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Introduction

Ischemic heart disease is a leading cause of morbidity and mortality world wide, and
more than 7 million people die of the disease each year (1). With increasing incidence
of cardiovascular risk factors such as obesity, hypertension and diabetes, the
enormous public health care burden of ischemic heart disease is likely to increase
even further. Myocardial infarction (MI) is most commonly caused by coronary
atherosclerosis, with erosion or rupture of atherosclerotic plaques resulting in acute
coronary thrombosis. The sudden induction of ischemia by coronary artery occlusion
triggers a series of events that eventually culminates in the death of myocardial tissue
within the perfusion territory of the infarct related coronary artery. Cardiomyocyte
necrosis sets into motion an inflammatory cascade to remove cellular debris in the
infarct, but also a healing response that serves to replace the irreversibly injured
myocardium with scar tissue.

Myocardial infarct healing
The mammalian heart is not capable of maintaining essential cellular processes under
anaerobic conditions, and a constant supply of oxygen is mandatory to sustain normal
cardiac function and viability. Within seconds of coronary occlusion, aerobic
metabolism ceases, resulting in the accumulation of anaerobic products. Evident
myocardial dysfunction develops within one single minute of occlusion.
Ultrastructural changes in the myocardium, such as mitochondrial and cellular
swelling and glycogen depletion, occur within several minutes after the onset of
ischemia. In humans, irreversible damage to the myocardium, i.e. infarction, becomes
evident after 20 minutes of total ischemia. From this point, the myocardial infarct
healing process can be subdivided into three overlapping phases: the inflammatory
phase, the proliferative phase and the maturation phase. In this healing process,
inflammation and extracellular matrix (ECM) turnover play important roles (figure 1).

Inflammation
Cardiomyocytes that perish by necrosis initiate an inflammatory reaction due to the
release of their intracellular contents. Pathways that have been demonstrated to play
a pivotal role in infarct healing are complement activation, reactive oxygen species
generation and Toll-like receptor mediated pathways. These observations identified
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the innate immune system as a key mediator of infarct healing. Toll-like receptors
(TLRs) represent a family of pathogen associated molecular pattern recognition
receptors that induce activation of nuclear factor (NF)-κB, and form the first line of
defense against invading pathogens. Also endogenous ligands, expressed in injured
tissues, can stimulate TLRs to induce the immune response by activation of NF-κB via
the same intracellular signal transduction cascade (2). Upon activation, NF-κB trans-
locates to the nucleus to regulate the transcription of a wide array of inflammation
associated genes, such as TNF-α and IL-6 (figure 2). Also chemokines are expressed in
myocardial infarcts, attracting inflammatory cells such as monocytes and neutrophils
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Figure 1. Events after myocardial infarction
Coronary occlusion leads to myocardial ischemia. Reperfusion therapy results in sudden restoration of
antegrade coronary flow, which leads to several abrupt metabolic and biochemical changes in the cardio-
myocytes. These changes act together to open the mitochondrial permeability transition pore (mPTP),
which results in cardiomyocyte hypercontracture and accelerated apoptosis. Cardiomyocyte death evokes
an inflammatory response, resulting in the release of inflammatory cytokines and chemokines.
Chemokines attract inflammatory cells to the infarct area, which provide a source for more cytokines. The
inflammatory response also results in activation of matrix metalloproteinases (MMPs), which degrade
extracellular matrix (ECM) molecules such as collagen. Several days after myocardial infarction, myofibro-
blasts enter the infarct zone to produce ECM molecules, a process which is mediated by TGFβ and which
opposes collagen degradation by the MMPs. The balance between collagen degradation and collage depo-
sition determines the collagen turnover, which in turn is an important determinant of cardiac remodeling.
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to the site of injury. These cells provide a source of cytokines, growth factors, and
matrix metalloproteinases (MMPs), but also play a role by being responsible for
phagocytosis of dead cells and debris. The inflammatory phase of infarct healing lasts
for several days, before being resolved and replaced by (myo)fibroblasts and the
formation of granulation tissue. This transient inflammatory response is an attractive
target for therapeutic intervention to improve infarct healing. Numerous studies have
demonstrated that inhibition of several inflammatory pathways improves outcome 
following MI in experimental models (3-5). The fact that anti-inflammatory 
therapies such as traditional non-steroid anti-inflammatory drugs (NSAIDs) and 
corticosteroids increase myocardial injury following MI, however, points to a dual role
of inflammation, which can therefore not simply be regarded as an injurious process
that requires being restricted at all times (6-9). Inflammation also appears to play an
essential role in the myocardial infarct healing process.
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Figure 2. Toll-like receptor signaling
Following myocardial infarction, factors (endogenous Toll-like receptor (TLR) ligands) are released that are
able to activate TLRs. TLRs are a family of transmembrane receptors that signal through nuclear factor
(NF)-κB. In the unactivated state, the inhibitor protein IκB prevents trafficking of NF-κB to the nucleus.
Upon TLR activation, IκB is phosphorylated and NF-κB is released for nuclear translocation and subsequent
DNA binding for transcriptional regulation. The result is the production and secretion of several inflamma-
tory proteins, such as TNF-α and IL-6.



Extracellular matrix (ECM) turnover
The ECM undergoes dynamic changes that dramatically influence the myocardial 
healing response. After an initial inflammatory response in which fibrin is deposited
as a provisional matrix, the formation of granulation tissue begins within several days
after MI as myofibroblasts occupy the myocardial infarct region. Myofibroblasts 
produce ECM molecules such as fibronectin and collagen. The synthesis of ECM 
molecules opposes the degradation of ECM molecules by MMPs, which are
abundantly expressed in the first week following MI. Collagen density is eventually
determined by the balance between collagen synthesis by myofibroblasts and by
collagen degradation by MMPs. Collagen provides structural support and increases
the tensile strength of the myocardial infarct, and thereby reduces wall thinning and
the risk of cardiac rupture. In this phase of myocardial infarct healing, new capillary
networks are formed which grant access to oxygen and nutrients for cells residing in
the central infarct. After several weeks, cells start to disappear from the infarct and
collagen cross-linking is being completed, turning the infarct area into an organized
scar.

Cardiac remodeling
Ventricular remodeling describes the structural changes of the left ventricle in
response to chronic alterations in loading conditions. Pressure overload (as observed
in e.g. aortic stenosis) leads to cardiomyocytes hypertrophy and concentric
remodeling, whereas volume overload (e.g. mitral valve regurgitation) produces
cardiomyocyte lengthening and eccentric remodeling. Following myocardial
infarction, remodeling occurs in both infarct tissue and non-infarcted tissue. Infarct
expansion, i.e. stretching and thinning of the infarcted myocardial wall, leads to
combined pressure and volume overload on the non-infarcted myocardium. The result
is left ventricular dilatation, impaired cardiac performance and structural hypertrophic
and fibrotic changes in the non-infarcted remote myocardium. Both inflammation
and ECM turnover are key processes involved in LV remodeling, as important
contributions to LV remodeling have been attributed to MMPs, transforming growth
factor (TGF)-β‚ and inflammatory cytokines (TNF-α). MMPs degrade the ECM network,
thereby affecting the firmness of the myocardial scar. The ventricle therefore becomes
more susceptible to the impact of mechanical loading forces that drive the
remodeling process. Especially MMP9 plays a pivotal role (10). Accordingly, MMP
inhibitors have been described to inhibit expansive LV remodeling in animal models of
myocardial infarction (11,12). However, these agents have severe musculoskeletal side
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effects. TGF-β is regarded to be a crucial factor in the suppression of the initial
inflammatory response and the transition to fibrous tissue deposition (13). TNF-α
expression causes cardiomyocyte phenotype alterations, compromising their
contractile capabilities, and activates MMPs, enhancing the remodeling process (14,15).
In addition, TNF-α induces expression of the angiotensin II receptor type 1 (AT-1) on
cardiac fibroblasts, thus enhancing angiotensin II mediated effects on myocardial
fibrosis in the non-infarcted remote area (16).
Whether the remodeling process is adaptive or maladaptive remains controversial.
Initially, the changes may beneficially influence hemodynamics by compensating for
the lost myocardium. However, LV remodeling has great negative impact on clinical
outcome with small increases in LV volumes leading to reduced survival (17).

Reperfusion injury
The cornerstone treatment of acute MI is early coronary reperfusion, either by
trombolysis or by primary percutaneous coronary intervention, which reduces
myocardial infarct size and improves patient outcome when successful (18-20). The
acute restoration of blood flow, however, accelerates myocardial apoptosis, which can
paradoxically reduce the beneficial effects of myocardial reperfusion. Myocardial
reperfusion causes four types of cardiac dysfunction. The first type is myocardial
stunning, which refers to sustained dysfunction in viable myocardial tissue despite
restoration of normal or near-normal coronary flow, which usually recovers after days
but sometimes weeks (21). The second type is the no-reflow phenomenon, a term
denoting the inability to reperfuse the previously ischemic region due to
microvascular obstruction (22). Reperfusion arrhythmias represent the third type of
reperfusion injury (23). The last type is lethal reperfusion injury, which is referred to as
cardiomyocyte death caused by restoration of coronary blood flow after an ischemic
episode. Lethal reperfusion injury is mediated by several abrupt biochemical and
metabolic changes including mitochondrial reenergization, oxidative stress by the
formation of reactive oxygen species, intracellular Ca2+ overload, rapid restoration of
physiologic pH and inflammation. These processes interact with each other in concert
to mediate cardiomyocyte apoptosis through the opening of the mitochondrial
permeability transition pore (mPTP) and cardiomyocyte hypercontracture. Although it
is difficult to accurately determine which cells have died due to ischemia and which
due to reperfusion, the fact that myocardial infarct size can be reduced by
interventions used at the beginning of myocardial reperfusion points to the existence
of lethal reperfusion injury as a distinct mediator of cardiomyocyte death.
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Approaches to improve myocardial infarct healing
Current strategies to improve patient outcome following MI focus on reducing
ischemic injury (reperfusion therapy), the prevention of recurrence (statins, platelet
antagonists) and prevention of cardiac remodeling (beta-blockers, ACE-inhibitors,
aldosterone antagonists). Despite the implementation of these approaches into daily
clinical practice, the incidence of heart failure patients increases rapidly. Therefore, the
search for novel therapeutic options is necessary.

Infarct size reduction
Reduction of myocardial infarct size by attenuation of reperfusion injury is an
attractive approach, since infarct size is a significant prognostic factor and reperfusion 
injury occurs following coronary angioplasty in a clinical setting, where medical 
attention is available. However, almost all clinical trials conducted thus far have 
yielded negative results. Encouraging results have been obtained only with adenosine
(24-26), a vasodilative factor which likely reduces no-reflow, and with glucose-insulin-
potassium (GIK) infusion (27,28). The latter implicates that metabolic interventions
may have potential to improve patient outcome following MI. GIK infusion, however,
is complicated by hyperglycemia, hyperkalemia and volume overload. An alternative to
GIK infusion is suggested in this thesis in chapter 2.

Inhibition of cardiac remodeling
Even if reduction of reperfusion injury would become feasible in clinical practice in the
near future, large myocardial infarction will still occur in patients that are not timely
or not successfully reperfused. In these patients, attenuation of cardiac remodeling
will be of vital importance. With inflammation and ECM turnover being identified as
key processes involved in cardiac remodeling, strategies aiming to inhibit these
processes following MI may improve outcome following MI.

Angio- and arteriogenesis
Another strategy is to increase myocardial perfusion by stimulation of
angiogenesis/arteriogenesis. This will reduce the chance of recurrence and increase
myocardial function. This field of research, however, is challenged by the fact that
stimulation of blood vessel growth is mediated by inflammation, the same process
that drives the main cause of coronary artery disease, i.e. atherosclerosis (29). Current
research in the field of angiogenesis/arteriogenesis should aim to promote blood
vessel growth without inducing or aggravating atherogenesis.
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Myocardial Regeneration
Until recently, the widely accepted paradigm was that the mammalian heart has
extremely limited regenerative capacity, although some studies suggested that a
small fraction of cardiomyocytes may be able to reenter the cell cycle and that some
degree of cardiac regeneration may occur through recruitment of resident and
circulating stem cells (30). These findings have led to the development of
experimental and clinical studies to explore the possibility to replace infarcted
myocardium by functional cardiomyocytes by administration of stem cells or
progenitor cells. Orlic and colleagues suggested that bone marrow derived
hematopoietic stem cells can transdifferentiate into cardiomyocytes when injected
into infarcted myocardium, resulting in myocardial regeneration (31). These results
could not be reproduced by others, however (32,33). Nonetheless, several small clinical
trials have demonstrated that stem cell application can improve cardiac function
following MI (34-38). However, the efficiency of stem cells to differentiate into
functional cardiomyocytes in vivo remains highly controversial. Several complex
issues, such as cell survival, homing, migration, differentiation, engraftment,
intercellular communication and functionality, need to be resolved before actual
myocardial regeneration can be realized. To explain the current beneficial effects of
stem cell therapy, an alterative hypothesis has been postulated. According to the
“paracrine hypothesis”, stem cells influence the myocardial response to ischemic
injury via their secretions. Potential paracrine actions of stem cells include the
promotion of endogenous repair, stimulation of angiogenesis/arteriogenesis,
counteracting remodeling and inhibiting apoptosis. The instant availability of
paracrine stem cell factors as well as the immune-compatibility opens the possibility
to use these secretions also for treatment of reperfusion injury.

Animal models of myocardial infarction
Animal models of MI are usually based on the induction of myocardial ischemia by
coronary artery occlusion. Permanent coronary artery occlusion results in completely
transmural myocardial infarction and profound remodeling, which is therefore
suitable for investigating cardiac remodeling following MI. Cardioprotective
compounds in such a model will have limited use, since all cells in the ischemic region
(except for the cells in a small border zone) will perish as the duration of the ischemia
is so long. With temporary coronary occlusion and subsequent reperfusion, on the
other hand, the transmurality of the myocardial infarct increases with the duration of
ischemia. If the duration of the ischemia is limited, a certain percentage of the
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threatened cells survives ischemia/reperfusion injury. Cardioprotection may delay cell
death following ischemia and reperfusion injury and eventually result in reduced
myocardial infarct size.
The chapters in this thesis are based on results obtained using mouse and pig models
of MI. The mouse model is attractive to explore mechanisms of disease. Due to the
wide availability of mouse-specific molecular tools and the possibility to selectively
knock out genes, the mouse model is the gold standard to investigate the involvement
of a target protein in a (patho)physiologic process. The use of a pig model on the other
hand, will increase translational efficiency of preclinical studies, due to the similarities
between human an porcine cardiovascular anatomy and physiology.

Outline of the thesis
The overall aim of this thesis is to increase the mechanistic understanding of
myocardial infarct healing and to identify pharmaceutical or biological tools to
improve the outcome following myocardial infarction, focusing on reducing
myocardial infarct size and cardiac remodeling. In chapter 2, a study is presented that
demonstrates that a glucagon-like peptide-1 receptor agonist can reduce myocardial
infarct size and improve cardiac function in a pig model of ischemia and reperfusion
injury, suggesting a potential benefit of metabolic interventions in the treatment of
ischemic heart disease. Chapter 3 and 4 discuss how paracrine effects of mesenchymal
stem cells, among the stem cells one of the most promising for treating cardiovascular
disease (39), could be helpful in the treatment of ischemic heart disease. In Chapter 5,
the involvement of TLR-4 in the cardiac remodeling process is elucidated. The role of
NF-κB p50, a subunit of the transcription factor mediating signaling pathways of the
innate immune system, is discussed in chapter 6. The effect of a selective COX-2
inhibitor, a frequently prescribed second generation NSAID, on cardiac remodeling
following MI is presented in chapter 7. A potential future role of prostaglandin E2
synthase inhibitors, as a safer modality to reduce pain and inflammation compared
with COX inhibitors, is elaborated on in the appendix of this chapter. In chapter 8, the
results and conclusions of the previous chapters are discussed, together with their
future implications.
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Abstract

Objectives
This study sought to examine whether Exenatide is capable to reduce myocardial
infarct size.

Background
Exenatide is a glucagon-like peptide (GLP)-1 analogue with insulinotropic and
insulinomimetic properties. Since insulin and GLP-1 have been described to reduce
apoptosis, Exenatide may confer cardioprotection following acute myocardial
infarction (MI).

Methods
MI was induced in adult Dalland Landrace pigs by occlusion of the left circumflex 
coronary artery for 75 minutes and subsequent reperfusion for 3 days. Pigs were 
randomized to Exenatide (n=9) or PBS (n=9) administration, 5 minutes before
reperfusion. Infarct size was assessed using Evans Blue and triphenyltetrazolium
chloride. Cardiac function was measured using epicardial ultrasound and conductance
catheter based pressure-volume loops.

Results
Exenatide reduced myocardial infarct size (32.7 ± 6.4 vs. 53.6 ± 3.9% of the area at risk;
p=0.031) and prevented deterioration of systolic and diastolic cardiac function (systolic
wall thickening: 47.3 ± 6.3 vs. 8.1 ± 1.9 %, p<0.001; myocardial stiffness: 0.12 ± 0.06 vs.
0.22 ± 0.07 mmHg/ml; p=0.004). Nuclear oxidative stress (2348 ± 336 vs. 5557 ± 757
positive nuclei/mm2; p=0.003) and apoptosis (4241 ± 1113 vs. 7105 ± 728 positive
nuclei/mm2; p=0.044) were significantly reduced by Exenatide treatment. Serum
insulin levels increased following Exenatide treatment (4.00 ± 0.93 vs. 1.66 ± 0.49
µIU/ml; p=0.001), without affecting plasma glucose levels.

Conclusions
These data identify Exenatide as a potentially effective compound to reduce infarct
size in adjunction to reperfusion therapy in patients with acute MI.
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Introduction

Myocardial infarction (MI) results in irreversible loss of cardiomyocytes. Restoration of
the antegrade coronary flow in the infarct related coronary artery limits myocardial
ischemic necrosis and is the cornerstone treatment of ST-elevation MI (STEMI).
However, despite adequate reperfusion, most patients still suffer irreversible
myocardial cell loss, which is partly caused by the reperfusion itself(1). Reperfusion
induces several abrupt biochemical and metabolic changes, including the generation
of reactive oxygen species leading to oxidative stress, intracellular calcium overload,
the rapid restoration of physiologic pH and inflammation(2). These changes eventually
interact with each other to accelerate myocardial apoptosis through the opening of
the mitochondrial permeability transition pore. In order to prevent excessive loss of
myocardial tissue in patients undergoing early reperfusion therapy, the development
of novel therapeutics to reduce or prevent reperfusion injury is of major importance.
Glucose-insulin-potassium infusion has been postulated to possess cytoprotective
potential and has been investigated in several clinical trials for cardioprotection in
patients with STEMI. Its efficacy is controversial, with some studies reporting a
reduction in mortality in patients with acute MI (3-5), whereas most studies
demonstrated no beneficial effect (6-8). A better alternative may be Exenatide
(Exendin-4), a 39 amino acid peptide originally derived from the saliva of the gila
monster, a venomous lizard native to the southwestern United States and northern
Mexico. It mimics human glucagon-like peptide (GLP)-1, a gut incretin hormone which
is released by the gut in response to nutrient intake (9). It exerts insulinotropic and
insulinomimetic properties via the G-protein coupled GLP-1 receptor, which has also
been reported to be expressed in the heart (10,11). GLP-1 has been shown to be
cardioprotective in a rat model of myocardial ischemia and reperfusion (I/R) injury (12).
The purpose of this study is to investigate whether Exenatide is capable of reducing
myocardial infarct size. To establish this, we use a clinically relevant large animal
model of myocardial ischemia and reperfusion (I/R) injury. We hypothesize that
Exenatide confers cardioprotection in this model by reducing myocardial apoptosis,
resulting in reduced myocardial infarct size and improved cardiac function.
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Methods

Animals
All experiments were performed in accordance with the “Guide for the Care and Use
of Laboratory Animals” prepared by the Institute of Laboratory Animal Resources and
with prior approval by the Animal Experimentation Committee of the Faculty of
Medicine, Utrecht University, The Netherlands.

Study Design
Eighteen Dalland Landrace pigs (70-80 kg) were pretreated with Clopidogrel 75 mg for
3 days and Amiodarone 400 mg for 10 days to prevent thrombotic complications and
arrhythmias and the treatment was continued after the surgery. Myocardial I/R injury
was induced surgically, under general anesthesia as described previously (13), by left
circumflex coronary artery (LCx) occlusion for 75 minutes and subsequent reperfusion
for 3 days. Prior to ischemia, the animals received 300 mg Amiodarone in 30 minutes,
followed by 100 mg/h during the surgical procedure, and 100 IU/kg body weight
Heparin intravenously. The animals were randomly assigned to Exenatide treatment
(n=9, 10 µg subcutaneously and 10 µg intravenously 5 minutes before the onset of
reperfusion and 10 µg twice daily subcutaneously on the following 2 days) or placebo
phosphate-buffered saline (PBS) treatment (n=9) following the same treatment
regimen. All animals were sacrificed after 3 days of reperfusion.

Ischemia/Reperfusion Injury and Operational Procedure
During the operation, electrocardiogram, arterial pressure and capnogram were
continuously monitored. After median sternotomy, a pressure tipped Millar catheter
was inserted through the apex into the LV to measure LV pressure. Cardiac output was
measured using a transonic flow probe (Transonic Systems Inc, Ithaca, NY, USA), which
was placed around the proximal aorta. Ischemia was induced by temporary proximal
LCx ligation using a 2-0 prolene suture. Reperfusion was established by suture release
after 75 minutes of ischemia. The animals were sacrificed three days after induction of
I/R injury.

Echocardiography
Short axis epicardial ultrasound images (Prosound SSD-5000, 5 MHz probe UST-5280-
5, Aloka Holding Europe AG, Zug, Switzerland) were obtained before MI, 1 hour after
reperfusion and 72 hours after reperfusion at the mid-papillary level. Wall thickness of
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the infarct area and LV internal area were measured at end-diastole (ED) and end-
systole (ES). Systolic wall thickening was calculated as ((wall thickness (ES) – wall
thickness (ED) /wall thickness (ED)) * 100 (%) and fractional area shortening as ((LV
internal area (ED) – LV internal area (ES)/LV internal area (ED)) * 100 (%). In the terminal
experiments, stress tests were performed during dobutamine infusion (5.0
µg/kg/min).

Pressure-Volume Loops
Pressure-volume loops were assessed using a conductance catheter as described
previously (13). In short, LV pressure and volume signals derived from the conductance
catheter were displayed and acquired using a Leycom CFL-512 (CD Leycom, Zoetermeer,
The Netherlands). Data were acquired during steady state and during temporal caval
vein occlusion, while ventilation was paused at end-expiration. Analysis of the
pressure-volume loops was performed using custom software as previously described
(14). Systolic function was characterized by LV ejection fraction, dP/dtMAX and end-
systolic elastance, which was determined by the slope of the end-systolic pressure-
volume relationship. Diastolic chamber stiffness was quantified by means of linear
regression of the end-diastolic pressure-volume relationship (15).

Infarct Size
After 3 days of reperfusion, the proximal LCx was re-occluded at exactly the same 
location. Evans Blue (1%) was infused into the left anterior decending coronary artery
and right coronary artery, allowing determination of the area subjected to ischemia
during coronary occlusion, i.e. the area at risk (AAR). After excision of the heart, the LV
was cut into 5 slices from apex to base. The slices were incubated in 1%
triphenyltetrazolium chloride (TTC, Sigma-Aldrich Chemicals, Zwijndrecht,
Netherlands) in 37 ºC Sörensen buffer (13.6 g/l KH2PO4 + 17.8 g/l Na2H PO4.2H2O, pH
7.4) for 15 minutes to discriminate infarct tissue from viable myocardium. All slices were
scanned from both sides and in each slide the infarct area, AAR and total area were
measured using digital planimetry software (Image J). After correction for the weight
of the slices, infarct size was calculated as a percentage of the AAR and of the total LV.

Insulin and Glucose Levels
Serum insulin was analyzed on an Immulite 1000 immunochemistry system (Siemens
Medical Solutions Diagnostics, Tarrytown, NY, USA) and plasma glucose on a DxC 800
routine chemistry system (Beckman Coulter, Brea, CA, USA).
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Western Blotting
Total RNA and protein were isolated from frozen tissue biopsies using 1 ml Tripure
Isolation Reagent (Boehringer, Mannheim, Germany) according to the manufacturer’s
protocol. For western blotting, 8 µg total protein was separated on a 10% SDS-PAGE gel,
transferred onto a Nitrocellulose C membrane (Amersham, Buckinghamshire, UK) and
blocked using PBS–0.1% Tween–5% Protifar (Nutricia, Netherlands). The membrane was
incubated overnight at 4ºC with a polyclonal rabbit antibody for phosphorylated Akt
1:400 (Cell Signaling Technology) or for active caspase 3 1:100 (Chemicon), and
subsequently for 1 hour at room temperature with goat-anti-rabbit HRP 1:2000 (DAKO,
Glostrup, Denmark). Chemiluminescence substrate (NENk Life Science Products) was
used for detection; the bands were analyzed using the Gel Doc 1000 system (Biorad,
Veenendaal, Netherlands).

Immunostaining
Tissue samples from the infarct and border region were fixated in 4% formalin before
being embedded in paraffin. Following antigen retrieval in 10 mM citric acid, the tissue
sections were incubated with 10% normal horse serum for 30 minutes, mouse-anti-
8-OHdG (OXIS international, Foster City, CA, USA) 1:20 in 0.1% PBSA over night at 4ºC,
biotin labeled horse-anti-mouse (Vector laboratories, Burlingame, CA, USA) 1:500 for 1
hour and with streptavidin-HRPO 1:1000 for 1 hour. Finally, the sections were incubated
with H2O2-diaminobenzidine (DAB) for 10 minutes. To assess myocardial apoptosis, an
in situ cell viability assay (terminal deoxynucleotidyl transferase biotin-dUTP nick end
labeling, TUNEL) was performed according to the manufacturer’s instructions (Roche,
Woerden, the Netherlands) and eventually the DNA nick ends were visualized using
DAB. The amount of 8-OHdG positive nuclei and the amount of TUNEL positive nuclei
were quantified in 4 randomly picked fields per section with digital image microscopy
software (Analysis, Olympus, Münster, Germany) at 200x magnification and averaged.

