inducible factor 1alpha from pVHL-independent
degradation." The Journal of biological chemistry 279(14): 13506-13513.

215

Zohlnhofer, D., Ott, I., Mehilli, J., Schomig, K., Michalk, F., Ibrahim, T.,
Meisetschlager, G., von Wedel, J., Bollwein, H., Seyfarth, M., Dirschinger, J.,
Schmitt, C., Schwaiger, M., Kastrati, A., Schomig, A. (2006). "Stem cell
mobilization by granulocyte colony-stimulating factor in patients with acute
myocardial infarction: a randomized controlled trial." JAMA : the journal of the
American Medical Association 295(9): 1003-1010.
Zweier, J.L., Rayburn, B.K., Flaherty, J.T., Weisfeldt, M.L. (1987).
"Recombinant superoxide dismutase reduces oxygen free radical concentrations in
reperfused myocardium." The Journal of clinical investigation 80(6): 1728-1734.

216