Data Analysis
All analyses were performed in a blinded fashion. Statistical analysis was performed
using SPSS version 15.0 (SPSS, Chicago, IL, USA). Statistical comparison of infarct size,
pressure-volume loop derived functional parameters, histology and protein expression
levels was performed using Student’s t-test. Hemodynamic and echocardiographic
functional parameters, insulin and glucose levels were compared using a two-way
ANOVA for repeated measurements with post hoc tests. P-values below 0.05 were
considered significant.

22

Chapter 2



Results

Myocardial Infarct Size
The area at risk (AAR) size was comparable in Exenatide and PBS treated animals (33.6
± 1.7 % vs. 35.5 ± 1.8 %, respectively, p=0.402), indicating that the initial ischemic injury
did not differ between the groups. Exenatide administration prior to reperfusion
significantly reduced myocardial infarct size compared to PBS administration by 40%
(figure 1).
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Figure 1. Myocardial Infarct Size
Myocardial infarct size quantification as a percentage of the AAR (A) and as a percentage of the total LV
(B). PBS, n=9; Exenatide, n=9. Representative pictures following Evans Blue and triphenyltetrazolium chlori-
de staining are shown in figures C and D. Blue indicates non-threatened myocardium, red indicates the
non-infarcted area within the area at risk and white indicates myocardial infarction.



Cardiac Function
Both local and global cardiac function were decreased 1 hour after ischemia and
reperfusion injury. Three days later, however, recovery of systolic wall thickening and
fractional area shortening was increased in animals treated with Exenatide compared
to PBS treated animals (figures 2A, B).
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Figure 2. Local and Global Systolic Function
Systolic wall thickening (A) and fractional area shortening (B) measured using echocardiography before
MI, 1 hour after reperfusion and 3 days after reperfusion in rest and during dobutamine induced stress. *
p<0.05 vs. baseline; § p<0.01 vs. baseline; † p<0.01 vs. PBS treatment.



End-diastolic and end-systolic volumes were lower in Exenatide treated pigs
compared to control pigs, indicating that Exenatide prevents acute LV dilatation
following MI and maintains contractile performance (figures 3A-B). Also other global
functional parameters, such as LV ejection fraction (figure 3C), dP/dtMAX (figure 3D,
table 1) and end-systolic elastance (figure 3E) were higher after Exenatide treatment.
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Figure 3 Pressure-Volume Loop Derived Functional Parameters
End-diastolic volume (A), end-systolic volume (B), ejection fraction (C), dP/dtMAX (D), end-sytolic elastance
(E) and myocardial stiffness (F) measured with a pressure-conductance catheter 3 days following MI in
animals treated with PBS and Exenatide. Both systolic and diastolic parameters improved in pigs treated
with Exenatide.



In addition, myocardial stiffness was lower (figure 3F), indicating that also diastolic
function improved. Furthermore, the end-diastolic pressure increased significantly in
PBS treated animals, but not in animals treated with Exenatide (table 1). Heart rates
increased equally in both groups (table 1).

Insulin and Glucose Levels
In pigs treated with Exenatide, the increase in serum insulin levels 4 hours after
reperfusion was significantly more pronounced compared to control animals,
confirming the insulinotropic properties of Exenatide in pigs (figure 4A). Plasma
glucose levels, however, were similar at all times in both groups, suggesting that
Exenatide treatment entails a low risk of hypoglycemia (figure 4B).

Oxidative Stress and Apoptosis
A significantly reduced number of 8-OHdG positive cells was found in the border areas
of pigs treated with Exenatide, suggesting that nuclear oxidative stress was reduced
(figures 5A, B, E). Three days following I/R injury, early signs of activation of prosurvival
pathways or apoptosis, such as expression of phosphorylated Akt (4816 ± 847 (PBS) vs.
4470 ± 487 (Exenatide) arbitrary units; p=0.728) and active caspase 3 (354 ± 97 (PBS) vs.
397 ± 80 (Exenatide) arbitrary units; p=0.738), did not differ between PBS and
Exenatide groups (figure 5 F). However, an in situ cell viability assay revealed that
Exenatide reduces myocardial apoptosis, as fewer TUNEL positive cells were observed
(figure C-E).
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Table 1. Hemodynamics and LV Function
Summary of hemodynamic parameters and echocardiographic LV functional parameters before MI and 3
days after MI. ED = end-diastolic; ES = end-systolic. * p<0.05 vs. baseline; § p<0.01 vs. baseline; † p<0.05 vs.
PBS treatment; ‡ p<0.01 vs. PBS treatment.
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Figure 4 Insulin and Glucose Levels
Serum insulin levels (A) and plasma glucose levels (B) before MI (baseline), 4 hours after reperfusion, and
72 hours after reperfusion. Insulin levels increased 4 hours after reperfusion due to Exenatide treatment,
whereas glucose levels remained unaffected. * p<0.05 vs. baseline; § p<0.01 vs. baseline; † p<0.01 vs. PBS
treatment.
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Figure 5. Oxidative Stress and Apoptosis
Immunostaining for 8-OHdG in border areas of PBS treated animals (A) and Exenatide (B) treated animals.
Representative pictures of TUNEL assays on border areas of animals treated with PBS and Exenatide are
shown in figures C and D, respectively (magnification 200x). Quantifications of both stainings are shown
in figure E. Western blots for phospho-Akt and active caspase 3 are depicted in figure F.



Discussion

Cardioprotection has been extensively investigated in the past 30 years, since the
beginning of the reperfusion era. Successful results have been obtained in numerous
experimental studies; however, translation of experimentally promising results into
clinical therapy has proven to be difficult (2,16). To date, no compound has proven
clinical efficacy in reducing myocardial infarct size in combination with reperfusion
therapy. Barriers on the experimental level may include the use of non-clinically
applicable experimental models (e.g. isolated myocytes, genetically modified
animals), improper timing of compound administration (prior to ischemia, during
early ischemia), and the lack of emphasis on clinically relevant end-points. To increase
translational efficiency, it is mandatory to conduct appropriately designed preclinical
studies in large animal models with assessment of clinically relevant end points, such
as mortality, myocardial infarct size and cardiac function. In this study, we investigated
the cardioprotective properties of Exenatide in a clinically compliant pig model of
myocardial I/R injury. To induce a pathological substrate which is comparable to that
of the average patients with acute MI, we selected a period of 75 minutes of ischemia,
although this is shorter than the average time from onset of ischemia to reperfusion
in patients. In pigs, 75 minutes of ischemia induces a myocardial infarct of 53.6 ± 3.9%
of the area at risk. Protective mechanisms such as collateralization, ischemic
preconditioning and residual coronary flow may account for delay in cardiac cell death
during ischemia in patients. Pigs closely resemble humans regarding cardiovascular
anatomy and physiology, the treatment was given just prior to reperfusion, a
reperfusion period of 3 days was allowed before assessment of infarct size, and
clinically relevant endpoints were determined. In this model, Exenatide reduced
myocardial infarct size by 40% and significantly improved systolic and diastolic
cardiac performance. This was associated with increased insulin serum levels without
changes in plasma glucose levels, reduced nuclear oxidative stress and reduced
apoptosis.
Bose and colleagues have previously shown that GLP-1 protects the rat heart from I/R
injury (12). However, GLP-1 was infused during the entire ischemic period, rendering
uncertainty as to whether GLP-1 reduced reperfusion injury, ischemic injury, or both.
This complicates clinical translation, since most patients are referred to the clinic after
an ischemic period. In an isolated rat heart model, however, GLP-1 was demonstrated
to also exert protective effects when administered during reperfusion (17). Clinical
applicability of GLP-1 is complicated by its very short half-life of several minutes due to
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rapid breakdown by dipeptidyl peptidase (DPP)-IV, which requires continuous infusion
of GLP-1. Exenatide is approved by the FDA for glucose control in patients with type 2
diabetes type (18,19). It has a longer half-life (60-90 minutes) compared to GLP-1 due
to resistance to degradation by DPP-IV and can be administered subcutaneously in
small volumes (20). This combination of favorable properties makes Exenatide more
attractive for clinical application compared to GLP-1. Importantly, the risk of
hypoglycemia, which regularly causes problems with other antidiabetic agents, such
as sulphonylureas, is reduced with Exenatide (18). Also in our study, hypoglycemia did
not develop in pigs treated with Exenatide when compared to PBS-treated control
pigs.
Several mechanisms may be responsible for the cardioprotective effects of Exenatide.
First, although mechanistic research in pigs is complicated due to the limited
availability of species specific molecular tools, we provide evidence for reduced
myocardial apoptosis. This may have been mediated directly by Exenatide. GLP-1 can
protect the rat heart from I/R injury, mediated by the prosurvival kinases PI3K/Akt,
p42/44 PKA, and P70s6 (12,17). In our study, however, 3 days following I/R injury, the
expression of phospho-Akt and active caspase 3 between Exenatide treated pigs and
PBS treated pigs did not differ. Probably, these changes occur at an earlier time point
following I/R injury. A TUNEL assay, however, revealed the anti-apoptotic properties of
Exenatide in this study. Second, increased serum levels of insulin, which can directly
exert anti-apoptotic effects via the insulin receptor (21-23), may have conferred
cytoprotection. The fact that GLP-1 protects against I/R injury in isolated hearts,
however, suggests the presence of mechanisms independent of circulating insulin (17).
Third, we have observed a reduced number of 8-OHdG positive nuclei in the border
areas of pigs treated with Exenatide, pointing to reduced nuclear oxidative stress, a
major contributor to reperfusion injury (24).
The salvage of myocardial tissue by Exenatide was accompanied by increased cardiac
systolic and diastolic performance. Besides preservation of cardiomyocytes, other
factors could have contributed to enhanced cardiac function. Oxidative stress is an
important mediator of myocardial stunning, which refers to sustained functional
impairment following ischemia of normally perfused, viable myocardium. In a
previous study, GLP-1 has been demonstrated to reduce stunning in a dog model of
brief coronary occlusion and reperfusion (25). Stunning can prolong for days or even
weeks after ischemia and can contribute to cardiac decompensation in the acute
phase following MI. We have demonstrated that oxidative stress is reduced following
Exenatide treatment compared to PBS treatment, which may have alleviated
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myocardial stunning. Finally, Exenatide induces metabolic changes in the heart as
fatty acid metabolism shifts to carbohydrate metabolism (26), which demands less
oxygen for ATP production. GLP-1 infusion improves myocardial contractile
performance in a canine model of pacing induced dilated cardiomyopathy (27). In a
small clinical study with acute MI and successful reperfusion, GLP-1 infusion improved
regional and global LV function (28). These beneficial effects were contributed to
improved metabolic efficiency, as data on myocardial infarct size were not available.
We have not been able to investigate the effect of common comorbidities such as
hypertension, dyslipidemia and diabetes, which may influence the impact of
Exenatide on cardioprotection. Cardioprotective effects of Exenatide in diabetic
patients might even be more pronounced, since glycemic control is associated with
better outcomes following MI (29,30). Clinical efficacy of Exenatide, however, yet
remains to be investigated in the near future.
In conclusion, we provide compelling evidence that Exenatide confers strong
cardioprotection and improves LV systolic and diastolic function in a clinically relevant
large animal model of I/R injury, probably mediated by reduced oxidative stress and
reduced apoptosis. These data identify Exenatide as a promising compound for
myocardial salvage in patients with STEMI in combination with reperfusion therapy.
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Abstract

Background
Early reperfusion therapy is the cornerstone treatment of acute myocardial infarction
(MI). Reperfusion, however, contributes to irreversible myocardial tissue loss and
functional impairment, which necessitates the development of cardioprotective
therapies. Recent studies have indicated that rodent mesenchymal stem cells (MSCs)
confer cardioprotection via paracrine mechanisms. Cardioprotection by MSC
secretions, however, has never been demonstrated in a clinically relevant manner. We
report the cytoprotective effects of human MSC conditioned medium (CM) on
reperfusion injury in a porcine model of acute myocardial infarction.

Methods and Results
Acute MI was induced in pigs by 75 minutes of circumflex coronary artery ligation
followed by 4 hours of reperfusion. Pigs were randomized to CM (n=9), non-CM (n=9)
or saline (n=8) treatment intravenously and intracoronary, after 70 minutes of
ischemia and at the beginning of reperfusion, respectively. Immunostaining for 8-
hydroxy-2'-deoxyguanosine disclosed significantly reduced nuclear oxidative stress in
CM treated pigs (594 ± 63 (CM) vs. 853 ± 50 (non-CM; p=0.042) and 918 ± 109 (saline;
p=0.017)). In addition, expression of phosphoSMAD2 and active caspase 3 was
diminished following CM treatment, suggesting that TGFβ signaling and apoptosis
were reduced. This was associated with a significant reduction (~60%) in myocardial
infarct size (25.4 ± 4.8 % (CM) vs. 62.2 ± 5.0 % (non-CM; p=0.007) and 62.5 ± 8.4 %
(saline; p=0.004)) and improvement in systolic and diastolic cardiac performance as
assessed with echocardiography and pressure volume loop analyses.

Conclusions
Our data identify human MSC-CM as a potential therapeutic auxiliary to reperfusion
therapy in patients with acute MI.
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Introduction

Due to limited regenerative capacity of the heart, myocardial infarction (MI) results in
irreversible myocardial cell loss and functional impairment, eventually leading to heart
failure and death (1). Restoration of antegrade coronary perfusion limits myocardial
ischemic necrosis and is the current cornerstone treatment of acute MI (2). Despite
adequate reperfusion, however, most patients still suffer irreversible myocardial cell
loss. Ironically, reperfusion itself is an important contributor to irreversible myocardial
tissue loss due to accelerated apoptosis, a phenomenon referred to as reperfusion
injury (3). Amelioration of reperfusion injury and subsequent reduction of myocardial
infarct size will dramatically improve patient prognosis. At present, clinically effective
cardioprotective therapies to reduce reperfusion injury are still lacking.
Recent developments in stem cell biology have indicated that stem cells can limit the
progression of heart failure and restore cardiac tissue mass (4). In both experimental
and preliminary clinical studies, potential therapeutic benefits of stem cell
transplantation have been demonstrated (5-8). Among the stem cells that have been
tested for cardiac repair, mesenchymal stem cells (MSCs) derived from adult bone
marrow, have emerged as one of the most promising stem cell types for treating
cardiovascular disease (9). The therapeutic effects of autologous MSCs have been
attributed to their potential to differentiate into many different reparative or
replacement cell types such as cardiomyocytes, endothelial cells and vascular smooth
cells (10, 11). Because the time window of opportunity to prevent reperfusion injury
after MI is very short, the use of transplanted MSCs to prevent reperfusion injury
received little attention. Recent reports suggest that some of the therapeutic effects
of MSCs are mediated by paracrine factors secreted by these cells (12-14). Potential
mechanisms of paracrine MSC actions include endogenous regenerative capacity,
angio- and arteriogenesis, attenuating remodeling, and reducing apoptosis. This
paracrine hypothesis may extend the repertoire of stem cell based therapies with a
radically different dimension, by administration of MSC secretions. If the therapeutic
effects of MSCs are partly mediated by their secretions, such an approach could
potentially provide an “off-the-shelf” MSC-based therapeutic option, which is a
requisite for time-sensitive protection against reperfusion injury in patients with
acute MI, at affordable costs and with excellent quality control and consistency.
In this study, we investigate whether secretions of human MSCs can be employed to
reduce reperfusion injury and myocardial infarct size in a clinically relevant porcine
model of cardiac ischemia and reperfusion injury.
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Methods

MSC-CM preparation
The protocols for MSC generation and CM preparation have been described 
previously (15, 16). In short, a chemically defined serum free culture medium was 
conditioned by MSCs derived from human embryonic stem cells (hESCs), using a 
clinically compliant protocol. Three polyclonal, karyotypically stable, and pheno-
typically MSC-like cultures, that do not express pluripotency-associated markers 
but displayed MSC-like surface antigens (CD29+, CD44+, CD49a+/e+, CD105+, CD166+,
CD34-, CD45-) and gene expression profile, were generated by trypsinization and
propagation of hESCs from either HuES9 hESC line or H1 hESC line in feeder- and
serum-free selection media (15). One of these cultures, HuES9.E1 can be stably
expanded for at least 80 population doublings. To harvest MSC secretion, hESC-
derived MSC cultures were transferred to a chemically defined, serum free culture
medium to condition the medium for three days before the media containing MSC
secretions were collected, clarified by centrifugation, concentrated 25 times using 10
kDa MW cut-off ultrafiltration membranes and sterilized by filtration through a 220
nm filter. The secretory proteome was analyzed by multidimensional protein
identification technology (MuDPIT) and cytokine antibody array analysis, and revealed
the presence of 201 unique gene products. Computational analyses disclosed that this
CM holds potential cytoprotective properties (16).

Animals
All experiments were performed in accordance with the “Guide for the Care and Use
of Laboratory Pigs” prepared by the Institute of Laboratory Animal Resources and with
prior approval by the Animal Experimentation Committee of the Faculty of Medicine,
Utrecht University, the Netherlands.

Study Design
Thirty female Dalland Landrace pigs (60-70 kg; IDDLO, Lelystad, The Netherlands), all
pretreated with clopidogrel 75 mg/day for 3 days and amiodarone 400 mg/day for 10
days, were randomly assigned to MSC-CM, non-CM, or saline treatment. The saline
group was added to assess a potential effect of fresh, non-conditioned culture
medium. In all pigs, MI was induced by 75 minutes of proximal left circumflex coronary
artery (LCxCA) ligation and 4 hours of subsequent reperfusion. An ischemic period of
75 minutes was selected to inflict severe myocardial injury without inducing
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completely transmural myocardial infarction. The 4 hour reperfusion period was used,
because infarct size measurement using TTC staining is most reliable after 3 hours of
reperfusion (17). After longer periods of reperfusion, it becomes more difficult to assess
oxidative stress status and apoptotic mechanisms. Treatment was initiated 5 minutes
before the onset of reperfusion by intravenous infusion of MSC-CM (1.0 ml, 2.0 mg
protein) non-CM or saline. Immediately following reperfusion, an additional
intracoronary bolus MSC-CM (4.0 ml, 8.0 mg protein), non-CM or saline was given.

MI and Operational Procedure
During the entire operation, ECG, Systemic Arterial Pressure, and capnogram were
monitored continuously. Under general anesthesia as described before (18), a median
sternotomy was performed and two introduction sheets were inserted in the carotid
arteries for a 6 Fr guiding catheter and an 8 Fr conductance catheter (CD Leycom,
Zoetermeer, the Netherlands). The distal tip of a Swan Ganz catheter was placed into
the pulmonary artery via the internal jugular vein. Transonic flow probes (Transonic
Systems Inc, Ithaca, NY) were placed around the proximal aorta and LCxCA to 
measure cardiac output and coronary flow, and a wire was placed around the inferior
caval vein to enable functional measurements under varying loading conditions for PV
loops. After functional measurements, 10.000 IU of heparin were administered 
intravenously and sutures were tightened to occlude the proximal LCxCA.
Internal defibrillation with 50 J was used when ventricular fibrillation occurred.
After 75 minutes of ischemia, the LCxCA was reopened by release of the suture.
Immediately following reperfusion, Nitroglycerine (0.1 mg to prevent no-reflow) 
was infused through the LCxCA via the guiding catheter, followed by intracoronary
treatment with MSC-CM, non-CM or saline. After 4 hours of reperfusion, the final 
functional measurements were performed and the heart was explanted for infarct
size analysis.

Functional Measurements
Left ventricular (LV) pressure and volume were measured using the conductance
catheter method, as described previously (18). LV pressure and volume signals derived
from the conductance catheter were displayed and acquired at a 250-Hz sampling rate
with a Leycom CFL-512 (CD Leycom). Data were acquired during steady state and
during temporal caval vein occlusion, all with the ventilator turned off at end
expiration. Analysis of the pressure-volume loops was performed with custom
software as described previously (19). In addition, short-axis epicardial ultrasound

Cardioprotective properties of hMSC conditioned medium
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images (Prosound SSD-5000, 5-MHz probe UST-5280-5, Aloka Holding Europe AG, Zug,
Switzerland) were obtained at the midpapillary muscle level. Wall thickness (WT) of
the infarct area, remote area (septum) and LV internal area (LVia) were measured at
end diastole (ED) and end systole (ES). Systolic wall thickening (SWT) was calculated as
[(WT(ES)-WT(ED))/WT(ED)] * 100%, fractional area shortening (FAS) as [(LVia(ED)- LVia
(ES))/ LVia (ED)] * 100%, and left ventricular ejection fraction (LVEF) as [(EDV-ESV)/EDV]
* 100%. The end-diastolic chamber stiffness was quantified by means of linear
regression of the end-diastolic pressure-volume relationship. Echocardiography and
PV loops were measured before MI, 1 hour after ischemia and 4 hours after
reperfusion. To challenge stunned myocardium, additional measurements were
performed during pharmaceutically induced stress by intravenous dobutamine
infusion (2.5 µg/kg/min and 5.0 µg/kg/min).

Infarct Size
Just prior to excision of the heart, the LCxCA (pigs) or LCA (mice) was religated at
exactly the same spot as for the induction of the MI. Evans blue dye was infused
through the coronary system to delineate the area at risk (AAR). The heart was then
excised, the LV was isolated and cut into 5 slices from apex to base. The slices were
incubated in 1% triphenyltetrazolium chloride (TTC, Sigma-Aldrich Chemicals,
Zwijndrecht, the Netherlands) in 37°C Sörensen buffer (13.6 g/L KH2PO4 + 17.8 g/L
Na2HPO4 · 2H2O, pH 7.4) for 15 minutes to discriminate infarct tissue from viable
myocardium. All slices were scanned from both sides, and in each slide, the infarct area
was compared with area at risk and the total area by use of digital planimetry
software (Image J). After correction for the weight of the slices, infarct size was
calculated as a percentage of the AAR and of the LV.

Oxidation induced cell death assay
Human leukemic CEM cells were plated in 6 wells plates and incubated in either CM
(unconcentrated, i.e. 80 µg/ml protein) or non-CM, and treated with 50 µM H2O2 to
induce oxidative stress. Cell viability was assessed using Trypan Blue exclusion at 12,
24, 36 and 48 hours after H2O2 treatment.

Immunostaining
Nuclear oxidative stress in the ischemia and reperfusion area was assessed by
immunostaining for 8-hydroxy-2'-deoxyguanosine (8-OHdG), a product of oxidative
stress to DNA. Tissue samples were fixed in 4% formalin before being embedded in
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paraffin. Following antigen retrieval in 10 mM citric acid, the tissue sections were
incubated with 10% normal horse serum for 30 minutes, mouse-anti-8-OHdG (OXIS
international, Foster City, CA, USA) 1:20 in 0.1% PBSA over night at 4ºC, biotin labeled
horse-anti-mouse (Vector laboratories, Burlingame, CA, USA) 1:500 for 1 hour and with 
streptavidin-HRPO 1:1000 for 1 hour. Finally, the sections were incubated with H2O2-
diaminobenzidine for 10 minutes. The amount of 8-OHdG positive nuclei was 
quantified in 4 randomly picked fields per section with digital image microscopy 
software Analysis (Olympus, Münster, Germany) at 200x magnification.

Western Blotting
Protein was isolated from frozen tissue samples collected from the
ischemia/reperfusion area of pigs using 1 ml Tripure Isolation Reagent (Boehringer,
Mannheim, Germany) according to the manufacturer’s protocol. Eight microgram of
total protein was separated on a 10% SDS-PAGE gel, transferred onto a Nitrocellulose
C membrane (Amersham, Buckinghamshire, UK) and blocked using Phosphate
Buffered Saline (PBS)–0.1% Tween–5% Protifar (Nutricia, Netherlands). The membrane
was incubated with a rabbit antibody for phosphoSMAD2 1:1000 (Cell Signalling
Technology), for active caspase 3 1:100 (Chemicon, Germany), or for beta-tubulin
1:5000 (Abcam, Cambridge, UK), and subsequently with goat-anti-rabbit HRP 1:2000
(DAKO, Glostrup, Denmark). Chemiluminescence substrate (NENk Life Science
Products) was used for detection; the bands were analyzed using the Gel Doc 1000
system (Biorad, Veenendaal, Netherlands).

MSC-CM Fractionation
The MSC-CM was prepared by sterile filtration through a 220 nm filter and
concentrated through a 10 nm filter and therefore contains components between 10
and 220 nm. Subsequently, a <1000 kDa fraction and a >1000 kDa fraction were
prepared by filtering the MSC-CM through a 1000 kDa MW cut-off membrane with a
100 nm nominal pore size (Pall Corporation, Singapore), generating a fraction
containing products between 10 and 100 nm and a fraction containing products
between 100 and 220 nm. To identify the fraction containing the factor(s) within the
medium that confers cardioprotection (10-100 nm or 100-220 nm), a mouse model of
ischemia and reperfusion injury was used. MI was induced by 30 minutes left coronary
artery (LCA) occlusion and subsequent reperfusion. Mice were treated with 20 µl
unfractionated MSC-CM (10-220 nm), <1000 kDa fraction (10-100 nm), >1000 kDa
fraction, or saline intravenously via the tail vein, 5 minutes before reperfusion. Infarct
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size was assessed 24 hours later using Evans blue and TTC as described previously (20).
An additional group of mice was examined with medium conditioned by human
embryonic kidney (HEK)-293 cells, to investigate whether the cardioprotective effect is
cell-specific.

Data analysis
Data are presented as mean ± SEM. Values were collected in a blinded fashion and
compared using one-way ANOVA with post hoc bonferroni tests in SPSS 15.0.
Cardioprotective potential of the hMSC-CM fractions were compared to saline using a
one-way ANOVA with Dunnett’s post hoc tests. P-value < 0.05 was considered significant.

Results

Mortality
Four pigs died due to refractory ventricular fibrillation during the ischemia, before
treatment, and were therefore excluded from the study. All pigs that were treated with
CM (n=9), non-CM (n=9) or saline (n=8) also survived the follow up period.

Infarction Size
Infarct size, compared to the area at risk (AAR) as well as compared to the LV, was
markedly reduced in pigs treated with MSC-CM compared to those treated with non-
CM and saline (figure 1). MSC-CM treatment resulted in approximately 60% reduction
of infarct size. Importantly, the AAR was similar in all pigs, which indicates that the
initial ischemic injury was similar in all pigs (table 1).

Cardiac function
Baseline parameters were similar in all groups (table 1). During ischemia, the
posterolateral wall became completely dyskinetic in all groups, as was observed by
negative values of echocardiographic systolic wall thickening (SWT, figure 2A). Four
hours after reperfusion, the reperfused posterolateral wall of both non-CM and saline
control groups, was still dyskinetic. In the pigs treated with MCS-CM, however,
SWT partly recovered (figure 2A). Intravenous infusion of the β1-adrenergic receptor
agonist dobutamine further increased systolic wall thickening in the MCS-CM treated
pigs, whereas no improvement was seen in the control groups. Also global left
ventricular systolic function decreased due to the ischemia (figure 2B). In the pigs
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treated with CM, the fractional area shortening increased after reperfusion, almost
back to the baseline level, and increased above baseline level during dobutamine
infusion. In control pigs, global systolic function remained impaired. Improved cardiac
function also became evident from the PV-loop derived indices (table 1). Left
ventricular EF and stroke volume were significantly higher in CM treated pigs. This
translated into improved hemodynamic parameters such as cardiac output, mean
arterial pressure and heart rate. Diastolic function decreased in control groups
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Table 1. Hemodynamic and Functional Parameters

Baseline values and myocardial infarction values of pigs treated with non-CM, CM or saline, determined

with echocardiography and conductance catheters based LV pressure and volume measurements. AAR

indicates area at risk; IS, infarct size; LV, left ventricle; HR,  heart rate; QLCx, left circumflex coronary

artery flow; CO, cardiac output; WT, wall thickness; SWT, systolic wall thickening; FAS, fractional area

shortening; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection

fraction; Ees, end-systolic elastance. Non-CM, n=9; CM, n=9; saline, n=8. * p<0.05 vs. baseline; † p<0.05

vs. non-CM; ‡ p<0.05 vs. saline. 

 baseline myocardial infarction

parameter non-CM CM Saline non-CM CM Saline

AAR - - - 35.1 ± 2.9 30.7 ± 1.6 32.4 ± 2.3 

IS (% of AAR) - - - 62.2 ± 5.0 25.4 ± 4.8 †‡ 62.5 ± 8.4 

IS (% of LV) - - - 22.3 ± 2.9 7.6 ± 1.4 †‡ 20.5 ± 3.1 

HR, bpm 83.5 ± 5.5 76.4 ± 5.7 77.6 ± 8.1 111.6 ± 6.3 * 86 ± 7.5 † 97 ± 5.5 

MAP, mmHg 93.7 ± 10.2 94.0 ± 5.4 100.9 ± 4.9 70.8  ± 9.1 * 95.8  ± 4.3 ‡ 68.5  ± 7.3 *

QLCx, ml/min 31.9 ± 2.8 28.7 ± 2.9 28.4 ± 4.1 29.9 ± 2.6 25.1 ± 2.6 25.6 ± 3.3 

CO, l/min 3.60 ± 0.14 3.25 ± 0.17 3.79 ± 0.23 2.61 ± 0.35 * 3.15 ± 0.27 ‡ 2.04 ± 0.20 *

WT infarct, cm 0.71 ± 0.04 0.64 ± 0.04 0.71 ± 0.03 1.23 ± 0.09 * 0.93 ± 0.09 *‡ 1.30 ± 0.09 *

SWT infarct, % 56.3 ± 5.6 56.9 ± 4.8 61.8 ± 4.3 -6.1 ± 1.4 * 18.7 ± 4.1 *†‡ -7.0 ± 1.5 * 

SWT remote, % 43.1 ± 3.3 43.0 ± 3.0 40.9 ± 4.2 43.7 ± 7.4 41.4 ± 6.1 37.8 ± 4.4 

FAS, % 42.7 ± 2.9 38.8 ± 2.9 41.3 ± 2.7 24.7 ± 2.6 * 36.5 ± 2.0 †‡ 21.7 ± 1.2 *

EDV, ml 90.3 ± 8.2 86.2 ± 9.1 101.5 ± 7.1 70.2 ± 8.3 69.7 ± 5.2 * 69.1 ± 11.6 

ESV, ml 47.8 ± 8.2 43.9 ± 6.2 53.0 ± 4.7 44.2 ± 6.0 31.4 ± 1.4 * 47.5 ± 9.6 

SV, ml 44.5 ± 3.2 43.3 ± 5.0 49.6 ± 3.6 24.5 ± 4.0 * 38.5 ± 4.2 †‡ 21.9 ± 2.7 *

EF, % 52.5 ± 5.0 51.7 ± 3.1 49.0 ± 2.7 38.8 ± 3.5 * 54.2 ± 2.6 †‡ 34.7 ± 4.4 *

dP/dtmax, mmHg/s 1290 ± 118 1093 ± 83 1299 ± 76 1592 ± 226 1528 ± 130 1075 ± 68 *

dP/dtmin, mmHg/s -1614 ± 143 -1329 ± 113 -1650 ± 89 -983 ± 130 * -1031 ± 116 * -910 ± 102 *

Stiffness, mmHg/ml 0.13 ±  0.03 0.15 ± 0.03 0.14 ± 0.01 0.29 ± 0.06 * 0.13 ± 0.01 †‡ 0.29 ± 0.05 *

Table 1. Hemodynamic and Functional Parameters
Baseline values and myocardial infarction values of pigs treated with non-CM, CM or saline, determined
with echocardiography and conductance catheters based LV pressure and volume measurements. AAR
indicates area at risk; IS, infarct size; LV, left ventricle; HR, heart rate; QLCx, left circumflex coronary artery
flow; CO, cardiac output; WT, wall thickness; SWT, systolic wall thickening; FAS, fractional area shortening;
EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction; Ees, end-systo-
lic elastance. Non-CM, n=9; CM, n=9; saline, n=8. * p<0.05 vs. baseline; † p<0.05 vs. non-CM; ‡ p<0.05 vs.
saline.
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following ischemia and reperfusion injury, as observed by increased end-diastolic
myocardial stiffness. In the CM treated pigs however diastolic function was not
impaired.

Oxidative stress
Having demonstrated the reduction in infarct size and improvement of function, we used
an in vitro assay of hydrogen peroxide (H2O2)-induced cell death to determine the effects
of CM and non-CM on oxidative stress, a major cause of ischemia reperfusion injury. We
induced hydrogen peroxide (H2O2)-mediated oxidative stress in human leukemic CEM cells
in the presence of either CM or non-CM and monitored cell viability by Trypan blue

Figure 1. Myocardial Infarct Size
Representative pictures of Evans blue (blue) and TTC (red) staining on hearts of pigs treated with non-CM
(A), CM (B) or saline (C). Myocardial infarct size quantifications as a percentage of the left ventricle (LV)
and the area at risk (AAR) are shown in figures D and E, respectively. Non-CM, n=9; CM, n=9; saline, n=8.

Chapter 3
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exclusion. Results showed that CM significantly protected against (H2O2)-induced loss of
cell viability compared to non-CM (p<0.05) (figure 3A). To determine if CM also reduces
oxidative stress in the hearts of CM-treated pigs, nuclear oxidative stress in tissue sections
of pigs treated with CM, non-CM or saline was quantified by 8-OHdG immunostaining for
oxidized DNA. Intense nuclear staining indicative of DNA oxidation was observed in

Figure 2. Local and Global systolic function
Local systolic wall thickening as assessed with echocardiography of the infarct area in pigs treated with
Non-CM, CM or saline (A). Global systolic function, echocardiographic fractional area shortening (FAS) is
shown in figure B. Non-CM, n=9; CM, n=9; saline, n=8. * p < 0.05 vs. Non-CM and saline.

Cardioprotective properties of hMSC conditioned medium
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sections of non-CM or saline-treated pigs compared to CM-treated pigs (figures 3B-D). In
addition, there were also significantly more positive nuclei in non-CM or saline- treated pigs
(figure 3E). Therefore, CM can confer cytoprotection against oxidative stress in vitro and in
vivo.

TGFββ signaling
The secretions of the MSCs contained many proteins involved in TGFβ signaling (16).
To assess the influence of CM treatment on TGFβ signaling in vivo, we quantified
phosphorylated SMAD2 in the myocardial tissue samples of CM treated pigs and 
control pigs by Western blotting. CM treatment resulted in reduced pSMAD2 expres-
sion, indicating that TGFβ signaling via ALK-5 was reduced (figures 4A, B).

Figure 3. Oxidative Stress
Viability of CEM cells in either CM (n=4) or Non-CM (n=4) and treated with H2O2. (* p<0.05, A).
Conditioned medium protects cells from death induced by H2O2. To assess oxidative stress in vivo, infarct
area sections from pigs treated with Non-CM (B), CM (C), or saline (D) were stained for 8-OHdG, a product
of nuclear oxidative stress. The representative pictures are 400x magnified. Quantification of 8-OHdG
positive nuclei was assessed at 200x magnification and is depicted in figure E. Also in vivo, CM reduces
oxidative stress. Non-CM, n=9; CM, n=9; saline, n=8.

Chapter 3
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Figure 4. TGFβ Signaling and Apoptosis
Western blot for phosphorylated SMAD 2 (A, B) and active caspase 3 (C, D) in pigs treated with non-CM, CM
or saline. Beta-tubulin was assessed as a loading control, and no differences were found in beta-tubulin
expression between the groups (E). Non-CM, n=9; CM, n=9; saline, n=8.

Cardioprotective properties of hMSC conditioned medium
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Apoptosis
Reperfusion injury causes cell death through apoptosis rather than necrosis (21-23).
To verify that CM treatment reduces apoptosis during reperfusion, we quantified the
level of active caspase 3, a key mediator of apoptosis, by western blotting. In the pigs
treated with MSC-CM, active caspase 3 levels were lower compared to both non-CM
control and saline control suggesting that CM inhibits apoptosis in vivo (figures 4C, D).

MSC-CM fractionation
Unfractionated MSC-CM contains products between 10 and 220 nm. In order to come
closer to identifying the cardioprotective factor(s) within the MSC-CM, a <1000 kDa
fraction and a >1000 kDa fraction were generated containing products ranging in size
from 10-100 nm and from 100-220 nm respectively. Unfractionated MSC-CM and the
>1000 kDa fraction confer cardioprotection, whereas the <1000 kDa fraction does not
(figure 5), indicating that the cardioprotective factor(s) are in the >1000 kDa fraction with
size ranging from 100 to 220 nm. Furthermore, medium conditioned by HEK-293 cells does
not protect the injured myocardium, which suggests that cardioprotection is cell-specific.
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Figure 5. Cardioprotective Properties of CM Fractions
Myocardial infarct size quantification in mice treated with saline (n=10), unfractionated MSC-CM (n=12),
HEK-293-CM (n=10), the <1000 kDa fraction (n=8) and the >1000 kDa fraction (n=8). Unfractionated MSC-
CM reduces myocardial infarct size compared to saline treated animals, in contrast to HEK-293-CM. The
>1000 kDa fraction of MSC-CM reduces infarct size, whereas the <1000 kDa fraction does not, indicating
that the cardioprotective factor(s) is/are larger than 1000 kDa. * p < 0.05 vs. saline.
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Discussion

This study demonstrates that human MSC-CM exerts significant cardioprotective
effects and substantially preserves cardiac function in a pig model of myocardial
ischemia and reperfusion injury. It elicits this protection through reduced apoptotic
activity that possibly resulted from CM-associated attenuation of oxidative stress and
altered TGFβ signaling. Most importantly, this study used CM of human origin in a
clinically relevant large animal model with assessment of clinically relevant endpoints,
and therefore engenders direct and immediate clinical implications. This study could
potentially extend the repertoire of stem cell-based therapy as the data suggest that
secretions of stem cells could be used in place of cells in some clinical applications, and
circumvent complications associated with cell-based therapy such as
immunocompatibility, tumorigenicity, ethics, costs and waiting time for ex vivo
expansion.
Recently, it has been demonstrated that rat bone marrow derived MSCs, transduced
with the survival gene Akt, can protect ischemic myocardium via their paracrine
secretions (13). Conditioned medium of these Akt-transformed MSCs appeared
cardioprotective, when injected intramyocardially in a rat model of permanent
coronary artery ligation. A more recent publication revealed that the cardioprotective
effects of the rat Akt-transduced MSCs were exerted by secreted frizzled related
protein (Sfrp) 2, a product specific to Akt-transformed MSCs, and not to untransformed
MSCs (24). Although these data are intriguing, the observations are built on
experimental studies with limited clinical relevance. First, the secretion was prepared
from rat bone marrow derived MSCs, which were retrovirally transduced with the
survival gene Akt, and therefore contained Sfrp2. Second, the conditioned medium
was injected intramyocardially in a rat model of permanent coronary artery ligation.
This model has limited clinical relevance as presently almost all patients undergo
reperfusion therapy, usually by percutaneous coronary intervention. Therefore, there is
a high need for therapeutics that reduce reperfusion injury rather than ischemic
injury.
Despite using large animal models that are notoriously intractable to mechanistic
investigation due to limited research reagents, we were nonetheless able to identify
mechanisms for CM-elicited cardioprotection against ischemia-reperfusion injury and
subsequent functional recovery. We established that in CM-treated hearts, apoptotic
activity as measured by the level of activated caspase 3, a central mediator of
apoptosis, was reduced, indicating a CM-associated attenuation of apoptosis.
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In addition, we have found two mechanisms via which the CM could have exerted
these powerful anti-apoptotic effects. First, as the major cause of apoptosis during
ischemia-reperfusion injury is oxidative stress (25), we demonstrated that CM
protected human leukemic CEM cells from H2O2-induced oxidation damage and also
reduced oxidative damage in heart tissues of the pigs after ischemia-reperfusion
injury. Second, the CM contains many components of the TGFβ signaling pathway,
including latent TGFβ binding proteins (16). In the current study, the expression of
phosphoSMAD2, an important apoptotic regulatory transcription factor downstream
of ALK-5 mediated TGFβ signaling (26), was reduced in the MSC-CM group compared
to both control groups. This indicates that altered TGFβ signaling may be involved in
CM mediated cardioprotection. Together, this study demonstrated that hMSC-CM
protected cardiac tissue from apoptotic cell death by attenuation of oxidative damage
and modulation of TGFβ signaling. It is not likely that CM protected against
thrombosis in the epicardial coronary artery, since coronary flow recovered rapidly to
normal flow rates after an initial hyperemic reaction following reperfusion (table 1). In
addition, all the animals in both test and control groups were heparinized and treated
with clopidogrel to prevent thrombosis. Furthermore, the CM has no anticoagulative
effect as assayed by activated partial thromboplastin time (aPTT) and prothrombin
time (PT) assays (data not shown).
In accordance with infarct size reduction, myocardial systolic and diastolic function
improved following MSC-CM treatment. Four hours after reperfusion, local wall
motion had already partly recovered in MSC-CM treated pigs, in contrast to control
pigs. Usually, myocardial stunning occurs in recently ischemic myocardium. Stunning
refers to sustained functional impairment of viable myocardium following ischemia,
despite restoration of tissue perfusion. Also in this process, oxidative stress is an
important mediator (27). Stunning is a significant clinical problem, because it
contributes to the development of acute heart failure following myocardial ischemia.
Although the functional recovery of CM-treated cardiac tissues could be attributed to
reduced infarct size, we hypothesize that CM could also alleviate myocardial stunning
through amelioration of oxidative stress.
In contrast to Dai and colleagues who reported that fresh culture medium improved
LV ejection fraction in a rat model of MI (28), we observed that non-CM did not protect
the myocardium from ischemia and reperfusion injury, as infarct size and function
were similar in non-CM and saline treated pigs. The discrepancy between our
observations and the observations of Dai et al may lie in the differences in our
experimental protocols and the preparation of the culture medium. We used
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ischemia/reperfusion in a model of acute MI versus permanent coronary artery
ligation with a one-week old MI. Additionally, our culture medium did not contain
serum while theirs contains bovine serum. The presence of serum presents many
confounding factors as the composition of serum is poorly defined and is known to
contain growth factors, hormones and enzymes.
Fractionation of the MSC-CM revealed that the cardioprotective factor(s) is/are large
(>1000 kDa, or 100-220 nm, which is within the size range of viruses), since the fraction
containing products below 1000 kDa (below 100 nm) did not reduce infarct size. This
means that the active component is a complex of multiple components that may
include proteins and lipids. Therefore, exact elucidation of the molecular mechanism
for cytoprotection by purifying and identifying this putative active component is a
complex and long term undertaking that will be beyond the scope of this manuscript.
Despite intense efforts, early reperfusion remains the only therapy to yield improved
clinical outcome in patients with acute MI (29). Translation of promising experimental
therapies into clinical applications has been hampered by the use of experimental
designs with limited clinical relevance. For example, experimental studies, in which
cardioprotective treatment is initiated before ischemia or during early ischemia, have
limited clinical relevance as patients usually suffer acute MI unexpectedly and out of
hospital. To ensure that the efficacy of MSC-CM was assessed in a clinically relevant
manner, we used adult pigs as their cardiovascular anatomy and physiology are good
approximates of human.The treatment was initiated at a clinically feasible time point,
i.e. during late ischemia and reperfusion. Although few patients reach the hospital
within 75 minutes after the onset of symptoms, we deliberately chose 75 minutes of
ischemia, because it induces a pathological substrate comparable to that of the
average patient with acute MI. In pig, unlike human, ischemic periods of >2 hours
followed by reperfusion will result in completely transmural myocardial infarctions.
Such large transmural infarctions are rarely observed in patients, even if the
intervention took place several hours after the onset of symptoms. Factors, like the
presence of collateral arteries, ischemic preconditioning and residual flow, may delay
cardiomyocyte death in patients, and account for the difference between pig and
human. We selected clinically relevant end points, such as myocardial infarct size and
cardiac function, which will facilitate translation of the outcomes of this experimental
study to a clinical setting. However, therapeutic efficacy and safety of human MSC-CM
remains to be validated in clinical practice. Although the significantly reduced tissue
loss and the substantial functional recovery following CM therapy strongly point to
sustained protection, long-term follow-up of CM therapy is essential to exclude a
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delay in, rather than prevention of, cardiac injury. Cardiovascular risk factors such as
age, hypertension, dyslipidemia and diabetes may influence the outcome following MI
and are potential confounding factors that will have to be evaluated. Other potential
confounding factors include collateralization in patients with chronic stenotic
coronary arteries, residual coronary flow during ischemia and ischemic
preconditioning.
In this study, we demonstrate that human MSC-CM infusion reduces myocardial
reperfusion injury in a preclinical large animal model, with ~60% reduction in
myocardial infarct size. Infarct size reduction is most likely due to reduction of oxidative
stress and TGFβ-induced apoptotic cell death, collectively leading to improved systolic
and diastolic cardiac function. Human MSC-CM may therefore provide a potential
therapeutic auxiliary to reperfusion therapy in patients with acute MI.
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Introduction

Stem cells have been demonstrated to improve cardiac function following myocardial
infarction in experimental and clinical studies (1-5). Among the stem cells that have
been tested for cardiac repair, mesenchymal stem cells (MSCs) derived from adult
bone marrow, have emerged as one of the most promising stem cell types for treating
cardiovascular disease (6). The beneficial effect of stem cell therapy has been
attributed to their capacity to proliferate and differentiate into reparative and
replacement cell types, such as cardiomyocytes, entothelial cells and vascular smooth
muscle cells (7,8). However, the efficiency of transplanted MSCs to differentiate into
therapeutically relevant numbers of functional reparative cells in the injured tissues or
organs has never been adequately documented. This led to the postulation of a
paracrine hypothesis, according to which some of the therapeutic effects of MSCs are
mediated by paracrine factors secreted by the cells (9-11). This paracrine hypothesis
introduces a completely different dimension to the use of MSCs in regenerative
medicine. Application of MSC secretions instead of the cells themselves could
potentially provide an “off-the-shelf” MSC-based therapeutic option and enable one to
circumvent the confounding factors associated with cell therapy, such as immune
incompatibility, tumorigenicity, costs and waiting time for ex vivo expansion in case of
autologous cell preparations.

We have previously described how human MSC lines can be reproducibly generated
from human embryonic stem cell (hESC) lines (12). In addition, the secretions of these
MSCs can be collected as conditioned medium (CM) in a clinically compliant manner
(13). In a previous study, we applied this MSC-CM in a preclinical large animal model of
ischemia and reperfusion injury. MSC-CM treatment resulted in a reduction of
myocardial infarct size by reducing myocardial apoptosis, indicating that MSC-CM
provides a potential means to confer cardioprotection in the acute phase of
myocardial infarction (MI). Besides reducing myocardial apoptosis, other potential
paracrine actions of MSCs following MI include stimulation of angio- and
arteriogenesis, stimulation of endogenous repair and attenuation of cardiac
remodeling. Computational analysis of the secretory proteome of MSC-CM revealed
the presence of many proteins involved in processes which have been reported to be
important in myocardial infarct healing, such as developmental processes,
extracellular matrix (ECM) remodeling, inflammation, vascularization and
metabolism. It is therefore reasonable to assume that MSC-CM also influences the
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myocardial healing response following chronic ischemic injury. In this study, we
investigate how MSC-CM treatment influences myocardial infarct healing in a large
animal model of coronary artery ligation.

Methods

MSC-CM preparation
The protocols for MSC generation and CM preparation have been described previously
(12,13). In short, a chemically defined serum free culture medium was conditioned by
MSCs derived from human embryonic stem cells (hESCs), using a clinically compliant
protocol. Three polyclonal, karyotypically stable, and phenotypically MSC-like cultures,
that do not express pluripotency-associated markers but displayed MSC-like surface
antigens (CD29+, CD44+, CD49a+/e+, CD105+, CD166+, CD34-, CD45-) and gene
expression profile, were generated by trypsinization and propagation of hESCs from
either HuES9 hESC line or H1 hESC line in feeder- and serum-free selection media (12).
One of these cultures, HuES9.E1 can be stably expanded for at least 80 population
doublings. To harvest MSC secretion, hESC-derived MSC cultures were transferred to a
chemically defined, serum free culture medium to condition the medium for three
days before the media containing MSC secretions were collected, clarified by
centrifugation, concentrated 25 times using 10 kDa MW cut-off ultrafiltration
membranes and sterilized by filtration through a 220 nm filter.

Animals
All experiments were performed in accordance with the “Guide for the Care and Use
of Laboratory Pigs” prepared by the Institute of Laboratory Animal Resources and with
prior approval by the Animal Experimentation Committee of the Faculty of Medicine,
Utrecht University, the Netherlands.

Study Design
Twenty Dallas Landrace pigs (60-70 kg, IDDLO, Lelystad, The Netherlands) were
randomized to MSC-CM treatment or non-conditioned medium (NCM) treatment. MI
was induced in all pigs by surgical left circumflex coronary artery (LCx) ligation.
Intravenous treatment with MSC-CM (1.0 mg protein in 2.0 ml medium) or NCM was
initiated 4 hours after coronary artery ligation and the treatment was continued for 7
days twice daily. The pigs were sacrificed 3 weeks after MI. To prevent thrombotic
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complications and arrhythmias, all pigs treated with clopidogrel 75 mg/day from 3
days before MI until termination and amiodarone 400 mg/day from 10 days before MI
until termination.

For pigs, the repertoire of species specific tools for molecular research is limited. In
order to closer investigate the mechanisms by which MSC-CM potentially improves
outcome following MI, MI was induced in 20 C57Bl6 mice (Harlan) by left coronary
artery ligation as described previously (14). The first week following MI, an
inflammatory response in the infarct area dominates the myocardial healing process
(15). In this inflammatory phase of infarct healing, inflammatory cells expressing
cytokines and matrixmetalloproteinases (MMPs), invade the injured tissue. Four hours
after MI, the mice were treated intravenously with MSC-CM (10 µg protein in 100 µl)
or NCM. The following 3 days, the mice were treated with MSC-CM or NCM twice daily
similarly. Four days after MI, the mice were sacrificed and the hearts were explanted
for laboratory analysis.

Myocardial infarction and operational procedure
Pigs were anesthetized as described previously (16). During the entire operation,
electrocardiogram, arterial pressure and capnogram were continuously monitored.
After median sternotomy, the left ventricular pressure (LVP) was measured using a
pressure tipped Millar catheter that was inserted through the apex into the left
ventricle. A transonic flow probe (Transonic Systems Inc, Ithaca, NY, USA) was placed
around the proximal aorta to measure cardiac output. Sutures were then tightened to
permanently occlude the proximal left circumflex coronary artery (LCx). Internal
defibrillation with 50 Joules was used when VF occurred. Prior to and 1 hour after
induction of the infarct, echocardiography was performed. After stabilization of
hemodynamics and heart rhythm, the thorax was closed and the animals were
allowed to recover in the stable. Three weeks after induction of the myocardial
infarction, the animals were anesthetized once more and the sternum was re-opened.
Echocardiography and conductance catheter based pressure-volume (PV)-loop
recordings were obtained to assess cardiac function and geometry. After the
functional measurements the heart was excised for laboratory analysis.

Cardiac function
Mid-papillary short axis epicardial echocardiography was performed before coronary
artery ligation, 1 hour after and 3 weeks after coronary artery ligation (Prosound SSD-
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5000, 5 MHz probe UST-5280-5, Aloka Holding Europe AG, Zug, Switzerland). Wall
thickness (WT) of the infarct area and left ventricular internal area (LVia) were
measured at end-diastole (ED) and end-systole (ES). Systolic wall thickening (SWT) was
calculated as (WT(ES) – WT(ED))/WT(ED) * 100 (%) and fractional area shortening (FAS)
as (LVia(ED) – LVia(ES))/LVia(ED) * 100 (%). Left ventricular (LV) pressure-volume loops
were measured using a conductance catheter as described previously (16). Diastolic
chamber stiffness was quantified by means of linear regression of the end-diastolic
pressure-volume relationship (17).

Myocardial infarct size
After excision of the heart, the LV was isolated and cut into 5 slices from apex to base.
To discriminate infarct tissue from viable myocardium, the slices were incubated in 1%
triphenyltetrazolium chloride (TTC, Sigma-Aldrich Chemicals, Zwijndrecht,
Netherlands) in 37 ºC Sörensen buffer (13.6 g/l KH2PO4 + 17.8 g/l Na2H PO4.2H2O, pH
7.4) for 15 minutes. All slices were scanned from both sides and in each slide the infarct
area was compared to total area using digital planimetry software. After correction for
the weight of the slices, infarct size was calculated as a percentage of the LV.

PCR
Total RNA was extracted from infarct tissue from mice 4 days after MI using Tripure
reagent (Roche) according to the manufacturer’s instructions, converted into cDNA and
subjected to quantitative reverse transcriptase polymerase chain reaction 
(RT-PCR), as described before (18), using the following oligonucleotide primers:
procollagen 1 (forward: 5’-tcaaggtctactgcaacatgg -3’; reverse: 5’-aatccatcggtcatgctctct-
3’), TNFα (forward: 5’- acccctttattgtctactcctc -3’; reverse: 5’- gtcccagcatcttgtgtttc-3’),
MCP-1 (forward: 5’- gatcggaaccaaatgagatcag -3’; reverse: 5’- gtggaaaaggtagtggatgc -3’).
All mRNA expression levels were normalized for calnexin mRNA (forward:
5’-ccagcactcctccatctc -3’; reverse: 5’-ttccttcatctcatctacttcc-3’) and expressed as a ratio.

MMP2 activity assay
Total protein was extracted from infarct tissue from mice 4 days after MI using Tripure
reagent (Roche) according to the manufacturer’s instructions. An MMP2 activity assay
was performed using undiluted protein according to the instructions of the
manufacturer (Amersham, Munich, Germany) and the results were corrected for
sample protein concentration.
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Results

Mortality
Two pigs died peri-operatively due to refractory VF, and were therefore excluded from
the study. Two pigs (1 treated with MSC-CM and 1 treated with NCM) died in the third
week following MI without signs of heart failure or cardiac rupture, so probably due to
fatal arrhythmias.

Myocardial infarct size
Myocardial infarct size 3 weeks following coronary artery ligation was smaller in MSC-
CM treated pigs compared to NCM treated pigs (11.6 ± 2.0 % vs. 16.6 ± 1.2 % of the LV;
p=0.050). Demarcation of the area at risk is not feasible 3 weeks after coronary artery
ligation due to the development of an adequate collateral circulation.

Remodeling and Cardiac Function
One hour after coronary artery ligation, cardiac function decreased similarly in both
groups. Fractional area shortening decreased from 45.8 ± 1.9 % to 32.3 ± 2.0 % in the
NCM group and from 46.9 ± 4.6  to 29.7 ± 3.4 % in the MSC-CM group (p=0.670).
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Figure 1. Remodeling
Echocardiographic wall thickness (A) and left ventricular (LV) internal area (B) before MI and 3 weeks after
MI in pigs treated with MSC-CM (n=9) or NCM (n=9). MSC-CM prevents wall thinning following MI and
reduces the extent of LV dilatation.
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Figure 2. Systolic and Diastolic Function
Left ventricular (LV) ejection fraction (A) and dP/dtMAX (B), derived from pressure volume loops 3 weeks
after MI, improved in pigs treated with MSC-CM. Also diastolic function improved as the dP/dtMIN was
more negative (C) and diastolic chamber stiffness was lower (D). NCM, n=9; MSC-CM, n=9. * p<0.05.
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Also cardiac output (2.80 ± 0.10 l/min (NCM) vs. 2.67 ± 0.22 l/min (MSC-CM); p=0.596),
mean aortic pressure (90  ± 8.3 mmHg (NCM) vs. 84 ± 5.4 mmHg (MSC-CM); p=0.544)
and dP/dtMAX (1135 ± 83 mmHg/s (NCM) vs. 1096 ± 83 mmHg/s (MSC-CM); p=0.741)
were similar in both groups 1 hour after coronary artery ligation.This suggests that the
area subjected to ischemia was comparable in both groups.

In 3 weeks following MI, echocardiographic wall thickness of the infarct area
decreased in pigs treated with NCM, but not in pigs treated with MSC-CM (figure 1A).
LV internal area increased in all pigs following MI, however, the increase in LV internal
area tended to be more pronounced in NCM treated animals (figure 1B), pointing to
reduced remodeling in MSC-CM treated pigs. An effect on global LV remodeling did
not become evident from LV volume analysis, as end-diastolic volumes were similar 3
weeks after MI in both groups (table 1). The LV ejection fraction, however, was higher
following MSC-CM treatment, which reflects increased systolic cardiac performance
(figure 2A). Also other systolic functional parameters such as dP/dtMAX (figure 2B),
stroke volume and stroke work were higher in animals treated with MSC-CM (table 1).
Improved cardiac function translated into improved hemodynamics, as the mean
arterial pressure and cardiac output were higher in MSC-CM treated pigs. In addition,
diastolic function improved, as assessed with dP/dtMIN (figure 2C) and diastolic
chamber stiffness (figure 2D).

Inflammation and ECM turnover
Four days following coronary artery ligation in mice, gene expression of tumor
necrosis factor (TNF)-α and monocyte chemoattractant protein (MCP)-1 were lower in
myocardial infarct tissue from mice treated with MSC-CM when compared with
infarct tissue from mice treated with NCM (figures 3A, B). Procollagen 1 gene
expression (figure 3C) and gelatinase activity by MMP2 (figure 3D) were decreased,
indicating that ECM turnover was diminished following MSC-CM treatment.
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Table 1. Hemodynamic and Functional Parameters
Baseline values and myocardial infarction values of pigs treated with NCM or MSC-CM, determined with
echocardiography and conductance catheters based LV pressure and volume measurements. HR indicates,
heart rate; MAP, mean arterial pressure, CO, cardiac output; EDP, end-diastolic pressure; WT, wall thickness;
LVia, left ventricular internal area; SV, stroke volume; EDV, end-diastolic volume; ESV, end-systolic volume;
EF, ejection fraction; SW, stroke work; Stiffness, end-diastolic chamber stiffness. * p<0.05 vs. NCM.



64

Chapter 4

Figure 3. Inflammation and ECM remodeling
Gene expression of tumor necrosis factor (TNF-α). (A), monocyte chemoattractant protein (MCP)-1 (B) and
procollagen 1 (C), expressed as fold expression compared to calnexin gene expression. Gelatinase activity
by MMP2 is depicted in figure D. NCM, n=10; MSC-CM, n=10.



Discussion

In this study we show that 7 days of intravenous MSC-CM treatment improves cardiac
function following chronic ischemic injury. The MSC-CM is of human origin and
collected using a clinically compliant protocol. This, together with its efficacy in a large
animal model of chronic myocardial ischemia, implies that MSC-CM holds great
potential to improve myocardial infarct healing in a clinical setting. These data
suggest that previously reported beneficial effects of stem cell treatment may be due
to paracrine mechanisms. The repertoire of stem cell treatment may therefore be
extended by the use of their secretions. This approach enables us to avoid
complicating issues of stem cell therapy, such as immunocompatibility problems,
ethical issues, tumorigenicity, waiting time for ex vivo expansion and costs.

An interesting finding was that infarct thinning was reduced in pigs treated with
MSC-CM compared with pigs treated with NCM, which indicates that MSC-CM affects
cardiac remodeling following MI. Cardiac remodeling refers to structural changes in
the heart leading to infarct expansion, i.e. thinning and stretching of the infarct,
but also global chamber dilatation and functional impairment. Infarct thinning 
increases the wall tension in the left ventricle and can induce cardiac ruptures, leading
to increased mortality after MI. It is known that the extent of infarct remodeling is
partly determined by the size of the myocardial infarct (19). Reduced remodeling may
therefore be a result of reduced myocardial infarct size. However, following MSC-CM
treatment, gelatinase activity by MMP2 and procollagen 1 gene expression are 
reduced, pointing to reduced ECM turnover. It is therefore likely that MSC-CM also
reduced infarct remodeling by affecting ECM turnover. During myocardial infarct
healing, ECM turnover and inflammation are closely linked (15). The inflammatory
cytokine TNF-α can activate MMPs and thereby enhance the remodeling process (20).
In infarct tissue of mice treated with MSC-CM, TNF-α gene expression was lower 
compared with mice treated with NCM. In addition, MCP-1 gene expression was 
reduced. This may have led to reduced influx of monocytes, which express MMPs and
inflammatory cytokines, into the infarct area, although this remains to be 
investigated. Also global LV remodeling tended to be reduced following MSC-CM 
treatment echocardiographically, although this did not become evident from PV-loop
measurements, as end-diastolic volumes in MSC-CM treated and non-CM treated pigs
were similar.
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Although these findings are intriguing, it will be interesting to investigate what
caused reduced myocardial infarct size in pigs treated with MSC-CM. This finding was
somewhat unexpected since the LCx coronary artery was permanently ligated.
Due to a poor preexistent collateral artery network in pigs, almost the complete LCx 
perfusion area, except for a small border area was expected to perish as a 
consequence of permanent ischemia. In addition, the treatment was initiated after 4
hours of total ischemia, which should be too long for cardioprotective compounds to
be effective in pigs. Nonetheless, myocardial infarct size was significantly reduced by
30% in pigs treated with MSC-CM. One hour after coronary artery ligation, functional
impairment was comparable in pigs treated with MSC-CM and pigs treated with NCM,
which indicates that the area subjected to ischemia was similar in both groups.
This suggests that a smaller infarct size was not caused by a smaller LCx coronary 
artery perfusion territory in the pigs treated with MSC-CM. Potential mechanisms that
may have played a part are reduced apoptosis, improved myocardial perfusion, and
cardiac repair. We have previously demonstrated that intravenous and intracoronary
MSC-CM reduces myocardial oxidative stress and apoptosis following
ischemia/reperfusion injury in pigs. It may well be that also in this model of chronic
myocardial ischemia, cardiomyocytes in the border area were protected from
apoptosis by MSC-CM. Since the border area in this model of permanent coronary
artery ligation is small, it is not likely that 30% reduction of infarct size is solely the
result of reduced apoptosis. Intracoronary delivery of bone-marrow derived progenitor
cells has been suggested to promote vascular repair following MI (21), potentially via
paracrine mechanisms. Possibly, angiogenesis and arteriogenesis are stimulated by
MSC-CM administration, providing a new source for oxygen and nutrients for the
cardiomyocytes in the border area of the ischemic myocardium, which therefore have
a better chance of survival. The final possibility is that proliferating resident cardio-
myocyte progenitor cells have partly replaced the infarct tissue by new functional 
cardiomyocytes. Allogeneic MSC transplantation reduced infarct size in a porcine
model of MI, and the growth of a rim of new cardiac tissue in the region in which the
MSCs were injected, was observed (22). Furthermore, porcine hearts exhibit evidence
of cardiomyocytes entering the cell cycle and neovascularization following MI (23).
These data, in addition to new insights regarding the presence of endogenous cardiac
stem cells, support the concept that the heart could contain stem cell niches that may
be stimulated to repair injured myocardial tissue following MI (24).
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We demonstrate that intravenous human MSC-CM administration following chronic
ischemia reduces cardiac remodeling by inhibiting inflammation and ECM turnover,
reduces myocardial infarct size and improves systolic and diastolic cardiac 
performance. These data support the hypothesis that MSC therapy improves infarct
healing via paracrine mechanisms and administration of MSC secretions may provide
an effective strategy to improve myocardial infarct healing.
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Abstract

Left ventricular (LV) remodeling leads to congestive heart failure and is a main
determinant of morbidity and mortality following myocardial infarction (MI).
Therapeutic options to prevent LV remodeling are limited, which necessitates the
exploration of alternative therapeutic targets. Toll-like receptors (TLRs) serve as
pattern-recognition receptors within the innate immune system. Activation of TLR4
results in an inflammatory response and is involved in extracellular matrix
degradation, both key processes of LV remodeling following MI. To establish the role of
TLR4 in post infarct LV remodeling, MI was induced in wild type BALB/c mice and TLR4
defective C3H-Tlr4LPS-d mice. Without affecting infarct size, TLR4 defectiveness
reduced the extent of LV remodeling (end-diastolic volume: 103.7 ± 6.8 µl vs. 128.5 ± 5.7
µl; p<0.01) and preserved systolic function (ejection fraction: 28.2 ± 3.1 % vs. 16.6 ± 1.3
%; p<0.01) as assessed by magnetic resonance imaging. In the non-infarcted area,
interstitial fibrosis and myocardial hypertrophy were reduced in C3H-Tlr4LPS-d mice. In
the infarcted area, however, collagen density was increased, which was accompanied
by less macrophages, reduced inflammation regulating cytokine expression levels 
(IL-1α, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, TNF-α, IFN-γ, GM-CSF) and reduced MMP2 (4684 ±
515 vs. 7573 ± 611; p=0.002) and MMP9 activity (76.0 ± 14.3 vs. 168.0 ± 36.2; p=0.027).
These data provide direct evidence for a causal role of TLR4 in post infarct maladaptive
LV remodeling, probably via inflammatory cytokine production and matrix
degradation. TLR4 may therefore constitute a novel target in the treatment of
ischemic heart failure.
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Introduction

Myocardial infarction (MI) is a leading cause of morbidity and mortality in western
countries. The main determinants of patient outcome following MI are myocardial
infarct size and left ventricular (LV) remodeling. Whereas infarct size is determined in
the acute phase following MI, LV remodeling is a chronic maladaptive process,
characterized by progressive ventricular dilatation, myocardial hypertrophy, fibrosis
and deterioration of cardiac performance over time, eventually leading to congestive
heart failure (CHF). Despite the introduction of multiple treatments to counteract LV
remodeling into the daily clinical practice (e.g. β-blockers and ACE inhibitors), the
incidence of CHF continues to increase and remains associated with a more than 10-
fold elevated risk of death (1). A better understanding of the molecular mechanisms
involved in this process and the search for alternative therapeutic targets to prevent
LV remodeling are therefore of major importance.
Toll-like receptors (TLRs) serve as pattern-recognition receptors within the innate
immune system and recognize exogenous ligands in response to infection. Among
these receptors, TLR4 is activated by bacterial lipopolysaccharide (LPS) and is therefore
known as the LPS receptor (2, 3). During inflammation and oxidative stress, TLR4 is also
activated in response to endogenous ligands, such as heat shock protein (HSP)60 and
the alternatively spliced extra domain A (EDA) of fibronectin, resulting in the release
of proinflammatory factors (4, 5). Besides its role in inflammation, TLR4 stimulation in
monocytes induces the production of matrix metalloproteinase (MMP)9, which has
been suggested to be a marker for extracellular matrix degradation (6).
This points to a regulatory role for TLR4 in inflammation and matrix turn-over. This
concept is supported by the finding that the endogenous TLR4 ligands HSP60 and EDA
can be detected in arthritic and oncological specimens, in which both inflammation
and matrix turnover are important features (7, 8). In animal models, TLR4 has been
shown to be involved in outward vascular remodeling, probably via activation by
endogenous ligands and affecting collagen accumulation in the artery (9, 10). In heart
tissue derived from patients with idiopathic dilated cardiomyopathy, focal areas of
intense TLR4 staining have been observed (11).Whether TLR4 plays a role in post-infarct
LV remodeling, however, has not been investigated thus far.
Matrix turnover and inflammation are important features in LV remodeling.Therefore,
the purpose of this study was to evaluate whether TLR4 is involved in the ventricular
response to injury and mediates LV remodeling following MI.
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Materials and methods

Animals
All experiments on homozygous TLR4 defective mice with BALB/c background (34.2 ±
0.5 g, 10-12 weeks old, C3H-Tlr4LPS-d, Jackson, Maine, USA) and wild-type (WT) mice
(26.2 ± 0.5 g, 10-12 weeks old, BALB/c, Harlan, Indianapolis, USA) were performed in
accordance with the “Guide for the Care and Use of Laboratory Animals” prepared by
the Institute of Laboratory Animal Resources and with prior approval by the Animal
Experimentation Committee of the Faculty of Medicine, Utrecht University, The
Netherlands.

Surgical Protocol, Myocardial Infarction
Mice were anesthetized with isoflurane, and intubated using a 24-gauge intravenous
catheter with a blunt end. Mice were artificially ventilated at a rate of 105 strokes/min
using a rodent ventilator with a mixture of O2 and N2O (1:2 vol/vol) to which
isoflurane (2.5–3.0% vol/vol) was added. The mouse was placed on a heating pad to
maintain the body temperature at 37°C. The chest was opened in the third intercostal
space and an 8-0 prolene suture was used to permanently ligate the left coronary
artery. In sham operated animals, the suture was placed under the artery and removed
without ligating the artery.

Magnetic Resonance Imaging
Serial assessment of cardiac dimensions and function by high resolution magnetic
resonance imaging (MRI, 9.4 T, Bruker, Rheinstetten, Germany) was performed under
isoflurane anesthesia before, 4 days and 28 days after coronary ligation. Long axis and
short axis images with 1.0 mm interval between the slices were obtained and used to
compute end-diastolic volume (EDV, largest volume) and end-systolic volume (ESV,
smallest volume). The ejection fraction (EF) was calculated as 100*(EDV-ESV)/EDV and
cardiac output (CO) was calculated from heart rate (HR) and stroke volume (SV). The LV
mass was calculated from the LV area of each slice and the standard density of
myocardial tissue. Infarct size was assessed in vivo 4 days after MI using late
enhancement MRI recordings, 15-30 minutes following intravenous gadolinium (Gd)-
DTPA-BMA infusion. The infarct area was calculated and compared to the non-
infarcted area in each slice and expressed as percentage of the LV. All MRI data were
analyzed using Qmass digital imaging software (Medis, Leiden, the Netherlands).
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Systolic Blood Pressure
Systolic blood pressure was measured by external tail pulse detection using a tail cuff
as described previously before MI, 14 days after MI and 28 days after MI (12). Mice were
conditioned to restraint, warming chamber and application of tail cuff pressure twice
in the week before measurement.

Histology, Collagen Density, Myocyte Cross Sectional Area
Hearts were excised and fixated in 4% formalin for 24 hours before being embedded
in paraffin. Quantification of collagen density was performed using picrosirius red
staining with circularly polarized light and digital image microscopy after conversion
into greyvalue images, as described before (13). A Hematoxilin and Eosin (H&E)
staining was performed to delineate the cardiomyocytes. Four randomly picked fields
within the remote area were selected and the myocyte cross sectional area (MCSA)
was measured by computer-based planimetry (Analysis, Soft Imaging System,
Münster, Germany), averaged across the four fields and expressed as the mean area
per cardiomyocyte.
The sections were also stained for MAC-3 (for macrophages, rat anti mouse MAC-3
1:50, BD Pharming, Breda, the Netherlands), TNFα (rabbit anti human TNFα 1:100,
Abcam, Cambridge, United Kingdom) and TLR4 (rabbit anti human TLR4 1:30,
SantaCruz, Heidelberg, Germany) by overnight incubation with the first antibody at 4
ºC. The following days the sections were incubated for 1 hour at RT with a biotin
labeled secondary antibody and subsequently for 1 hour at RT with streptavidin-
horseradish peroxidase (DakoCytomation, Glostrup, Denmark) for 30 min at room
temperature. The stainings were immediately visualized with Vector NovaREDTM
substrate kit following the manufacturer’s instructions (Vector Laboratories Inc.,
Burlingame, USA). All sections were rinsed in deionized water and counterstained with
Mayer’s hematoxilin stain for 10 sec. To assess apoptosis in the border area, a TUNEL
assays was performed on the sections according to the manufacturer’s instructions
(Roche).

MMP activiy assay
Heart tissue samples were harvested from infarct area and remote area four days
following myocardial infarction and snap frozen in liquid nitrogen. The tissue samples
were homogenized and sonicated in 500 µl 40 mM Tris-HCl, pH 7.4 containing EDTA-
free protease inhibitor cocktail (Roche, Woerden, the Netherlands). After 10 minutes of
spinning at 13.000 rpm, the supernatant containing the Tris protein fraction was
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stored in -80°C until the MMP activity assays were performed. MMP2 and MMP9
activity assays were performed using undiluted protein according to the
manufacturer’s instructions (Amersham, Munich, Germany) and the results were
corrected for sample protein concentration.

PCR
Total RNA was extracted from infarcted and remote myocardium using Tripure
reagent (Roche) according to the manufacturer’s instructions, converted into cDNA
and subjected to quantitative reverse transcriptase polymerase chain reaction (RT-
PCR), as described before (14), using the following oligonucleotide primers: EDA
(forward: 5’-acgtggttagtgtttatgctc-3’; reverse: 5’-tggaatcgacatcca-catcag-3’), HSP60
(forward: 5’- accgtctattgccaaggag-3’; reverse: 5’- cagcaattacagcatcaacag-3’), TGF-β
(Superarray Bioscience Corporation, Frederick, USA), procollagen 1 (forward: 5’-
tcaaggtctactgcaacatgg -3’; reverse: 5’-aatccatcggtcatgctctct-3’), TNF-α (forward: 5’-
acccctttattgtctactcctc -3’; reverse: 5’- gtcccagcatcttgtgtttc-3’), ICAM-1 (Superarray),
VCAM-1 (Superarray). All mRNA expression levels were normalized for calnexin mRNA
(forward: 5’-ccagcactcctccatctc -3’; reverse: 5’-ttccttcatctcatctacttcc-3’) and expressed
as a ratio.

Flowcytomix
Inflammation regulating cytokine expression (IL-1α, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, TNF-
α IFN-γ and GM-CSF) was measured in Tripure (Roche) isolated protein samples using
the Th1/Th2 10plex kit (Bender MedSystems, Vienna, Austria). The protein samples
were diluted 1:1 in assay buffer and the protocol was further followed according to the
manufacturer’s instructions

Data Analysis
All data were collected blindly. Data are presented as mean ± SE. Mortality between
BALB/c mice and C3H-Tlr4LPS-d mice was compared using Fisher’s exact test. Functional
outcomes were compared using two-way ANOVA for repeated measurements and
post hoc tests. Systolic blood pressures were log-transformed to obtain normality. A
two-way ANOVA with post hoc tests was used for comparison of expression levels
between C3H-Tlr4LPS-d mice and BALB/c mice. TLR4 expression was compared using a
one-way ANOVA with post hoc tests and infarct size using Student’s t-test. P-values
below 0.05 were considered significant.
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Results

TLR4 expression profile
TLR4 expression was found in cardiomyocytes in non-infarcted hearts and in the
remote area following myocardial infarction (figure 1A-C). Following myocardial
infarction, the TLR4 staining was also positive in the infarct area and co-located with
positive MAC-3 staining and TNF-α staining (Figure 1D-F). Quantification of TLR4
protein expression revealed that TLR4 expression 4 days after MI was not increased in
the remote area and infarct area [8.26 ± 1.05 arbitrary values (baseline); 10.11 ± 1.60
arbitrary values (remote, p=0.937 vs. baseline); 8.82 ± 1.03 arbitrary values (infarct,
p=1.000 vs. baseline)]. Twenty eight days following myocardial infarction, the
inflammatory phase of myocardial infarct healing had past and no more TLR4
expressing macrophages were present in the infarct area (figure 1G, H).

Mortality
To establish the role of TLR4 in post infarct LV remodeling, MI was induced in wild type
BALB/c mice and TLR4 defective C3H-Tlr4LPS-d mice. Ten (out of 54) BALB/c mice and 10
(out of 60) C3H-Tlr4LPS-d mice died before the planned date of termination, all within
2 days after coronary ligation, and were therefore excluded from the study. In these
cases, no evidence was found for LV rupture during dissection and the causes of death
were therefore most likely surgery related, acute congestive heart failure or
arrhythmias. There was no difference in mortality between C3H-Tlr4LPS-d mice and
BALB/C mice (18.5% vs. 16.7% respectively; p=1.00).

Left Ventricular Remodeling, Systolic Function and Infarct Size
Before coronary artery ligation, LV volumes, mass and function were similar in C3H-
Tlr4LPS-d mice and BALB/C mice (figures 2A-D). Following MI, end-diastolic (EDV) and
end-systolic (ESV) volumes increased in both mouse genotypes and cardiac function
was decreased as observed by a reduction of the ejection fraction. In the C3H-Tlr4LPS-d

mice, however, the extent of LV remodeling was significantly reduced (shown in
figures 2A and B). Also functional impairment was greatly reduced, which was
demonstrated by higher ejection fractions (figure 2C). In BALB/c mice, the LV mass
increased in following MI. The increase in LV mass was prevented in C3H-Tlr4LPS-d mice,
which points to reduced remodeling of the remote area (figure 2D). Total heart weight
did not differ between C3H-Tlr4LPS-d and BALB/c mice at baseline and following sham
operation. Heart weight did not change in C3H-Tlr4LPS-d mice [101 ± 2 mg (before MI),
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Figure 1. TLR4 expression profile
TLR4 is expressed in cardiomyocytes before myocardial infarction (A), 4 days following
MI (B) and 28 days following MI (C). Four days after MI, TLR4 (D), MAC3 (E) and TNF-α
(F) are abundantly expressed in the infarct area. The co-localization indicates that TLR4
and TNF-α are both expressed by macrophages in infarct tissue. Twenty-eight days
after MI, TLR4 (G) and MAC-3 (H) expression is largely absent in the infarct area.
Magnification 400x, scale bars 500 µm.
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Figure 2. Remodeling and Function
End-diastolic volume (EDV, A), end-systolic volume (ESV, B), ejection fraction (EF, C), LV mass (D) and cardiac
output (CO, E) before, 4 and 28 days after surgery. Systolic blood pressure (SBP, F) was measured before, 14
and 28 days after surgery. (BALB/c sham, n=6; C3H-Tlr4LPS-d sham, n=6; BALB/c MI, n=8; C3H-Tlr4LPS-d MI,
n=9)* p<0.05 compared to C3H-Tlr4LPS-d MI; § p<0.01 compared to C3H-Tlr4LPS-d MI; † p<0.05 compared to
baseline value; ‡ p<0.01 compared to baseline value; || p <0.05 compared to sham of the same genotype; #
p<0.01 compared to sham of the same genotype.



107 ± 2 mg (after sham) and 106 ± 5 mg (after MI)], however, increased in BALB/c mice
following MI [100 ± 2 mg (before MI), 105 ± 4 mg (after sham) and 133 ± 4 mg (after MI,
p<0.01 vs. baseline and versus C3H-Tlr4LPS-d mice)]. The perimeter of the remote area
changed from 8.94 ± 0.43 (4 days post MI) to 10.92 ± 0.46 mm (28 days post MI) (22.7
± 4.3 % increase) in WT mice and from 9.16 ± 0.32 (4 days post MI) to 10.02 ± 0.34 mm
(28 days post MI) (10.0 ± 3.9 % increase) in TLR4 defective mice (relative increase WT vs.
TLR4 defective: p = 0.050). The perimeter of the infarct area changed from 3.99 ± 0.24
to 6.26 ± 0.38 mm (60.5 ± 15.5 % increase) in WT mice and from 4.47 ± 0.36 to 5.53 ±
0.39 mm (25.3 ± 5.7 % increase) in TLR4 defective mice (relative increase WT vs. TLR4
defective: p = 0.028). This indicates that remodeling occurred in remote and infarct
areas, and that remodeling in both the remote and infarct areas were reduced in TLR4
defective mice compared to WT mice.
Loss of cardiac function in BALB/c mice also translated into unfavorable systemic
hemodynamics, although systolic blood pressure had recovered after 28 days (figures
2E, F). Cardiac output and blood pressure were preserved at all timepoints in C3H-
Tlr4LPS-d mice. Heart rates were comparable in all groups at all time-points (BALB/c
sham: 356 ± 19 (0 days), 375 ± 17 (4 days), 395 ± 27 (28 days); C3H-Tlr4LPS-d sham: 391 ±
10 (0 days), 375 ± 29 (4 days), 380 ± 60 (28 days); BALB/c MI: 394 ± 17 (0 days), 380 ± 12
(4 days), 362 ± 5 (28 days); C3H-Tlr4LPS-d MI: 386 ± 24 (0 days), 410 ± 17 (4 days), 376 ± 10
(28 days)). In sham-operated mice, functional parameters did not change over time.
Infarct size was assessed in vivo 4 days after MI using late enhancement MRI
recordings, 15-30 minutes following intravenous gadolinium (Gd)-DTPA-BMA infusion.
There was no difference in infarct size between C3H-Tlr4LPS-d mice and BALB/c mice
(43.6 ± 4.9 vs. 40.6 ± 3.2 % of the LV; p=0.682). Illustrative MRI images are presented in
figure 3. Infarct size was also assessed with using Evans Blue and TTC staining 24 hours
following coronary artery ligation. These measurements confirmed that there were no
differences in infarct size (40.4 ± 3.8 vs. 44.1 ± 5.2 % of the LV; p=0.602 and 96.5 ± 1.2 vs.
96.9 ± 0.5 of the area at risk; p=0.808). Using the H&E staining, infarct size at 28 days
following MI also appeared to be similar.

Collagen and Hypertrophy
Interstitial fibrosis in the remote non-infarcted myocardium is commonly observed in
failing hearts and contributes to functional impairment. Collagen density, 28 days
following MI, was increased in the remote (i.e. non-infarcted) area of the BALB/c mice, but
not of the C3H-Tlr4LPS-d mice (figure 4E). In contrast, collagen density in the infarct area
was much higher in the C3H-Tlr4LPS-d mice compared to the BALB/c mice (figure 4A-E).
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Figure 3. MRI
Representative four chamber and short axis MRI images of BALB/c mice and C3H-Tlr4LPS-d mice at
end-diastole (ED) and end-systole (ES), 28 days following MI (A-H). Late enhancement recordings, 15-30
minutes following Gd-DTPA-BMA infusion, 4 days following MI, are shown in figures I and J. Gadolinium
(Gd) infusion results in delayed signal enhancing in areas of myocardial infarction. Scale bars; 1.0 mm.
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Figure 4. Collagen and Hypertrophy
Representative infarct sections of BALB/c mice and C3H-Tlr4LPS-d mice, 28 days after MI, after picrosirius red
staining under white light and polarized light are depicted in figures A-D (Magnification 400x, scale bars;
500 µm). Collagen quantifications of baseline hearts (no MI) and remote areas, border areas and infarct
areas of MI hearts (28 days following MI) are shown in figure E (BALB/c, n=9; C3H-Tlr4LPS-d, n=10). Myocyte
cross sectional area (MCSA) quantifications of baseline hearts and border areas and remote areas of MI
hearts (also 28 days following MI) are demonstrated in figure F (BALB/c, n=9; C3H-Tlr4LPS-d, n=10). * p<0.05
compared to baseline; † p<0.05 compared to BALB/c.



In addition to interstitial fibrosis, myocardial hypertrophy is frequently observed in
ischemic heart failure, which reflects the existence of compensatory mechanisms in
response to impaired pump function. The myocyte cross sectional area (MCSA), a
measure of cardiomyocyte hypertrophy, was increased in the remote areas of both
mouse genotypes; however, the increase in MCSA was less in the C3H-Tlr4LPS-d mice
compared to the BALB/c mice (figure 4F). In BALB/c mice, hypertrophy also occurred in
the border zone. Despite LV dilatation and myocardial hypertrophy, LV mass did not
increase in C3H-Tlr4LPS-d mice. Probably, myocardial cell loss during acute MI and
subsequent apoptosis is balanced by cardiomyocyte hypertrophy in the remote and
border areas. In BALB/c mice, excessive maladaptive myocardial hypertrophy and
dilatation has led to increased LV weight and total cardiac weight.

Extra-cellular Matrix turnover
Extracellular matrix turnover is a complicated process, in which the synthesis and
degradation of matrix molecules play important roles. The increased infarct collagen
density in the C3H-Tlr4LPS-d mice could be explained by increased collagen synthesis,
decreased collagen degradation, or a combination. To evaluate collagen synthesis,
procollagen 1 and TGFβ mRNA levels were measured. Both procollagen 1 and TGFβ
appeared to be increased in the infarct areas of both mouse genotypes compared to
the remote areas (table 1). However, the levels did not differ between C3H-Tlr4LPS-d and
BALB/c mice. MMP2 and MMP9 activity assays were performed to explore whether the
higher collagen density in the infarcted area of the C3H-Tlr4LPS-d mice could be
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Figure 5. Matrix Degradation
MMP2 activity (A) and MMP9 activity (B) as assessed by immuno-activity assays (BALB/c, n=8 C3H-Tlr4LPS-d,
n=9) in remote area (white bars) and infarct area (black bars) 4 days following MI. * p<0.05 compared to
remote area; † p<0.05 compared to BALB/c.



explained by decreased matrix degradation. Doing so, lower MMP2 and MMP9 activity
was observed in the infarct area of C3H-Tlr4LPS-d mice compared to BALB/c mice (figure
5A, B). Similar results were found using zymography with a decreased gelatin
degradation in C3H-Tlr4LPS-d mice compared to BALB/c mice by MMP2 (3.39 fold
decrease, p=0.037) and MMP9 (2.45 fold decrease; p=0.003).

Endogenous Ligands and Inflammation, Apoptosis
Expression of EDA mRNA was increased in the infarct areas of BALB/c mice and C3H-
Tlr4LPS-d mice compared to the remote areas (table 1). HSP60 mRNA levels differed
neither between infarct and remote areas, nor between BALB/c and C3H-Tlr4LPS-d

mice.
Inflammation was determined by counting the number of macrophages in the
myocardial infarct and border area, and by quantification of TNF-α mRNA levels and 
IL-1α, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, TNF-α, IFN-γ and GM-CSF protein expression in the
infarct area and remote area. The border areas and infarct areas of C3H-Tlr4LPS-d mice
appeared to contain significantly less macrophages compared to BALB/c mice (3.5 ± 0.7
vs. 9.0 ± 1.3 macrophages/mm2 [p=0.001] and 13.0 ± 3.2 vs. 25.1 ± 3.9
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Table 1. Expression Levels 

Product BALB/c BALB/c BALB/c C3H-Tlr4LPS-d C3H-Tlr4LPS-d C3H-Tlr4LPS-d

sham remote infarct sham remote infarct 

mRNA 

EDA 0.020 ± 0.003 0.84 ± 0.25 7.34 ± 1.79 * 0.016 ± 0.002 1.62 ± 0.37 8.01 ± 1.33 *

HSP60 0.14 ± 0.001 1.28 ± 0.39 3.55 ± 1.70 0.22 ± 0.014 0.74 ± 0.16 0.88 ± 0.40

TNF alpha 0.002 ± 0.0002 0.14 ± 0.07 0.66 ± 0.22 * 0.002 ± 0.0001 0.05 ± 0.03 0.11 ± 0.04 † 

ICAM-1 0.023 ± 0.001 1.58 ± 0.39 8.02 ± 2.66 * 0.025 ± 0.001 0.90 ± 0.21 1.69 ± 0.28 † 

VCAM-1 0.014 ± 0.0002 2.78 ± 0.69 12.24 ± 3.19 * 0.014 ± 0.0005 2.17 ± 0.60 3.82 ± 0.37 † 

TGFb 0.046 ± 0.002 0.22 ± 0.07 * 0.54 ± 0.08 * 0.035 ± 0.001 0.23 ± 0.06 * 0.50 ± 0.09 *

procollagen 0.56 ± 0.04 9.82 ± 2.79 48.94 ± 11.65 * 0.32 ± 0.02 13.36 ± 1.60 57.5 ± 7.01 *

protein 

TNF alpha 91 ± 6 385 ± 136 * 1052 ± 204 * 100 ± 21 165 ± 85 142 ± 67 † 

IL-1a 55 ± 3 126 ± 26 * 286 ± 59 * 66 ± 4 68 ± 15 56 ± 16 † 

IL-2 123 ± 8 303 ± 61 * 481 ± 132 * 123 ± 19 125 ± 39 101 ± 38 † 

IL-4 64 ± 5 104 ± 24 298 ± 71 * 57 ± 12 54 ± 11 49 ± 15 † 

IL-5 31 ± 3 68 ± 18 142 ± 35 * 33 ± 6 23 ± 6 25 ± 10 † 

IL-6 42 ± 11 113 ± 28 895 ± 285 * 46 ± 18 43 ± 10  207 ± 94 † 

IL-10 91 ± 8 206 ± 62 337 ± 122 * 88 ± 13 79 ± 34 61 ± 28 † 

IL-17 9 ± 3 3 ± 3 118 ± 52 * 4 ± 3 4 ± 3 5 ± 4 † 

IFN gamma 32 ± 4 57 ± 13 193 ± 46 * 27 ± 6 27 ± 6 27 ± 8 † 

GM-CSF 143 ± 21 226 ± 40 381 ± 84 * 130 ± 23 103 ± 19 92 ± 23 † 

Table 1. Expression Levels
Expression levels of cytokines, adhesion molecules and endogenous ligands, in sham hearts and 4 days
after MI, in infarct and remote areas of C3H-Tlr4LPS-d mice and BALB/c mice. Messenger RNA levels are
expressed as a ratio to calnexin mRNA expression (BALB/c, n=13; C3H-Tlr4LPS-d, n=12). Protein levels are
expressed as pg/ml protein. * p<0.05 compared to sham; † p<0.05 compared to BALB/c.



macrophages/mm2 [p=0.029], respectively). Accordingly, TNF-α mRNA, IL-1α, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-17, TNF-α, IFN-γ and GM-CSF expression were all lower in the infarct
area of C3H-Tlr4LPS-d mice compared to BALB/c mice (table 1). In BALB/c mice, the
cytokine expression levels were higher in myocardial infarct tissue than in sham
operated hearts. In addition, the expression of IL-1α, IL-2 and TNF-α was increased in
the remote areas compared to sham hearts. In C3H-Tlr4LPS-d mice however, cytokine
expression levels in the infarct area and remote area were not increased compared to
sham hearts. The adhesion molecules ICAM-1 and VCAM-1 were also upregulated in
myocardial infarct tissue.The levels were significantly higher in BALB/c mice compared
to C3H-Tlr4LPS-d mice (table 1). No differences were observed in apoptosis in the border
areas between BALB/c mice and C3H-Tlr4LPS-d mice, as assessed by TUNEL assay at 4
days following MI (data not shown).

Discussion

Here we demonstrate that TLR4 plays an important role in myocardial infarct healing
and contributes to LV remodeling and functional impairment following MI. TLR4 plays
a pivotal role within the innate immune system and contributes to the host defense
against exogenous microbial pathogens. Besides a role in detecting exogenous
ligands, such as microbial LPS, TLR4 has been shown to be stimulated by endogenous
ligands during inflammation and oxidative stress (4, 5). In the present study, the
endogenous TLR4 ligands HSP-60 and EDA were both observed in the myocardial
infarct samples. The expression levels of the endogenous ligand EDA in the infarct
area were much higher compared to expression levels in sham hearts, which makes
EDA a putative candidate ligand responsible for TLR4 signaling during myocardial
infarct healing. This novel finding is also in accordance with TGFβ up regulation, which
stimulates EDA production (15).
Two essential prognostic factors following myocardial infarction are 1- the size of the
myocardial infarct and 2- maladaptive LV remodeling. Anti-apoptotic effects of both
TLR4 defectiveness and pharmaceutical inhibition of TLR4 have been described in
animal models of ischemia-reperfusion injury (16, 17). This indicates that TLR4
antagonists can reduce infarct size and could be useful to change the fate of
endangered cardiomyocytes in the acute phase following MI. Remodeling, however, is
a completely different clinical problem. Although remodeling is markedly influenced
by myocardial infarct size (large MI usually leads to more remodeling), it is also
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influenced by other parameters such as location of the infarct, wall stress and
biological processes like matrix turnover. Remodeling is a chronic process, which
influences cardiac function and patient outcome weeks, months and even years after
MI occurred. The proportion of elderly people in the population, who have the highest
risk of coronary artery disease and hypertension, is rising rapidly and survival in
patients with coronary artery disease is improving. For these reasons, the incidence of
chronic ischemic heart failure is likely to increase even more in the following years (18).
The exploration of new potential molecular targets to counteract remodeling and the
progression of heart failure is mandatory. In the present study, an animal model of
permanent coronary artery ligation was used to investigate the effect of TLR4 on LV
remodeling. Using this model, infarct size was similar in C3H-Tlr4LPS-d mice and BALB/c
mice, which can be explained by the permanent nature of the coronary artery ligation.
Since infarct size was similar in both genotypes, the differences in functional outcome
were independent of infarct size.
The number of macrophages in the infarct and border area was reduced in C3H-
Tlr4LPS-d mice compared to wild type BALB/c mice. This is likely mediated by reduced
expression of the cell adhesion molecules ICAM-1 and VCAM-1, which mediate
monocyte homing to the myocardial infarct. As a consequence of reduced monocyte
homing, the expression of a whole battery of inflammation regulating cytokines was
diminished, which likely contributed to preservation of infarct geometry and function.
The production of inflammatory cytokines in the acute phase of myocardial infarct
healing leads to enhanced local oxidative stress. Although TNF-α has been described
to exert also cardioprotective properties (19), sustained presence of cytokines leads to
myocyte phenotype transition and activation of MMPs, augmenting the remodeling
process (20).
Extracellular matrix turnover, a complicated process with collagen synthesis being
balanced against collagen degradation, has been described to be important in LV
remodeling (21). Several studies demonstrated that various members of the MMP
family modulate post infarct remodeling (22-24). Specifically MMP9 seems to play a
pivotal role. Ducharme and colleagues demonstrated that targeted deletion of MMP9
attenuated LV enlargement following MI (25). MMP9 deletion was associated with
decreased collagen density in the infarct due to compensatory overexpression of other
members of the MMP family, like MMP2. We, however, did not observe such a
compensatory mechanism. The significance of MMP2 is less clear. A study conducted
in mice confirmed a role of MMP2 in late LV remodeling (26). However, Matsumura and
colleagues did not observe differences in LV dimensions between MMP2 knock-out
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mice, WT mice that were treated with a selective MMP2 inhibitor and untreated WT
mice (27). In our present study, we observed a higher collagen density in the infarcts of
the TLR4 defective mice compared to the wild-type mice. We found no evidence for
increased collagen synthesis (procollagen 1 and TGFβ mRNA levels were comparable
between both mouse genotypes). Gelatinase activity by MMP2 and MMP9, however,
was reduced, suggesting that extracellular matrix degradation was diminished.
Besides alterations in the infarct and border area, structural changes, such as
hypertrophy, fibrosis and expansion have been observed in the remote area following
MI, and all these changes were reduced in C3H-Tlr4LPS-d mice compared to WT mice.
Several mechanisms may be responsible for this. First, it may have been an indirect
effect of infarct remodeling. LV volumes increased to a greater extent in BALB/c mice
compared to C3H-Tlr4LPS-d mice, and this was mainly due to remodeling of the infarct
as became evident from separate MRI analysis of remote and infarct area. Remodeling
of the infarct area due to inflammation and matrix degradation probably resulted in
increased volumes and subsequent increased wall stress to the remote area.
Second, TLR4 may have induced cardiac hypertrophy in the remote area in response to
heart failure with reduced cardiac output and systolic blood pressure. In a mouse
model of aortic banding, Ha and colleagues showed that TLR4 is also an important
receptor that mediates signaling pathways that contribute to the development of 
cardiac hypertrophy (28). Third, the induction of inflammatory cytokine expression
was prevented in the remote area of C3H-Tlr4LPS-d mice, which may be responsible for 
reduced remodeling20 and fibrosis (29, 30). Also cardiomyocytes have been reported
to express TNF-α (31).
Although the C3H-Tlr4LPS-d mice appeared to suffer less from cardiac remodeling and
dysfunction, this did not translate into improved survival. TLR4 is also an important
mediator of the immune response. The fact that mortality rates are similar might be
explained by the compromised immune system of TLR4 defective mice following 
highly invasive surgery.
Twenty-eight days after surgery, LV volumes of C3H-Tlr4LPS-d mice were greatly
reduced and accompanied by a relative increase of the ejection fraction of 75%
compared to BALB/c mice. It is therefore likely that TLR4 has a long lasting modulating
effect on remodeling and function following MI, which makes it an attractive
candidate target for therapeutical purposes in patients with ischemic heart failure.
In conclusion, TLR4 mediates maladaptive LV remodeling and functional deterioration
following myocardial infarction, likely by inducing macrophage homing, inflammatory
cytokine production, matrix degradation and cardiomyocyte hypertrophy. These data

87

TLR4 mediates maladaptive post infarct LV remodeling



provide the first evidence for a causal role of TLR4 in post myocardial infarct LV
remodeling. TLR4 inhibition may therefore constitute a novel therapeutic option to
counteract maladaptive LV remodeling in patients with ischemic heart failure.
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Abstract

Myocardial infarction is commonly complicated by left ventricular remodeling, a
process that leads to cardiac dilatation, congestive heart failure and death. The innate
immune system plays a pivotal role in the remodeling process via NF-κB activation.
The NF-κB transcription factor family includes several subunits (p50, p52, p65, c-Rel
and Rel B) that respond to myocardial ischemia. The function of NF-κB p50, however,
is controversial in this process. To clarify the role of NF-κB p50 in post infarct left
ventricular remodeling, myocardial infarction was induced in wild type 129Bl6 mice
and NF-κB p50 deficient mice. Without affecting infarct size, deletion of NF-κB p50
markedly increased the extent of expansive remodeling (end-diastolic volume: 176 ± 13
µl vs. 107 ± 11 µl; p=0.003) and aggravated systolic dysfunction (left ventricular ejection
fraction: 16.1 ± 1.5 % vs. 24.7 ± 3.7 %; p=0.029) in a 28 day time period. Interstitial fibrosis
and hypertrophy in the non-infarcted myocardium was increased in NF-κB p50 KO
mice. In the infarct area, a lower collagen density was observed, which was
accompanied by an increased number of macrophages, higher gelatinase activity
(MMP9: 0.31 ± 0.03 ng/ml vs. 0.19 ± 0.03 nl/ml; p=0.049) and increased inflammatory
cytokine expression (TNF-α: 404 ± 31 pg/ml vs. 320 ± 47 pl/ml, p=0.023; IL-6: 199 ± 24
pg/ml vs. 104 ± 8 pl/ml, p=0.001). These data provide compelling evidence for a
protective role of NF-κB p50 in post myocardial infarction left ventricular remodeling,
by attenuation of extracellular matrix degradation and inflammation.

Introduction

Myocardial infarction (MI) is commonly complicated by maladaptive left ventricular
(LV) remodeling, which refers to alterations in LV chamber mass, geometry, and
function (1). Remodeling is a chronic process, mediated by progressive structural
changes in cardiomyocytes and the extracellular matrix (ECM), leading to LV dilatation
and impaired systolic function, and potentiates the development of ventricular
arrhythmias, heart failure, and subsequent cardiovascular mortality (2-4). Recently, we
have shown that deletion of Toll-like receptor 4 limits ventricular remodeling and
improves cardiac function after MI, identifying the innate immune system as a major
player in the myocardial response to ischemic injury (5). Toll-like receptors serve as
pattern-recognition receptors within the innate immune system and elicit an
inflammatory response via nuclear factor (NF)-κB.
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The nuclear factor (NF)-κB/Rel family regulates transcription via binding to a common
decameric sequence motif known as the κB site. Members of the NF-κB family (p50,
p52, p65, c-Rel and Rel B) share a conserved Rel homology domain and form homo- or
heterodimers (most commonly p50/p65, p50/p50 or p65/p65) that are located in the
cytosol and are bound to inhibitory IκB proteins. Activation of NF-κB can be triggered
by a variety of stimuli including pro-inflammatory cytokines, oxidative stress, bacterial
and viral products, and also ischemia (6-9). Activation leads to rapid phosphorylation,
ubiquitination, and subsequent degradation of IκB-α. This allows translocation of the
dimer into the nucleus, where it can initiate NF-κB dependent transcription of a large
and diverse array of target genes that modulate various physiological and
pathological processes, including MI.
Following MI, activation of NF-κB mediates maladaptive LV remodeling and functional
deterioration (10, 11). Blocking of NF-κB activity was therefore suggested to be a
promising novel approach to prevent adverse LV remodeling following MI. The role of
the different NF-κB subunits following MI, however, has not been completely clarified
thus far. In this study, we investigate the role of the NF-κB p50 subunit in LV
remodeling and cardiac dysfunction following MI. NF-κB p50 is generally considered
to be an inhibitory subunit of the NF-κB complex (12-14). We therefore hypothesize
that NF-κB p50 protects against cardiac remodeling by controlling the inflammatory
response, and that targeted deletion of NF-κB p50 will enhance cardiac remodeling
and functional deterioration following MI.

Methods

Nuclear expression of p65 and IL-6 Cytokine Blotting
Mouse Embryonic Fibroblasts were cultured in Dulbecco’s modified Eagle’s medium
(D-MEM, InVitrogen) with MEM nonessential amino acids 1x (InVitrogen), 50 µM 
2-mercaptoethanol (Sigma), 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco), and
10% FBS (Gibco). P3-4 cells starved in 0.1% FBS were stimulated with 100 ng/mL LPS.
Nuclear proteins were isolated using the Nuclear Extract Kit (Active Motive, 40010).
Subsequently, translocation of p65 after stimulation with LPS was measured with the
TransAM NFκB Family kit (Active Motif, 43296). Medium was collected 24 hours after
LPS stimulation. Medium of 4 different wells was pooled and used for IL-6 cytokine
blotting. This assay was performed according manufacturer’s protocol (RayBiotech,
Norcross, GA, USA).
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Animals
All experiments on 46 NF-κB KO mice on a 129Bl6 background (Harlan, Indianapolis, IN,
USA) and 46 wild-type mice (129Bl6, Harlan) were performed in accordance with the
“Guide for the Care and Use of Laboratory Animals” prepared by the Institute of
Laboratory Animal Resources and with prior approval by the Animal Experimentation
Committee of the Faculty of Medicine, Utrecht University, The Netherlands. Mice were
used for the following purposes: 10 NF-κB KO mice and 10 129Bl6 mice for serial MRI,
collagen, and hypertrophy quantification at 28 days post MI; 10 NF-κB KO mice and 10
129Bl6 mice for histology 7 days post MI; 10 NF-κB KO mice and 10 129Bl6 mice for TRIS
protein isolation 7 days post MI; 16 NF-κB KO mice and 16 129Bl6 mice and for tripure
protein isolation 7 days post MI. Seven NF-κB KO mice and 4 129Bl6 mice died within
24 hours following myocardial infarction without signs of cardiac rupture, probably
due to fatal arrhythmias, and were therefore excluded from the study. There was no
significant difference on mortality between NF-κB KO mice and 10 129Bl6 mice (15% vs.
9%, respectively; p=0.261).

Surgical Protocol, Myocardial Infarction
Mice (all male and 10-12 weeks old) were anesthetized with isoflurane, and intubated
using a 20-gauge intravenous catheter with a blunt end. Mice were artificially
ventilated at a rate of 150 strokes/min using a rodent ventilator with a mixture of O2
and air (1:2 vol/vol) to which isoflurane (1.8–2.1% vol/vol) was added. The mouse was
placed on a heating pad to maintain the body temperature at 37°C. The chest hair was
removed using hair removal cream. The chest was opened in the third intercostal
space and an 8-0 prolene suture was used to permanently ligate the left coronary
artery. The chest was closed and the animals were extubated before they were
allowed to recover from the surgery.

Magnetic Resonance Imaging
Serial assessment of cardiac dimensions and function by high resolution magnetic
resonance imaging (MRI, 9.4 T, Bruker, Rheinstetten, Germany) was performed before,
4 days after and 28 days after coronary ligation. Long axis and short axis images from
contiguous 1.0 mm slices were obtained and used to compute EDV and end-systolic
volume ESV. The ejection fraction was calculated as 100*(EDV-ESV)/EDV, stroke volume
as EDV-ESV, cardiac output as (heart rate * stroke volume). Infarct size was assessed in
vivo 4 days after MI using delayed enhancement MRI recordings, 15-30 minutes
following intravenous gadolinium (Gd)-DTPA-BMA infusion. We have selected this
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early time point for infarct size assessment to avoid confounding by infarct
remodeling over time.We have previously identified delayed enhancement infarct size
assessment using MRI in mice as a reliable method (5). The infarct area was calculated
and compared to the non-infarcted area in each slice and expressed as percentage of
the LV. All MRI data were analyzed using Qmass digital imaging software (Medis,
Leiden, the Netherlands).

Histology, Collagen Density, Myocyte Cross Sectional Area
Four days (for MAC-3) or twenty-eight days (for picrosirius red and hematoxilin-eosin),
following MI, the hearts were excised and fixated in 4% formalin for 24 hours before
being embedded in paraffin. Hearts were also harvested from mice without MI to
evaluate the baseline conditions. Quantification of collagen density was performed
after 28 days in the infarct area, but also in the remote area to investigate interstitial
myocardial fibrosis, using picrosirius red staining with circularly polarized light and
digital image microscopy after conversion into greyvalue images, as described before
(15). Cardiomyocyte hypertrophy in the remote area is commonly observed following
large MI and heart failure. A Hematoxilin and Eosin (H&E) staining was performed to
delineate the cardiomyocytes. Four randomly picked fields within the remote area
were selected and the myocyte cross sectional area (MCSA) was measured by
computer-based planimetry (Analysis, Soft Imaging System, Münster, Germany),
averaged across the four fields and expressed as the mean area per cardiomyocyte. To
determine the amount of MAC-3 positive inflammatory cells (macrophages), a MAC-3
staining was performed following antigen retrieval by boiling in 10 mM citrate buffer
and using a rat-anti mouse MAC-3 antibody (o/n incubation at 4 ˚C, 1:30, Becton
Dickinson, Franklin Lakes, USA), goat-anti rat biotin labeled antibody (1 hour incubation
at room temperature, 1:200) and streptavidin-HRPO (1 hour incubation at room
temperature, 1:1000). Subsequently the sections were incubated for 30 minutes in 3-
Amino-9-ethylcarbazole (AEC) and stained with hematoxilin before being embedded.
MAC-3 positive cells were counted throughout the infarct area and expressed as the
amount of macrophages/mm2 tissue. MAC-3 positive cell numbers were determined
within the inflammatory phase of infarct healing, i.e. 7 days following MI.

MMP-9 Activiy Assay
Heart tissue samples were harvested from infarct area and remote area 7 days
following myocardial infarction and snap frozen in liquid nitrogen. The tissue samples
were homogenized and sonicated in 500 µl 40 mM Tris-HCl, pH 7.4 containing EDTA-
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free protease inhibitor cocktail (Roche, Woerden, the Netherlands). After 10 minutes of
spinning at 13.000 rpm, the supernatant containing the Tris protein fraction was
stored in -80°C until the MMP activity assays were performed. An MMP9 activity assay
was performed using undiluted protein according to the manufacturer’s instructions
(Amersham, Munich, Germany) and the results were corrected for sample protein
concentration.

PCR
Total RNA was extracted from infarcted and remote myocardium, 7 days after MI,
using Tripure reagent (Roche) according to the manufacturer’s instructions, converted
into cDNA and subjected to quantitative reverse transcriptase polymerase chain
reaction (RT-PCR), as described before (16), using the following oligonucleotide
primers: TGF-beta 1 (Superarray Bioscience Corporation, Frederick, USA), procollagen 1
(forward: 5'-tcaaggtctactgcaacatgg -3'; reverse: 5'-aatccatcggtcatgctctct-3'), MCP-1
(forward: 5'- gatcggaaccaaatgagatcag -3'; reverse: 5'- gtggaaaaggtagtggatgc -3'),
ICAM-1 (Superarray), VCAM-1 (Superarray). All mRNA expression levels were 
normalized for calnexin mRNA (forward: 5'-ccagcactcctccatctc -3'; reverse: 5'-
ttccttcatctcatctacttcc-3') and expressed as a ratio.

Flowcytomix cytokine measurement
TNF-α, IL-6 and IL-10 expression were measured in Tripure (Roche) isolated protein
samples harvested 7 days after MI using the Th1/Th2 kit (Bender MedSystems, Vienna,
Austria). The protein samples were diluted 1:1 in assay buffer and the protocol was
further followed according to the manufacturer’s instructions

Data Analysis
The data were collected and analyzed in a blinded fashion. Data are presented as
mean ± SE. Mortality between NF-κB KO mice and 129Bl6 mice was compared using
Fisher’s exact test. Myocardial infarct size and nuclear expression of p65 with and
without LPS stimulation were compared using Student’s t-test. Functional data were
compared using a two-way ANOVA for repeated measures and bonferroni post hoc
tests. Expression levels and histological data were statistically analyzed using a one-
way ANOVA and bonferroni post hoc tests. P-values below 0.05 were considered
significant.
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Results

Nuclear translocation of NF-κB p65 occurs in NF-κB p50 deficient mice and increases
upon stimulation. Following extraction of nuclear proteins from mouse embryonic
fibroblasts from NF-κB p50 deficient mice, we found NF-κB p65 to be expressed in the
nuclei (figure 1A). Following stimulation with LPS, nuclear translocation of NF-κB p65
increased, showing that nuclear translocation of NF-κB occurs following stimulation
in NF-κB p50 KO cells.

NF-κB p50 deficiency increases secretion of Il-6 in vitro. In order to assess the
inflammatory response of cells lacking the NF-κB p50 subunit, the secretion of IL-6 by
mouse embryonic fibroblasts of 129Bl6 mice and NF-κB p50 KO mice was measured
following LPS stimulation. Production of IL-6 was higher following LPS stimulation in
NF-κB p50 KO cells compared to wild-type cells, pointing to an inhibitory role of NF-κB
p50 in inflammation (figure 1B).
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Figure 1. Nuclear translocation of p65 and IL-6 production; in vitro
A. Nuclear proteins were extracted from mouse embryonic fibroblasts of NF-κB p50 KO mice. NF-κB p65 is
expressed in nuclei of these cells. Upon stimulation with LPS, nuclear translocation of p65 increases. – LPS,
n=4; + LPS, n=4. ‡ p<0.01 compared to baseline value.
B. To assess IL-6 production in response to LPS stimulation, mouse embryonic fibroblasts from WT mice
and NF-κB p50 KO mice were stimulated with 100 ng/ml LPS. Culture medium was collected before stimu-
lation (baseline) and after 24 hours of stimulation. IL-6 secretion following stimulation is increased in NF-
κB p50 KO cells compared to wild-type 129Bl6 cells. WT, n=4; p50 KO, n=4. ‡ p<0.01 compared to baseline
value; § p<0.01 compared to WT.



Targeted deletion of the NF-κB p50 subunit enhances LV remodeling and functional
deterioration following myocardial infarction. Using high resolution MRI (9.4 Tesla)
technology, serial measurements were performed in NF-κB p50 KO mice and 129Bl6
mice to examine the changes in left ventricular geometry and function following MI.
Before induction of MI, LV geometry and function did not differ between NF-κB 50 KO
mice and 129Bl6 mice. Coronary artery ligation resulted in expansive LV remodeling
and functional impairment in all mice, whereas in sham operated animals such
changes were not observed. However, the increase in LV end-diastolic (EDV) and end-
systolic volumes (ESV) was significantly more pronounced in NF-κB p50 KO mice
compared to 129Bl6 mice (figure 2A, B). Whereas LV volumes were similar at 4 days
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Figure 2. Cardiac Function and Remodeling
Serial MRI measurements (before MI, 4 days after MI and 28 days after MI) were performed in NF-κB p50
KO mice and 129Bl6 mice to follow the extent of LV remodeling and function after MI and after sham 
operation. NF-κB p50 KO, n=8; 129Bl6, n=9. EDV indicates end-diastolic volume; ESV, end-systolic volume;
EF, ejection fraction. * p<0.05 compared to WT MI; § p<0.01 compared to WT MI; † p<0.05 compared to
baseline value; ‡ p<0.01 compared to baseline value; || p <0.05 compared to sham of the same genotype;
# p<0.01 compared to sham of the same genotype.



following coronary artery ligation, a striking difference became apparent 28 days
following coronary artery ligation. This suggests a role for p50 in late LV remodeling
rather than acute LV dilatation. Increased LV remodeling in NF-κB p50 KO mice was
accompanied by enhanced functional deterioration as became evident from
significantly lower LV ejection fractions (figure 2C). LV mass increased in NF-κB p50KO
mice, in contrast to 129Bl6 mice (figure 2D), pointing to hypertrophic changes in the
remote myocardium. Myocardial infarct size was assessed in vivo using late
enhancement MRI at four days following MI. We have previously shown that this
method provides a reliable means of infarct size assessment, producing values that
correlated well with Triphenyl Tetrazolium Chloride staining (5). We measured infarct
size at 4 days and not at 28 days, because at late time points following MI, infarct size
assessment is unreliable due to structural remodeling of the infarct and also remote
area over time. Infarct size was not affected by deletion of NF-κB p50 (41.2 ± 3.8 % of
the LV (129Bl6) vs. 41.8 ± 3.2 % of the LV (NF-κB p50 KO); p=0.915). Representative
pictures of MR images are shown in figure 3.

The inflammatory response following myocardial ischemic injury is increased in NF-κB
p50 deficient mice. A MAC-3 staining was performed 7 days after MI to assess the
influx of inflammatory cells to the myocardial infarct site. The first week of myocardial
infarct healing is dominated by an inflammatory response. An increased number of
macrophages was observed 7 days following MI in NF-κB p50 KO mice compared to
129Bl6 mice (figure 4). Gene expression of the adhesion molecule VCAM-1 was
increased in myocardial infarct tissue compared to non-infarcted tissue (table 1),
however, no differences between both mouse types were detected. Gene expression of
monocyte chemoattractant protein (MCP)-1 on the other hand was higher in infarcts
of NF-κB p50 KO mice compared to 129Bl6 mice. This may have caused increased influx
of monocytes to the site of myocardial injury. In addition, expression analysis of the
pro-inflammatory cytokines TNF-α and IL-6, and the anti-inflammatory cytokine IL-10
was performed on the protein level. TNF-α and IL-6 expression was higher in infarct
tissue of NF-κB p50 KO mice compared to 129Bl6 mice, whereas IL-10 expression was
lower (table 1).

NF-κB p50 modulates ECM turnover and myocardial hypertrophy. Collagen density
was measured at 28 days following MI using Picrosirius Red and revealed an increase
in collagen density in myocardial infarct tissue compared to baseline values (figures
5A-E). In infarcts of NF-κB p50 KO mice, however, collagen density was significantly

99

NF-κB p50 protects against cardiac remodeling



100

Chapter 6

Figure 3. Magnetic Resonance Imaging
Representative four chamber and short axis MRI images of NF-κB p50 KO mice and 129Bl6 mice, 28 days
following MI (A-H). Late enhancement recordings, 15-30 minutes following Gd-DTPA-BMA infusion, 4 days
following MI, are shown in figures I and J. Gadolinium infusion results in delayed signal enhancing in
areas of myocardial infarction (arrows). Scale bars; 1.0 mm.
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Table 1. Chemokine and Cytokine Expression Levels
Expression levels of chemokines and cytokines, 7 days after MI, in infarct and remote area of 129Bl6 mice
and NF-κB p50 KO mice. Gene expression levels (ICAM-1, VCAM-1, MCP-1, procollagen 1 and TGF-beta) are
expressed as a ratio to calnexin gene expression (129Bl6, n=15; NF-κB p50 KO, n=15). Protein levels (TNF
alpha, IL-6, IL-10) are expressed as pg/ml protein. * p<0.05 compared to remote area; § p<0.01 compared to
remote area; † p<0.05 compared to 129Bl6; ‡ p<0.01 compared to 129Bl6.

NF-κB p50 protects against cardiac remodeling

Figure 4. Macrophage Influx
Immunohistochemistry sections showing MAC-3 positive cells (red, arrows) in myocardial infarcts of
129Bl6 mice (A) and NF-kB p50 KO mice (B), 7 days after MI. Quantification of the amount of macrophages
is depicted in figure C. Magnification 200x. NF-kB p50 KO, n=8; 129Bl6, n=9.
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Figure 5. Collagen and Hypertrophy
Representative sections of infarct tissue of NF-kB p50 KO mice and 129Bl6 mice stained with Picrosirius
Red under white light (A and B) and under polarized light (C and D). Collagen density was quantified in
hearts without MI and in remote areas and infarct areas of mice 28 days following MI (figure E). As a mea-
sure of cardiomyocyte hypertrophy, the average myocyte cross sectional are was measured in hearts wit-
hout MI and in remote areas of hearts 28 days following MI (figure F). Magnification 200x. NF-kB p50 KO,
n=8; 129Bl6, n=9.
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lower compared to 129Bl6 mice. Possible explanations for this include reduced
collaged production, increased matrix degradation or a combination of both features.
Gene expression of procollagen 1 and the profibrotic factor TGF-beta1 in the infarct
area did not differ between both mouse types, providing no evidence for decreased
collagen production (table 1). Gelatinase activity by matrix metalloproteinase (MMP)-
9, however, was increased in NF-κB p50 KO mice compared to 129Bl6 mice (figure 6),
indicating that ECM degradation was increased in these mice. In the remote area of
129Bl6 mice, no changes in collagen density were observed compared to baseline.
In NF-κB p50 KO mice, however, a small but significant increase became apparent,
suggesting the occurrence of interstitial myocardial fibrosis, despite increased
gelatinase activity by MMP-9. Gene expression of procollagen 1 and TGF-beta1 was
increased in remote areas of NF-κB p50 KO mice compared to 129Bl6 mice, which can
explain the fibrotic response in the remote area of these mice. Also the myocardial
hypertrophic response in NF-κB p50 KO mice was enhanced compared to wild-type
mice, as became apparent from quantification of the myocyte cross sectional area
(figure 5F).
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Figure 6. Extracellular Matrix Degradation
An MMP-9 activity assay was performed in remote areas and infarct areas of NF-kB p50 KO mice and
129Bl6 mice 7 days following MI to assess extracellular matrix degradation. NF-kB p50 KO, n=8; 129Bl6,
n=9.
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Discussion

Thus far, the role of NF-κB in MI healing remains controversial. Several studies have
identified NF-κB as a mediator of the inflammatory response to myocardial ischemia.
Toll-like receptors, which signal through NF-κB, have been demonstrated to play a
pivotal role in post MI left ventricular remodeling (5, 17). Blockade of NF-κB by the
introduction of double-stranded decoy DNA with high affinity for NF-κB reduced
myocardial ischemia and reperfusion injury in a rat model9. A similar effect of NF-κB
blockade was observed in a mouse model of ischemia and reperfusion injury (18). In a
mouse model of permanent coronary artery ligation, however, NF-κB blockade
increased infarct size, suggesting that NF-κB can exert cytoprotective effects (10). Also
in left ventricular remodeling and heart failure progression following MI, a mediating
role of NF-κB has been reported. LV remodeling and cardiac dysfunction can be
ameliorated by using a phosphorylation inhibitor of IκB to inhibit NF-κB nuclear
translocation (11). Blocking of NF-κB activity was therefore suggested to be a
promising novel approach to prevent adverse LV remodeling following MI. A more
detailed understanding of NF-κB function, however, is required, in particular of the
specific function of the different subunits. In this manuscript, we focused on the
function of NF-κB p50 following MI. The p50 subunit is generally considered to be an
inhibitory subunit of the NF-κB complex (12-14). Since p50/p50 homodimers have
indeed been shown to inhibit transcriptional activity, we hypothesized that targeted
delection of NF-κB p50 will enhance cardiac remodeling and functional deterioration
following MI. In contrast, previously published studies reported that p50 knock out
mice were protected against LV remodeling following MI, which was assessed using
short axis echocardiography (19-21). In the current study, however, we provide
compelling evidence for a protective role of NF-κB p50 following myocardial infarction
using high resolution MRI (9.4 Tesla), which provides a more accurate means of
measuring cardiac geometry and offers three-dimensional quantification versus two-
dimensional quantification with short-axis echocardiography. Our data demonstrated
that targeted deletion of NF-κB p50 markedly enhances maladaptive LV remodeling
and functional deterioration following coronary artery ligation.

In the current study, NF-κB p50 deletion did not influence myocardial infarct size, due to
the permanent nature of coronary artery ligation. Therefore, this model was used to
assess the influence of NF-κB p50 on LV remodeling and heart failure development via
other mechanisms than by reducing myocardial infarct size. Targeted deletion of 
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NF-κB p50 resulted in markedly enhanced expansive LV remodeling and functional
impairment. End-diastolic and end-systolic volumes were markedly higher in NF-κB p50
mice. The end-systolic volume has been described to be of important prognostic value
following MI (22). In addition, NF-κB p50 deletion resulted in increased LV mass and
increased cardiomyocyte hypertrophy. Whereas differences in cardiac functional
parameters between NF-κB p50 KO mice and 129Bl6 mice were not apparent 4 days
after coronary artery ligation, the differences at 28 days were remarkable. This suggests
that NF-κB p50 has as protective effect on late maladaptive LV remodeling following MI.

Several mechanisms may have contributed to enhanced LV remodeling in NF-κB p50
KO mice. First, ECM turnover plays an important role in LV remodeling following MI.
Various members of the MMP family have been described to mediate post MI LV
remodeling (23-25). Specifically MMP-9 is recognized as a major contributor. Targeted
deletion of MMP-9 results in significantly reduced LV enlargement following MI (26).
In our study, gelatinase activity by MMP-9 was significantly higher in remote areas
and infarct areas of NF-κB p50 KO mice compared to 129Bl6 mice. This may explain the
reduced collagen density observed in the myocardial infarct area and enhanced LV
remodeling in NF-κB p50 KO mice. A reduction in collagen density decreases the
tensile strength of the myocardial infarction, making it more susceptible to the impact
of mechanical loading forces that drive the remodeling process. In the remote area,
however, collagen density was higher in NF-κB p50 KO mice compared to 129Bl6 mice,
pointing to interstitial myocardial fibrosis, which is commonly observed in heart
failure. ECM turnover is a complicated process, in which a balance between
degradation (by MMPs) and synthesis of ECM molecules determines the density of the
matrix. We have also assessed gene expression of procollagen 1 and the profibrotic
growth factor TGF-beta1 to find a mechanistic explanation for increased collagen
synthesis. Procollagen 1 and TGF-beta1 gene expression were higher in remote areas of
NF-κB p50 KO mice compared to 129Bl6 mice. This may explain increased myocardial
fibrosis in the remote myocardium of NF-κB p50 KO mice despite higher MMP-9
activity.

Besides matrix turnover, inflammatory mediators are involved in LV remodeling. An in
vitro assay revealed that the production and secretion of IL-6 increased in stimulated
embryonic fibroblasts isolated from NF-κB p50 KO mice compared to those isolated
from 129Bl6 mice. Expression of IL-6 was also increased in vivo following MI, as was
TNF-α. Expression of the anti-inflammatory cytokine IL-10 was decreased on the other
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hand. NF-κB p50 has indeed been described to bind to the IL-10 promoter and to
increase IL-10 production in macrophages (27). Inflammatory cytokines have been
demonstrated to be involved in ischemic injury by enhancing oxidative stress, whereas
IL-10 mitigates oxidative stress (28). Sustained presence of TNF-α leads to myocyte
phenotype transition and activation of MMPs, augmenting the remodeling process
(29). In accordance with increased inflammatory cytokine expression and MMP-9
activity, the influx of monocytes to the infarct area of NF-κB p50 KO mice was
increased compared to 129Bl6 mice.We also observed that MCP-1 gene expression was
higher in the infarct area of mice lacking NF-κB p50. These data suggest that NF-κB
p50 attenuates the inflammatory response following MI by reducing the homing of
inflammatory cells to the myocardial infarct via inhibition of MCP-1.

Also in other studies, increased expression of inflammatory cytokines was observed in
NF-κB p50 KO mice following MI (19, 20). Paradoxically, these studies reported that NF-
κB translocation was blocked in NF-κB p50 KO mice, which resulted in reduced
remodeling and heart failure progression, which was measured using short axis
echocardiography. We have found, however, that nuclear p65 translocation occurs in
NF-κB p50 KO cells, and that nuclear p65 translocation increases following LPS
stimulation. This demonstrates that nuclear translocation of subunits other than p50
occurs upon stimulation in the absence of p50. When p50 is lacking, the remaining
subunits form alternative homo- or heterodimers (e.g. p65-p65) to regulate gene
expression. Deletion of NF-κB p50 can therefore not be simply considered as NF-κB
blockade. In contrast, NF-κB p50 is an inhibitory subunit, which protects against post
MI left ventricular remodeling and functional deterioration by controlling the
inflammatory response and ECM degradation.

In summary, nuclear expression studies and cytokine expression data suggest that NF-
κB p50 deficiency does not block NF-κB signaling. In contrast, NF-κB p50 is an
important regulator of the inflammatory response and ECM matrix turnover
following MI, and targeted deletion of NF-κB p50 results in markedly enhanced LV
remodeling and functional deterioration. These data provide an important
contribution to the basic understanding of the function of NF-κB, and the innate
immune system in general, in myocardial infarct healing.

Sources of Funding
This study is supported by the Netherlands Heart Foundation (NHS), grants 2005T022
and 2001-162.
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Abstract

Background
Cyclooxygenase (COX-) 2 expression in the heart increases after myocardial infarction
(MI). In murine models of MI, COX-2 inhibition preserves left ventricular (LV)
dimensions and function. We studied the effect of selective COX-2 inhibition on LV
remodeling and function following MI in a pig model.

Methods and Results
Twenty-two pigs were assigned to COX-2 inhibition (COX-2i (Celecoxib 400 mg twice
daily), n=14) or a control group (n=8). MI was induced by left circumflex coronary artery
ligation and the animals were sacrificed 6 weeks later. Cardiac dimensions and
function were assessed using echocardiography and conductance catheters. Infarct
size and collagen density were analyzed using triphenyltetrazolium chloride staining
and picrosirius red staining, respectively. COX-2i increased mortality compared to
controls (50% vs. 0%, p=0.022) whereas infarct size was similar (13.1 ± 0.7 vs. 14.1 ± 0.1%,
p= 0.536). The decrease in thickness of the infarcted myocardial wall was more
pronounced in the COX-2i group (60.6 ± 9.6 % vs. 36.2 ± 5.7 %; p=0.001). End-diastolic
volume was higher in the COX-2i group (133.9 ± 33.5 vs. 91.1 ± 24.0 ml; p=0.021), as was
the end-systolic volume at 100 mmHg (ESV100; 81.7 ± 27.8 vs. 56.3 ± 21.1 ml; p=0.037),
indicating that systolic function was more severely impaired. Infarct collagen density
was lower after COX-2i treatment (25.3 ± 3.9 vs. 56.1 ± 23.8 grey value/mm2; p=0.005).

Conclusions
In pigs, COX-2 inhibition following MI is associated with increased mortality, enhanced
LV remodeling and impaired systolic function, probably due to decreased infarct
collagen fiber density.

Keywords: myocardial infarction, heart failure, remodeling, cyclooxygenase 2
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Introduction

Myocardial infarction (MI) is a leading cause of morbidity and mortality in western
countries. Left ventricular (LV) dilatation is commonly observed as a complication after
MI and may lead to deterioration of cardiac performance over time and contribute to
the progression into congestive heart failure. Many strategies (e.g. beta-blockers and
ACE-inhibitors) that have been developed to attenuate expansive remodeling, or even
to reverse this process, are now integrated in the treatment of patients that suffered
MI. Despite these advances in the management of MI, the number of patients with
congestive heart failure continues to grow and remains associated with a more than
10-fold elevated risk of death (1). Therefore, the search for new and effective
treatments is mandatory.
Cyclooxygenases (COX) are the enzymes that catalyze the rate limiting step of
prostanoid synthesis. Two isoforms of the enzyme are currently characterized. COX-1 is
constitutively expressed in many organs to mediate physiological responses and
regulate homeostasis, whereas COX-2 is generally considered to be inducible and
upregulated in pathological conditions such as inflammation. COX-2 expression in the
heart also increases rapidly following MI (2), which appears to have a protective
function, since inhibition or absence of COX-2 increases infarct size in experimental
models of ischemia-reperfusion injury (3, 4). COX-2 also influences LV remodeling
following MI. Several members of the traditional non steroid anti-inflammatory drugs
(NSAIDs), inhibitors of both COX-1 and COX-2, have been shown to enhance LV
dilatation and infarct expansion after experimentally induced MI (5-7). Administration
of these drugs to patients following MI may lead to the formation of ventricular
aneurysms and ruptures. Low dose aspirin promotes perivascular and interstitial
fibrosis, but does not alter infarct collagen content, cardiac dimensions and function
following MI in rats (8).
Selective inhibition of only COX-2 preserves cardiac dimensions and function in
murine animal models of MI (9, 10). Studies in human-like preclinical large animal
models, however, are crucial to examine whether COX-2 inhibition may benefit
patients following MI by counteracting LV remodeling.
Selective COX-2 inhibitors were originally developed to bypass the risk of gastro-
intestinal side effects of traditional (i.e. non selective) NSAIDs. Recently, however, it
became evident that COX-2 inhibitors increase the risk of major adverse
cardiovascular events (11-13), which formed the basis for recent concern about the use
of COX-2 inhibitors, particularly in patients at risk for cardiovascular disease.
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Consequently, it is of major importance to map in detail the consequences of COX-2
inhibition in cardiovascular risk patients, including a possible effect on LV remodeling.
We therefore investigated the effect of selective COX-2 inhibition on post MI left
ventricular remodeling in a porcine model of MI.

Methods

Animals
All experiments were performed in accordance with the “Guide for the Care and Use
of Laboratory Animals” prepared by the Institute of Laboratory Animal Resources and
with prior approval by the Animal Experimentation Committee of the Faculty of
Medicine, Utrecht University, The Netherlands.

Study design
In 26 female Dalland Landrace pigs (60.3 ± 1.4 kg) a myocardial infarction was induced
surgically. One day after the surgery the animals were randomly assigned to COX-2
inhibitor (COX-2i) treatment (400 mg celecoxib (Pfizer) twice daily mixed through
normal feeding from the day after surgery until termination) or a control group
receiving no treatment. The animals were allowed to recover from the operation and
were sacrificed 6 weeks later. All animals were treated with clopidogrel 75 mg/day and
sotalol 320 mg/day from 4 days before surgery until termination to prevent
thrombosis and arrhythmias.

Anesthesia
After an overnight fast, the pigs were sedated with Ketamine (10 mg/kg), Midazolam
(0.5 mg/kg) and Atropin (0.04 mg/kg) and induced with Thiopental (4 mg/kg) before
they were intubated and connected to a respirator for intermittent positive pressure
ventilation with a mixture of oxygen and air (1:1 V/V). A venous catheter was placed in
an ear vein for continuous administration of saline and anesthetic drugs. ( A loading
dose of Midazolam (0.5 mg/kg) and Sufentanil citrate (6ug/kg) was administered
previous to ventilation). Anesthesia was maintained by continuous infusion of
Midazolam (0.7 mg/kg/h), while analgesia was obtained by continuous infusion of
Sufentanylcitrate (6 µg/kg/h) and muscle relaxation by infusion of Pancuronium
bromide (0.1 mg/kg/h). Prior to the surgery 160 mg Sotalol was infused intravenously
in 30 minutes to prevent cardiac arrhythmias.
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Myocardial infarction and operational procedure
During the entire operation, electrocardiogram, arterial pressure and capnogram were
continuously monitored. After median sternotomy, a pacing lead was introduced into
the right atrium through a small hole in the right auricle to enable measurements at
fixed heart rates. Left ventricular pressure (LVP) was measured using a pressure tipped
Millar catheter that was inserted through the apex into the left ventricle. A transonic
flow probe (Transonic Systems Inc, Ithaca, NY, USA) was placed around the proximal
aorta to measure cardiac output. Prior to induction of the infarct, echocardiography
was performed. Sutures were then tightened to permanently occlude the proximal
left circumflex coronary artery (LCx). Internal defibrillation with 50 Joules was used
when VF occurred. After stabilization of hemodynamics and heart rhythm, the thorax
was closed and the animals were allowed to recover in the stable.
Six weeks after induction of the myocardial infarction, the animals were anesthesized
once more and the sternum was re-opened. Echocardiography and conductance
catheter based pressure-volume recordings were obtained to assess cardiac function
and geometry. After the functional measurements the heart was excised for
laboratory analysis.

Hemodynamics
The electrocardiogram, arterial pressure, cardiac output and LVP were digitized at a
sampling rate of 300 Hz and stored for off-line analysis (Sonometrics Corporation,
Ontario, Canada).

Echocardiography
Short axis epicardial ultrasound images (Prosound SSD-5000, 5 MHz probe UST-5280-
5, Aloka Holding Europe AG, Zug, Switzerland) were obtained at the mid-papillary level.
Wall thickness (WT) of the infarct area and left ventricular internal area (LVia) were
measured at end-diastole (ED) and end-systole (ES). Systolic wall thickening (SWT) was
calculated as (WT(ES) – WT(ED))/WT(ED) * 100 (%) and fractional area shortening (FAS)
as (LVia(ED) – LVia(ES))/LVia(ED) * 100 (%).

Conductance catheter protocol
The conductance catheter method provides a continuous online measurement of LV
volume and LV pressure and was performed as described previously (14, 15). LV pressure
and volume signals derived from the conductance catheter were displayed and
acquired at a 250 Hz sampling rate using a Leycom CFL-512 (CD Leycom, Zoetermeer,
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the Netherlands). Data were acquired during steady state and during temporal caval
vein occlusion, all with the ventilator turned off at end-expiration. Acquisition was
performed at a fixed atrial pacing rate of 80 beats/min. Analysis of the pressure
volume loops was performed using custom software as previously described (16).
Systolic function was characterized by the position of the end-systolic pressure-
volume relationship, quantified by calculating the ESV intercept at a fixed end-systolic
pressure of 100 mmHg (ESV100). Diastolic chamber stiffness was quantified by means
of exponential regression of the end-diastolic pressure-volume relationship17.

Infarct size
After excision of the heart, the LV was isolated and cut into 5 slices from apex to base.
The slices were incubated in 1% triphenyltetrazolium chloride (TTC, Sigma-Aldrich
Chemicals, Zwijndrecht, Netherlands) in 37 ºC Sörensen buffer (13.6 g/l KH2PO4 + 17.8
g/l Na2H PO4.2H2O, pH 7.4) for 15 minutes to discriminate infarct tissue from viable
myocardium. All slices were scanned from both sides and in each slide the infarct area
was compared to total area using digital planimetry software. After correction for the
weight of the slices, infarct size was calculated as a percentage of the LV.

Elisa
Heparinized full blood samples and serum samples were collected from the treated
animals before COX-2i treatment and prior to termination. Full blood was stimulated
for 24 hours at 37ºC with 100 ng/ml lipopolysaccharide (LPS) to induce COX-2.
Following stimulation, the plasma was collected after 5 minutes spinning at 1000 rpm
and an ELISA was performed on prostaglandin E2 (PGE2) according to manufacturer’s
instructions (Assay Designs, Ann Arbor, Michigan, USA). In the serum samples,
thromboxane B2 (TxB2, the stable metabolite of TxA2, which is downstream of COX-1)
was measured using ELISA, also according to manufacturer’s instructions (R&D
Systems, Minneapolis, USA).

Collagen density
Samples were taken from the infarct region, border region and remote area and
fixated in 4% formalin for 24 hours before being embedded in paraffin. Quantification
of collagen content was performed using picrosirius red staining and digital image
microscopy with circular polarized light. The section images were converted into
greyvalue images which were quantified in 5 randomly picked areas within each
section and averaged.
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Celecoxib tissue content
In five additional pigs, of which 3 were treated with celecoxib and 2 served as control
animals, a myocardial infarction was induced as described above. These pigs were
sacrificed after 7 days to harvest tissue for analysis of collagen turnover and celecoxib
tissue quantification. For the celecoxib tissue quantification, frozen tissue was grind
to powder in liquid nitrogen and extracted with dichloromethane. One µl of tissue
extraction and 1 µl of matrix solution were mixed on the MALDI plate according to the
procedure of the dried-droplet preparation. Direct quantification of celecoxib was
performed by matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass
spectrometry using a UV-absorbing ionic liquid matrix (18). Experiments were carried
out with a Kratos Axima CFRplus (Shimadzu Biotech, Manchester, U.K.) operating in
positive reflectron mode.

Data analysis
Functional data and histological data were collected blindly and the codes were
revealed afterwards. Values are presented as mean ± SE. Statistical comparison of
mortality between treated and non treated animals was done using Fisher’s exact
test. MI values were compared to baseline values using a Wilcoxon signed rank test. A
Mann Whitney U test was used for statistical comparison between treated and non
treated animals. P-values below 0.05 were considered significant.
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Results

COX-2 inhibition specificity
To assess whether celecoxib specifically inhibited COX-2, not affecting COX-1, the COX-
2 dependent PGE2 production and the COX-1 dependent thromboxane B2 (TxB2, the
stable metabolite of TxA2) production were determined from blood samples of the
treated animals. Following LPS stimulation, which induces COX-2, PGE2 production
decreased after COX-2i treatment (from 241 ± 71 pg/ml to 66 ± 25 pg/ml; p=0.028).
Conversely, TxB2 levels were not influenced by COX-2i treatment (from 385 ± 96 pg/ml
to 361 ± 99 pg/ml; p = 0.310), indicating that solely the activity of the COX-2 isoform
was inhibited.

Mortality and Infarct Size
Four animals died peri-operatively due to refractory ventricular fibrillation (VF), prior
to randomization, and were therefore excluded from the study. Of the remaining 22
animals, 14 were treated with celecoxib and 8 served as controls. Mortality was
significantly higher in the celecoxib treated animals compared to control animals
(50% vs. 0%; p=0.022), whereas infarct size was similar is both groups (13.1 ± 0.7 vs. 14.1
± 1.0 % of the LV; p= 0.536). In the COX-2i group, death occurred 3-6 weeks after
induction of myocardial infarction as a result of LV rupture (as evidenced during
obduction by cardiac tamponade and transmyocardial leakage, n=3), cardiac
decompensation (as evidenced by tachypneua, tachycardia and the presence of
pleural and abdominal fluid during obduction, n=2) and sudden death from unknown
cause (n=2).

Systemic Hemodynamics; Effect of MI and COX-2i
Hemodynamic parameters are summarized in table 1. Heart rate and cardiac output
remained unchanged after MI and did not differ between the treated and non-treated
animals. The mean arterial pressure (MAP) decreased in the non-treated animals from
109 ± 8.4 to 84.1 ± 3.4 mmHg (p=0.028), but not in the treated animals (from 97.8 ±
13.4 to 101 ± 7.0; p=1.00). The change in MAP, however, was not significantly different
between the groups (-29.3 ± 10.2 mmHg (controls) vs 3.7 ± 13.1 mmHg (COX-2i);
p=0.116). After MI, the end-diastolic pressure increased in both treated and non-
treated animals from 6.0 ± 0.7 mmHg to 13.4 ± 1.6 mmHg (p=0.018) and from 6.4 ± 0.5
mmHg to 14.8 ± 1.9 mmHg (p=0.028) respectively. No differences between the treated
and non-treated animals were detected.
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Regional and Global Left Ventricular Remodeling; Effect of MI and COX-2i
Myocardial infarction resulted in a decrease of the myocardial wall thickness (WT) in
the infarct area and remote area (septum), and an increase in LV internal area in
treated and non-treated animals. The decrease in WT of the infarct area was more
pronounced in the animals treated with celecoxib (60.6 ± 3.6 % vs. 36.2 ± 2.0 %
decrease; p<0.001, figure 1A), as was the increase in LV internal area (100.1 ± 21.3 % vs.
51.4 ± 7.0 % increase; p=0.002, figure 1B). The absolute values are depicted in table 1. In
addition, both EDV and ESV were higher in the treated animals compared to the non
treated animals (133.9 ± 12.7 ml vs. 90.7 ± 8.5 ml; p=0.021 and 85.8 ± 9.5 ml vs. 56.5 ± 8.3
ml; p=0.029, respectively, figure 1C).
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Table 1.
Hemodynamics, cardiac geometry and function before and after myocardial infarction in treated and
control animals. Data are presented as mean ± SE. HR = heart rate; MAP = mean arterial pressure; CO =
cardiac output; EDP = end-diastolic pressure; WT = wall thickness; SWT = systolic wall thickening; FAS =
fractional area shortening; EDV = end-diastolic volume; ESV = end-systolic volume; EF = ejection fraction; SW
= stroke work; Tau = relaxation constant; Ees = end-systolic elastance; ESV100 = end-systolic volume,
calculated as the intercept of the end-systolic pressure-volume relationship with a fixed LV pressure of 100
mmHg; PRSW = preload recruitable stroke work; Ked = end-diastolic stiffness constant. Control: n=8; COX-
2i: n=7. * p < 0.05 compared to baseline value; † p < 0.05 compared to control animals; ‡ p < 0.01 compared
to control animals.



Regional and Global Function; Effect of MI and COX-2i
Both regional and global function decreased following MI. After MI the LCx perfusion
territory was completely akinetic and the FAS decreased in both treated and non
treated animals (table 1). The ESV100 as a measure of systolic function, was higher in
the treated animals compared to the non-treated animals (81.7 ± 10.5 vs. 56.3 ± 7.5 ml;
p=0.040, figure 1D). No differences were observed in diastolic and other systolic
parameters (table 1).

Collagen Density
Collagen density in the infarct area was lower after celecoxib treatment (25.3 ± 3.9 vs.
56.1 ± 23.8 grey value/mm2; p=0.004). No differences were found in the border area
(14.2 ± 1.0 vs. 14.0 ± 0.8 grey value/mm2; p = 1.000) and remote area (14.8 ± 2.0 vs. 12.1
± 1.1 grey value/mm2; p = 0.259, figures 2 and 3).

Celecoxib Tissue Concentration
Celecoxib tissue concentration (Table 2) was determined before and after infarction in
the infarct, border and remote area. No differences were found between infarct area
(290 ± 165 µg/g tissue) and border or remote area (295 ± 143 µg/g tissue, 288 ± 230
µg/g tissue respectively). No celecoxib was found before infarction and in control
animals.

Discussion

In the present study, we investigated the effect of the selective COX-2 inhibitor 
celecoxib on post MI left ventricular remodeling in a porcine model of myocardial
infarction.
Left circumflex coronary artery ligation in these pigs resulted in necrosis of the
posterior LV wall followed by scar formation, thinning of the infarcted myocardial wall,
LV dilatation and functional impairment. Selective COX-2 inhibition promoted
myocardial infarct thinning and LV dilatation. Whereas diastolic and most systolic
functional parameters were similar between treated and non treated animals, the
ESV100 was higher in the treated animals, indicating that also systolic function was
more severely impaired after COX-2 inhibition. Myocardial collagen density was found
to be lower in the infarct area in the treated animals compared to non-treated control
animals. These findings correlate with higher mortality rates in the treated animals
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Figure 1.
Left ventricular dimensions and systolic function
Myocardial wall thickness in the infarct area and the left ventricular (LV) internal area were determined
using epicardial ultrasound. The decrease in wall thickness (A) and the increase in LV internal area (B) as a
percentage of the baseline value were more pronounced in the treated animals compared to the control
animals. In addition, EDV and ESV 6 weeks following MI (C), as measured using a conductance catheter,
were higher in the treated animals compared to controls, indicating that COX-2i treatment promotes LV
dilatation. The ESV100 was higher in the treated animals (D), indicating that systolic function was more
severely impaired. Control: n=8; COX-2i: n=7. * p < 0.05 compared to baseline value; † p < 0.05 compared to
control animals; ‡ p < 0.01 compared to control animals.
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caused by LV ruptures and congestive heart failure.
Somewhat unexpected was that the dP/dtMAX did not decrease as a consequence of
MI. We would speculate that this finding is due to the load-dependence of dP/dtMAX
and a compensatory increase in end-diastolic volume as reflected by the increased LV
dimensions obtained by epicardial ultrasound, explains the maintained dP/dtMAX.
Ejection fractions of 40.2 % and 36.6 % in the non-treated and treated animals
respectively, do not point to end-stage heart failure. Nonetheless, COX-2 inhibition
negatively influenced mortality, remodeling and function in this model, indicating
that the inhibitor exerts a strong effect on these endpoints.
The occurrence and the extent of LV remodeling following MI depends on multiple
parameters, such as size and location of the infarct (19), mechanical forces and matrix
turnover (20). Location of the infarct in this study was standardized and infarct size
was similar between treated and non-treated animals, indicating that COX-2i induced
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Figure 2.
Representative myocardial infarct sections of control animals (A, C) and COX-2i treated animals (B, D),
6 weeks after MI, stained with picrosirius red. Using polarized light, the sections of the COX-2i treated
animals showed to contain a lower collagen density compared to controls.
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remodeling was independent of infarct size. COX-2 is known to be involved in
cardiomyocyte protection in models of ischemia-reperfusion injury and COX-2
inhibition increases infarct size in these models (3, 21-23). In our model of permanent
coronary artery ligation, however, the probability for cardiomyocytes to survive the
duration of the ischemia is minimal in the poorly collateralized porcine heart.
Furthermore, COX-2i treatment was started the day following the induction of
myocardial infarction. An effect of COX-2 inhibition on infarct size in this study was
therefore not expected.
A decreased collagen density in the infarct zone induced by COX-2 inhibition was
probably responsible for the promotion of expansive LV remodeling in this study.
Although the left circumflex coronary artery was permanently ligated, the COX-2
inhibitor was found also within the infarct zone, one week after the start of the
treatment, and could therefore have affected collagen turnover.We found no evidence,
however, for COX-2i induced differences in gelatinase and collagenase protein
expression and procollagen I and TGF-beta mRNA expression. After coronary
occlusion, the cardiomyocytes residing in the perfusion territory of the infarct related
artery perish and are replaced by fibrous scar tissue. A decreased collagen density
might have had negative impact on the firmness of the myocardial scar, which
facilitates remodeling driven by increasing wall stresses after MI. Enhanced infarct
thinning and impaired function after MI has also been described for non-selective
inhibition of cyclooxygenases (5-7). These inhibitors act on both COX-1 and COX-2, and
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Figure 3. Collagen density
Collagen density was determined in the infarct, border and remote area. No difference between the
groups was found in the border and remote area. In the infarct area however, the collagen density was
lower in the COX-2i treated animals. Control: n=8; COX-2i: n=7. * p < 0.05 compared to control animals.
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it is unknown whether the effect on remodeling is to be attributed to COX-1, COX-2 or
both isoforms. In contrast to our results, selective COX-2 inhibition in small animal
models preserved cardiac dimensions and improved function following MI (9, 10) as
well as following doxorubicin induced heart failure (24). In these studies, however,
other selective COX-2 inhibitors have been used. Although it is unlikely that different
COX-2 inhibitors entail fundamentally different outcomes, it cannot be completely
excluded.
A decreased interstitial collagen fraction was found in the non-infarcted myocardium
in mice, whereas collagen in the infarct area had not been analyzed. In our study we
found no differences in collagen in the border and remote myocardium. These
discordant findings indicate that results in small sized animals cannot be extrapolated
to larger sized animals without any reserve. The differences in mechanical forces may
have influenced LV remodeling, and underline the significance of using appropriate
animal models prior to clinical application of new treatment modalities.
COX-2 inhibitors (coxibs) initially conquered the market based on a lower incidence of
gastro-intestinal side effects associated with traditional NSAIDs and aspirin. In
addition, the coxibs are capable of reducing the incidence of colonic polyps. A number
of large randomized clinical trials have been undertaken in the last several years for
this reason, which brought to light that the use of these COX-2 inhibitors increased
the risk of serious adverse cardiovascular side effects, such as MI and stroke, probably
by inducing a prothrombotic state (11-13, 25). This has even led to the voluntary
withdrawal of the most frequently prescribed COX-2 inhibitor, rofecoxib, from the
market. Although other studies failed to show this effect (26-28), this has evoked
vigorous discussion as to whether COX-2 inhibitors should be continued to be used in
cardiovascular risk patients. Therefore, it is of major importance to carefully balance
beneficial and adverse effects of COX-2 inhibitors. As mentioned above, COX-2
inhibition abolishes the cytoprotective function of COX-2 in the acute phase following
MI. On the other hand, advantageous effects of COX-2 inhibitors are described with
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Pig number and group Tissue Concentration Tissue Concentration Tissue Concentration Tissue Concentration
Before Infarct Remote Area Border Area Infarct area

1 COX-2i 0 534 362 469
2 COX-2i 0 254 393 256
3 COX-2i 0 77 130 144
4 Control 0 0 0 0
5 Control 0 0 0 0

Pig number and group Tissue Concentration Tissue Concentration Tissue Concentration Tissue Concentration
Before Infarct Remote Area Border Area Infarct area

1 COX-2i 0 534 362 469
2 COX-2i 0 254 393 256
3 COX-2i 0 77 130 144
4 Control 0 0 0 0
5 Control 0 0 0 0

Table 2.
Celecoxib concentration in pig heart tissue, expressed as µg/g heart tissue.
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respect to endothelial function and atherogenesis (29-32), which formed the rationale
for a potential use of selective COX-2 inhibitors in patients with coronary heart disease
(33). Our study for the first time describes harmful effects of selective COX-2 inhibition
on mortality, LV remodeling and systolic function following acute MI. We must keep in
mind however, that COX-2 inhibition in this study was initiated shortly following MI.
Whether COX-2 inhibitors have similar effects when administered in a chronic phase
of MI or prior to MI remain subjects for further investigation. We are also aware of the
fact that celecoxib that was administered to the animals in a relatively high dose.
However, lower doses did not sufficiently inhibit COX-2 activity in pigs (data not
shown). Furthermore, it is identical to one of the doses studied in two of the large
clinical trials that provided data on celecoxib’s prothrombotic effect (13, 26).
Nonetheless, the information provided in this report should be taken into
consideration when balancing advantageous and disadvantageous properties of COX-
2 inhibitors, particularly for patients at risk for cardiovascular disease.

In conclusion, in contrast to murine models of MI, in the pig, selective COX-2 
inhibition increased mortality, enhanced LV remodeling and impaired systolic 
function following MI. These adverse effects are attributed to diminished collagen
fiber deposition in the healing infarct zone. Therefore, this study provides additional
motivation to be cautious when prescribing COX-2 inhibitors to patients who have
had an MI.
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Discussion

This thesis aimed to elucidate basic mechanisms of myocardial infarct healing.
Knowledge of molecular pathways within the myocardial healing process is necessary
to identify novel targets for therapeutic intervention. The thesis focused on reduction
of -1- myocardial infarct size and -2- cardiac remodeling.

Myocardial infarct size

Myocardial infarction results in permanent loss of cardiomyocytes and subsequent
loss of cardiac function. Although proceedings in cardiac regeneration and tissue
engineering develop rapidly, the only curative option to date is cardiac
transplantation. Prevention of cardiomyocyte death therefore seems a prosperous
approach to improve outcome following MI. With myocardial infarct size being the
most important prognostic factor following MI, limitation of cardiomyocyte death by
utilization of cardioprotective interventions is an attractive option that will
dramatically improve patient outcome following MI. The plausible existence of
reperfusion injury opens a window of opportunities to utilize cardioprotective
interventions at a clinically relevant time-point, i.e. during late ischemia or during
reperfusion, which is when the patient receives medical attention in a hospital
setting. For the past 30 years, reperfusion injury has been extensively investigated,
with the number of studies reporting on reperfusion injury still growing
exponentially. Numerous experimental interventions (including antioxidants,
reductors of intracellular Ca2+ overload, Na+-H+ exchanger inhibitors, metabolic and
anti-inflammatory agents) have been claimed to reduce myocardial infarct size in an
experimental setting. However, only few of these results have been reproducible and,
with the exception of early reperfusion, none of these therapies have been translated
into clinical practice. Apparently, there are barriers that complicate the translation of
experimentally successful results into clinical practice. Barriers at the clinical level may
include -1- the presence of multiple confounding variables (duration of ischemia,
medication, comorbidity, the size of the region at risk, collateralization, presence of
preexisting infarctions, subtotal occlusions), -2- limited resolution of methods to
reliably measure infarct size in patients (with the possible exception of recent MRI
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techniques), -3- the inability to pretreat patients with AMI and -4- the paucity of
sponsors for clinical trials (due to disappointing results of previous trials, the large
number of patients needed and the fact that patents of some of the most promising
drugs, such as adenosine, are expired). Barriers at the preclinical level include -1-
publication bias (resulting in failure to disseminate negative results), -2- the lack of
emphasis on efficacy (lack of assessment of clinically relevant end-points) and -3- the
use of experimental models with limited clinical relevance (such as isolated
cardiomyocytes, isolated hearts, genetically modified mice). While these models may
provide important mechanistic information, they do not adequately approximate the
clinical setting. Also the duration of the ischemia and the timing of the intervention
are important to be chosen clinically applicable. In many experimental studies, the
treatment was initiated before the onset of the ischemia or during the entire ischemic
period. Acute MI, however, cannot be accurately predicted in patients and a
cardioprotective compound should be effective when administered during late
ischemia or during reperfusion.

To increase translational efficiency of our experiments, we used a large animal model
of ischemia and reperfusion injury. The left circumflex coronary artery was occluded
for 75 minutes and then re-opened to establish reperfusion. The duration of the
ischemia is relatively short; in patients, the time from the beginning of symptoms
until reperfusion therapy is usually longer. However, we have selected an ischemic
period of 75 minutes because it induces a pathological substrate that is comparable to
that of patients with acute MI, despite the shorter duration of ischemia. The presence
of a collateral circulation, subtotal occlusions and ischemic preconditioning may be
responsible for the differences between human and pig. In addition, clinically relevant
end-points were assessed such as myocardial infarct size and cardiac function.

Reduction of infarct size with a glucagon-like peptide 1 receptor agonist
In chapter 2, a metabolic intervention with a glucagon-like peptide (GLP)-1 receptor
agonist was investigated for its capability to reduce infarct size in a pig model of
ischemia/reperfusion injury. GLP-1 is an incretin hormone with insulinotropic
properties. Glucose-insulin-potassium (GIK) infusion has been investigated in
numerous clinical trials. Insulin can directly activate pro-survival pathways via the
insulin receptor (1-3). Its efficacy is controversial, with some studies reporting a
reduction in mortality in patients with acute MI (4-6), whereas most studies
demonstrated no beneficial effect (7-9). GLP-1 receptor agonists can be administered
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in small volumes and have a low risk of inducing hypoglycemia (10), which makes
these compounds an attractive alternative for GIK infusion. Intravenous and
subcutaneous treatment with the GLP-1 receptor agonist Exenatide, initiated 5
minutes before the onset of reperfusion, reduced myocardial infarct size by 40% and
improved systolic and diastolic function in our pig model. Nuclear oxidative stress and
apoptosis were reduced in pigs treated with Exenatide compared with placebo treated
animals. This may have been caused directly by activation of the GLP-1 receptor, since
GLP-1 has been described to directly inhibit apoptosis via the pro-survival kinases
PI3K/Akt, p42/44 PKA, and P70s6 (11,12). Alternatively, it may have been mediated by
insulin, of which the secretion by the pancreas was increased following Exenatide
treatment. Cardiac functional improvement may have been either a direct effect of a
smaller myocardial infarct or mediated by reduced myocardial stunning due to
reduced oxidative stress, or by improved metabolic efficiency. These results indicate
that GLP-1 receptor agonists may be useful in the treatment of acute MI.

Cardioprotective properties of mesenchymal stem cell secretions
Stem cells have been demonstrated to improve cardiac function following MI (13-17).
The rationale of stem cell therapy is to replace cardiomyocytes that were lost due to
infarction by fresh functional cardiomyocytes. However, actual differentiation of stem
cells into a therapeutically relevant number of functionally integrated cardiomyocytes
has never been adequately documented. Alternatively, paracrine effects of stem cells
may have induced processes that beneficially modify the infarct healing response,
resulting in improved cardiac function. Such paracrine effect may include stimulation
of angio-/arteriogenesis, stimulation of endogenous repair, attenuation of remodeling
or reducing apoptosis. In chapter 3 we demonstrate that human mesenchymal stem
cell (MSC) secretions can be applied to reduce myocardial infarct size spectacularly
with 60% and to improve cardiac function following ischemia/reperfusion injury. We
used MSC secretions of human origin that were collected as conditioned medium
(CM) using a clinically compliant protocol (18,19). This implies that the nature of stem
cell based therapy can be extended by application of stem cell secretions instead of
the cells themselves. Complicating factors of stem cell therapy, such as immune
incompatibility, tumor formation and waiting time for ex vivo expansion can be
circumvented this way. Application of stem cell secretions may provide an off the shelf
therapeutic option, which is a requisite for the time-sensitive treatment of
reperfusion injury.
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We attempted to identify the paracrine factor(s) responsible for MSC-CM mediated
beneficial effects. A fractionation study revealed that the responsible factor(s) is/are
large (>1000 kDa, or 100-220 nm, which is within the size range of viruses), and
therefore likely consist of complexes which may be composed of different proteins
and lipids.

Also following permanent coronary artery ligation, MSC-CM improves cardiac
function (chapter 4). Surprisingly, infarct size was reduced following CM treatment.
Following permanent coronary artery ligation, the duration of the ischemia is too long
to expect cardiomyocytes to survive the severe injury, despite treatment with a
cardioprotective factor. In the poorly collateralized porcine heart, there is only a small
hypoperfused border area between the central infarct area and the remote area,
which can be targeted for salvage. The mechanisms by which MSC-CM reduces infarct
size in this model are currently being investigated. Potential mechanisms include
prevention of cardiomyocyte apoptosis/necrosis in combination with stimulation of
angiogenesis and/or arteriogenesis, or myocardial regeneration. Interestingly, infarct
thinning was reduced following MSC-CM treatment. Whether this is directly caused
by an effect of MSC-CM on tissue remodeling or indirectly by a smaller myocardial
infarct remains unclear for now.

Cardiac remodeling

Despite the implementation of early reperfusion therapy in daily clinical practice, the
incidence of ischemic heart failure increases rapidly. Even if it appears feasible to
further reduce infarct size with cardioprotective compounds in the future, severe
myocardial ischemic injury will most likely remain a significant issue. With the extent
of remodeling predicting survival following MI (20), counteracting the remodeling
process is another attractive strategy to improve patient outcome following MI.

Toll-like receptor 4 mediates left ventricular remodeling
Although the involvement of the innate immune system in myocardial infarct healing
is widely recognized, the role of Toll-like receptor (TLR)4 in left ventricular remodeling
following MI remained unexplored. TLR4 is the receptor for bacterial endotoxin, LPS,
and elicits an inflammatory immune response when activated. Recent studies
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demonstrated, however, that TLR4 can also be activated by endogenous ligands, which
are produced in pathological conditions such as oxidative stress and ischemia (21,22).
In chapter 5, cardiac expression of two putative TLR4 ligands, extra domain A (EDA) of
fibronectin and heats hock protein (HSP) 60, was observed.Whereas expression of HSP
60 did not increase following MI, expression of EDA did, which makes EDA a putative
candidate for increased TLR4 signaling following MI. Expression of TLR4 itself did not
increase following MI. In this chapter, we identified TLR 4 as a pivotal mediator of left
ventricular remodeling. Mice in which TLR4 signaling was defective suffered less
remodeling and cardiac functional deterioration following MI compared with wild-
type mice, which was caused by an attenuated inflammatory response and reduced
ECM degradation. We concluded that TLR4 may be a potential target in the treatment
of cardiac remodeling. This hypothesis, however, remains to be verified by using a TLR4
antagonist. Incomplete inhibition may yield different results compared with a total
block of TLR4 signaling. Also the effect of the timing of treatment will be interesting
to investigate. Is TLR4 inhibition effective only in the first week (i.e. within the
inflammatory phase of infarct healing) or also when initiated several weeks after MI?
These are important questions that remain to be elucidated in an experimental
setting before commencement of clinical experiences.

Nuclear Factor-kappaB p50 protects against left ventricular remodeling
Nuclear factor (NF)-κB is a transcription factor regulating gene expression in response
to toll-like receptor activation and mediates cardiac remodeling following MI (23).
Several subunits exist (p50, p52, p65, c-Rel and Rel B), which form homo- or
heterodimers. Activation of the NF-κB complex results in nuclear translocation to
regulate transcriptional activity of a wide array of inflammation regulating genes. The
role of p50 in post infarct cardiac remodeling is controversial. Several studies
demonstrated that p50 is an inhibitory subunit of NF-κB, tampering the NF-κB
induced inflammatory response (24-26). Accordingly, in chapter 6, we show that
targeted deletion of NF-κB p50 increases the inflammatory response and ECM
degradation following MI, resulting in enhanced remodeling and functional
deterioration. These results are in contrast with previous studies, reporting reduced
remodeling in NF-κB p50 knock-out mice, despite increased expression of
inflammatory cytokines (27,28). The authors therefore speculate about p50 being a
potential target to treat cardiac remodeling following MI. The differences in outcome
between those studies and our study are difficult to explain. Two of these studies
reported that NF-κB nuclear translocation was completely blocked in NF-κB p50 KO
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mice. We, however, found p65 expression in nuclei of NF-κB p50 KO cells and nuclear
p65 expression increased following LPS stimulation. In other words, nuclear
translocation of the transcriptionally active NF-κB p65 subunit does occur in NF-κB
p50 KO mice. When p50 is lacking, the remaining subunits form alternative homo- or
heterodimers (e.g. p65-p65) to regulate gene expression. Our results provide evidence
for a protective role of p50 following MI and discourage the development of
therapeutics to target p50 for this indication.

Detrimental effects of selective cyclooxygenase 2 inhibition on left ventricular 
remodeling
Cyclooxygenases (COX) catalyze the formation of prostanoids from arachidonic acid.
Whereas COX-1 is generally considered to mediate physiologic processes and
homeostasis, COX-2 is inducible and associated with pathological conditions such as
inflammation, pain and fever. Traditional non-steroid anti-inflammatory drugs
(tNSAIDs) inhibit both COX-1 and COX-2 and are among the most frequently
prescribed anti-inflammatory drugs. Inhibition of COX-1, however, can be complicated
by severe gastro-intestinal complications, which formed the basis for the development
of selective inhibitors of COX-2, the coxibs, which soon dominated the market for
NSAIDs. Broad inhibition of inflammation with tNSAIDs or corticosteroids, enhances
remodeling following MI (29-32), which indicates that inflammation is not solely a
harmful process, but also mediates essential processes during myocardial infarct
healing. Selective COX-2 inhibition, on the other hand, reduced LV remodeling in rats
(33,34). We therefore hypothesized in chapter 7 that the physiologic inflammatory
processes during infarct healing are mediated by COX-1, and that COX-2 induces the
production of injurious prostaglandins, enhancing myocardial injury following MI.
Surprisingly, in contrast to the published findings in rats, LV remodeling after MI was
enhanced in pigs following selective COX-2 inhibition, leading to impaired function
and increased mortality. Since coxibs are widely prescribed, this is an important
observation, warranting the prescription of coxibs to patients that suffered MI in the
past.

At that time, it also became evident that coxibs increase the risk of cardiovascular
events (35,36). This was attributed to a disturbed balance between platelet COX-1
derived thromboxane A2 (thrombotic and vasoconstrictive) and endothelial COX-2
derived prostacyclin (inhibits platelet function and acts vasodilative) (37). In a
viewpoint article we speculate on the future perspectives of selective inhibition of
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prostaglandin E2 production, which has been shown to reduce inflammation and
pain, without increasing thrombogenesis and may therefore be safer than COX-2
inhibition (appendix) (38).

Conclusions and clinical implications

Ischemic heart disease is the leading cause of morbidity and mortality in
industrialized countries. With an increasing incidence of cardiovascular risk factors
and with developing countries adopting the western life style, the worldwide
economic and public health burden of ischemic heart disease is increasing rapidly. This
thesis aimed to increase the basic mechanistic understanding of myocardial infarct
healing and to develop novel approaches to prevent heart failure following MI.

Different approaches have been tested to reduce myocardial injury in the acute phase
of MI, leading to reduced myocardial infarct size and improved cardiac function.
To increase translational efficiency, these experiments have been conducted using a
clinically relevant protocol in a large animal model of myocardial
ischemia/reperfusion injury. Exenatide, a GLP-1 receptor agonist, reduces infarct size
by 40% in our pig model, thereby boosting the potential of metabolic interventions in
the treatment of acute MI. The treatment was initiated 5 minutes before reperfusion
intravenously and subcutaneously, and continued for 2 more days subcutaneously,
which is a clinically appealing protocol. These experiments may have clinical
implications on short notice, since Exenatide is currently on the market as a glucose
lowering treatment for type 2 diabetes, and has been proven to be safe in patients.
It may be feasible to extend the use of GLP-1 receptor agonists for the treatment of
acute myocardial infarction within the next five years.

Also secretions of MSCs reduce myocardial infarct size in our pig model. These findings
support the paracrine hypothesis of stem cell therapy, according to which some of the
therapeutic benefits of stem cells are to be attributed to their secretions rather than
by the cells themselves. Treatment of reperfusion injury is extremely time-sensitive. In
patients with acute coronary occlusion, reperfusion has to be established quickly in
order to rescue as many cardiomyocytes as possible. Reperfusion injury commences
within seconds after reperfusion and cardioprotective agents to reduce reperfusion

133

Discussion



injury probably have to be administered before or from the beginning of reperfusion
for the most optimal effect. Although recent developments in stem cell biology are
promising with respect to myocardial regeneration, cardioprotection will be difficult
to realize with stem cells. There will be no time for ex vivo expansion in case of
autologous transplantations. Furthermore, it is believed that the environment in an
acute myocardial infarct is too hostile for stem cell grafts to engraft en survive. Stem
cell secretions on the other hand can be instantly available and are not subjected to
an immunoreaction. For the first time to our knowledge, we have demonstrated
cardioprotective properties of human MSC secretions. The MSC secretions were
generated using a clinically compliant protocol, which may imply that
cardioprotection by MSC secretions in patients is realistic in the near future.
Interestingly, treatment with MSC secretions also reduced infarct size following
permanent coronary artery ligation. The mechanisms behind this observation are not
understood at the moment, and remain a subject of investigation. Potential
mechanisms include reduced apoptosis, increased myocardial perfusion or myocardial
regeneration. Nonetheless, these data suggest that also patients that cannot be
timely or successfully reperfused, could benefit from MSC-CM treatment.

Cardiac remodeling, leading to chamber dilatation, functional impairment and
eventually heart failure, is another target for intervention following MI. This thesis
extends the existing mechanistic knowledge of the involvement of the innate
immune system in the cardiac remodeling process, of TLR4 and NF-κB p50 in specific.
TLR4, a proximal signaling receptor within the innate immune system, is also
activated following MI and elicits an inflammatory response and ECM degradation,
enhancing the remodeling process. Mice with defective TLR4, suffer less remodeling
compared with wild-type mice and cardiac function is partly preserved in these mice.
The results of these experiments, in combination with the fact that previous studies
disclosed the involvement of TLR4 in ischemia/reperfusion injury (39), arterial intima
formation (40) and atherosclerosis (41,42) may imply that TLR4 inhibition holds
potential for a wide variety of cardiovascular pathologies. TLR4 inhibition, however,
may have unfavorable effects concerning the impairment of the immune system.
Clinical efficacy and safety of TLR4 inhibition therefore remain to be established.

The role of NF-κB in cardiac remodeling is well established. The role of the different
subunits however, is relatively unexplored. Others found that nuclear translocation of
NF-κB was abolished and cardiac remodeling was reduced in mice lacking NF-κB p50
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and suggested that p50 could be a target in the treatment of cardiac remodeling
(27,28). Our experiments, however, reveal that nuclear translocation of the
transcriptionally active NF-κB subunit p65 does occur in NF-κB p50 knock-out mice,
and that cardiac remodeling is enhanced in these mice due to increased inflammation
and matrix turnover. These results are in line with studies that identified p50 as an
inhibitory subunit, providing a negative feedback mechanism (24-26). We therefore
discourage the development of compounds to target NF-κB p50 for the treatment of
cardiac remodeling following MI.

Finally, we found that selective COX-2 inhibition enhances cardiac remodeling after
MI. Since COX-2 inhibitors are among the most frequently prescribed pharmaceutics
for patients with chronic inflammatory disease, this is an important observation,
which warrants the use of COX-2 inhibitors in patients that suffered MI in the past.
COX-2 inhibitors can lead to elevated blood pressure (43) and recently, several COX-2
inhibitors were associated with an increased risk of cardiovascular events
(36,37,44,45). On the other hand, beneficial effects have been attributed to COX-2
inhibition with respect to endothelial function and atherogenesis (46-49). The
information provided in this thesis is a valuable contribution to the discussion as to
whether COX-2 inhibitors should be continued to be used in patients at risk for
cardiovascular disease. In addition, this underlines the importance of preclinical
research and the significance of publication of negative results
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Samenvatting

Het acute hartinfarct
Het acute hartinfarct is een van de meest voorkomende oorzaken van ziekte en sterfte
wereldwijd (WHO). Doordat de incidentie van risicofactoren voor hart- en vaatziekten,
zoals overgewicht, diabetes mellitus (suikerziekte) en hypertensie (hoge bloeddruk)
gestaag toeneemt, is te verwachten dat de gezondheidsproblematiek ten gevolge van
het hartinfarct nog verder toeneemt in de nabije toekomst. Ook het overnemen van
de westerse leefstijl door ontwikkelingslanden zal hieraan bijdragen.
Een hartinfarct ontstaat door een tekort aan bloed (ischemie) in een deel van de
hartspier, meestal ten gevolge van aderverkalking (atherosclerose) in een van de
kransslagaderen, de slagaderen die het hart van bloed voorzien. Het deel van de
hartspier kan hierdoor afsterven. Men spreekt dan van een hartinfarct.

De genezing van een hartinfarct
Hartspiercellen zijn niet in staat om essentiële cellulaire processen op gang te houden
zonder zuurstof. Een constante aanvoer van zuurstof is noodzakelijk om een normale
hartfunctie te waarborgen. Binnen enkele seconden na het optreden van een
verstopping (occlusie) van een kransslagader stopt het zuurstofafhankelijke
metabolisme, en binnen een enkele minuut zijn er reeds evidente functiestoornissen
te zien. Bij de mens ontstaat er na 20 minuten onherstelbare schade met de dood van
hartspiercellen (hartinfarct) als gevolg. Door het zeer beperkt regeneratief vermogen
is het hart is niet in staat om het verloren weefsel te vervangen met nieuwe
functionele hartspiercellen. Daarin verschilt het hart dus in essentie van andere
organen, zoals de lever en de huid, die binnen bepaalde normen zonder
restafwijkingen kunnen genezen. In plaats daarvan wordt in het hart een
ontstekingsreactie in gang gezet die ertoe dient de dode cellen op te ruimen en plaats
te maken voor littekenweefsel. Een overzicht van de gebeurtenissen na een hartinfarct
is weergegeven in figuur 1.

Inflammatie
De dood van hartspiercellen resulteert in een ontstekingsreactie door het vrijkomen
van de celinhoud. Het aangeboren afweersysteem speelt een belangrijke rol bij deze
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inflammatoire reactie. Toll-like receptoren (TLRs) zijn een familie van receptoren
binnen het aangeboren afweersysteem die lichaamsvreemde bacteriële eiwitten
herkennen en als reactie daarop een ontstekingsreactie luxeren. Daarmee vormen de
TLRs de eerste verdedigingslinie tegen invaderende micro-organismen. Uit recent
onderzoek is gebleken dat TLRs ook geactiveerd worden bij verschillende
pathologische processen in het lichaam in afwezigheid van bacteriën, zoals bij
ontstekingen, maar ook bij een hartinfarct. Activatie van TLRs resulteert in de
verplaatsing van de transcriptiefactor Nuclear Factor (NF)-κB naar de celkern, alwaar
de productie wordt gereguleerd van inflammatoire cytokines (figuur 2).
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Figuur 1. De gebeurtenissen na een hartinfarct
De verstopping van een kransslagader leidt tot een tekort aan bloed (ischemie) in een deel van het hart.
Bij het openen van het kransslagvat middels een dotterprocedure wordt de bloedstroom plotseling her-
teld. Hoewel dit de enige manier is om hartspiercellen in het bedreigde gebied te redden, treden hierdoor
enkele schadelijke veranderingen op in het hartweefsel, zoals het herstel van de pH, calcium overload, een
ontstekingsreactie, en oxidatieve stress door radicalen. Hierdoor wordt de geprogrammeerde celdood
(apoptose) versneld, wat leidt tot een toename van sterfte van hartspiercellen. De dood van hartspiercel-
len zet een ontstekingsreactie op gang die zich uit in de productie van ontstekingsfactoren (cytokines en
chemokines). Hierdoor worden ontstekingscellen naar het infarct gelokt, die de dode celresten opruimen.
Ook worden er matrix metalloproteinases (MMPs) geproduceerd en geactiveerd, wat leidt tot afbraak van
collageen. Enkele dagen na het infarct komen myofibroblasten het infarct binnen. Deze cellen produceren
nieuw collageen, o.a. onder invloed van transforming growth factor (TGF)β‚ en vormen hiermee de basis
voor de littekenvorming. De collageen turnover wordt bepaald door de balans tussen collageen afbraak
(MMPs) en collageen productie (myofibroblasten). De collageen turnover bepaalt in belangrijke mate de
remodellering van het hart na een infarct.



Ook worden er lokstoffen (chemokines) geproduceerd, die ervoor zorgen dat
ontstekingscellen naar het infarct worden aangetrokken. Deze ontstekingscellen
ruimen de dode cellen op, maar zijn ook een bron voor nieuwe cytokines en
matrixmetalloproteinases (MMPs), eiwitten die extracellulaire matrixmoleculen zoals
collageen afbreken. Door de onstekingsreactie wordt dus ook de transformatie van het
geïnfarceerde stuk hart naar littekenweefsel in gang gezet. Hieruit blijkt dat er een
sterke link bestaat tussen inflammatie en extracellulaire matrix remodellering.

Extracellulaire matrix
De extracellulaire matrix, voornamelijk bestaande uit collageen, biedt steun en
houvast aan de cellen in het weefsel en speelt daarnaast een belangrijke signalerende
rol. Tijdens een hartinfarct wordt collageen afgebroken door de MMPs die worden
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Figuur 2. Toll-like receptoren
Bij een hartinfarct worden factoren geproduceerd die Toll-like receptoren (TLRs) kunnen activeren. Deze
factoren worden endogene liganden genoemd. Activatie van TLRs resulteert in een reactie binnen de cel.
Het resultaat is de verplaatsing van de transcriptiefactor Nuclear Factor (NF)-κB (in dit voorbeeld gevormd
uit de subunits p50 en p65) naar de celkern. Daar reguleert NF-κB de productie van ontstekingsfactoren.



geproduceerd door de ontstekingscellen. Initieel wordt fibrine afgezet als alternatieve
matrix. Na enkele dagen betreden (myo)fibroblasten de infarctregio en worden andere
matrixmoleculen zoals fibronectine en collageen geproduceerd. De matrix is continu
onderhevig aan afbraak (door MMPs) en opbouw (door [myo]fibroblasten). De balans
tussen opbouw en afbraak bepaalt de dichtheid van de matrix en daarmee de
stevigheid van het weefsel. Het is van belang dat het infarctweefsel stevig genoeg is
om de drukken in de hartkamers te weerstaan. Als dat niet het geval is kunnen er
complicaties ontstaan, zoals remodellering of zelfs rupturen van het hart.

Remodellering
Na een infarct is het hart onderhevig aan veranderde wandspanning door
toegenomen druk in en toegenomen volume van de hartkamers. Dit is een direct
gevolg van het wegvallen van een deel van de hartpomp door het infarct, en leidt tot
structurele veranderingen in het hart. Een toegenomen drukbelasting leidt tot
verdikking van de hartspiercellen, terwijl een volumebelasting leidt tot het uitstrekken
van de hartspiercellen. Bij een infarct is er sprake van een gecombineerde druk- en
volumebelasting, waardoor de hartspiercellen zowel dikker worden, als zich
uitstrekken. Ook vindt er verbindweefseling plaats van het hartspierweefsel, waardoor
de functionaliteit wordt beperkt. Het infarct gebied, waar zich een litteken vormt en
geen levende hartspiercellen meer aanwezig zijn, vind ook een remodelleringsproces
plaats, waarbij het infarct met de tijd dunner en uitgestrekter wordt. Deze structurele
veranderingen resulteren uiteindelijk in een vergrote hartkamer en een verslechterde
pompfunctie, met hartfalen en sterfte als gevolg. Inflammatie en de extracellulaire
matrix spelen een belangrijke rol bij het remodelleringsproces en zijn daardoor
potentiële therapeutische aangrijpingspunten.

Reperfusieschade
De dood van hartspiercellen tijdens een infarct kan voorkómen worden als de
bloedstroom tijdig wordt hersteld. Hoe eerder de toevoer van zuurstof en
voedingsstoffen wordt hersteld, hoe meer hartspiercellen worden gered van de
ondergang. Tegenwoordig vormt het herstellen van de bloedstroom (reperfusie) een
sleutelrol bij de behandeling van het hartinfarct. In het overgrote deel van de gevallen
gebeurt dat tegenwoordig middels een dotterbehandeling met achterlaten van een
metalen holle buisje (stent) in het kransslagvat. Ironisch genoeg zorgt reperfusie
echter ook voor additionele schade (reperfusieschade) door enkele abrupte
biochemische en metabole veranderingen. In dit proefschrift is een tweetal
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hoofdstukken gericht op het voorkomen van reperfusieschade als therapie voor een
hartinfarct.

Het voorkomen van reperfusieschade met een GLP-1 receptor agonist
Glucagon-like peptide (GLP)-1 is een hormoon, dat wordt geproduceerd door de darm
na voedselinname en de productie en afgifte van insuline door de alvleesklier
stimuleert. Om deze reden worden GLP-1 receptor agonisten gebruikt voor de
behandeling van diabetes type 2, waarbij sprake is van een relatief tekort aan insuline.
Insuline heeft een direct beschermende werking op cellen, waardoor het
hartspiercellen mogelijk zou kunnen beschermen tegen reperfusieschade. Daarnaast
zorgt insuline voor een verlaging van de glucose concentratie in het bloed. Teveel
glucose in het bloed tijdens en na een hartinfarct heeft een schadelijke werking en is
geassocieerd met een hogere sterfte. Klinische studies, waarin het effect van insuline
op de uitkomsten na een hartinfarct werd onderzocht, hebben desondanks weinig
resultaat opgeleverd. In hoofdstuk 2 laten we zien met behulp van een varkensmodel,
dat behandeling met een GLP-1 receptor agonist echter wel leidt tot minder
reperfusieschade, resulterend in een kleinere infarctgrootte en een betere hartfunctie
na een infarct. Deze proeven zijn uitgevoerd volgens een klinisch realiseerbaar
protocol in een groot proefdiermodel. GLP-1 receptor agonisten vormen daarom een
potentiële nieuwe therapie voor patiënten met een acuut hartinfarct.

Beschermende werking van stamcel secreties
Stamcellen zijn primitieve cellen die in staat om te veranderen in allerlei andere
celtypes. Dit in tegenstelling tot de meeste cellen in het lichaam, die een
gespecialiseerde functie hebben. Uit recente ontwikkelingen binnen de
stamcelbiologie blijkt dat behandeling met stamcellen kan resulteren in een
verbetering van de hartfunctie na een infarct. Zogenaamde mesenchymale
stamcellen zijn van de stamcellen die zijn onderzocht een van de meest belovende. De
theorie achter de werking is dat stamcellen zich na transplantatie kunnen omvormen
tot nieuwe functionele hartspiercellen en bloedvaten, om zo de hartspiercellen die
verloren zijn gegaan door het infarct te vervangen. Hiervoor is echter nog geen solide
bewijs. Tot nu toe is nog niet aangetoond dat er inderdaad therapeutisch relevante
hoeveelheden van functionele omgevormde stamcellen terug te vinden zijn in het
hart. Een alternatieve verklaring is, dat de stamcellen een heilzame werking hebben
door het produceren van stoffen die de genezing van een hartinfarct bevorderen door
bijvoorbeeld verdere celdood te remmen, de groei van bloedvaten te stimuleren,
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remodellering van het hart tegen te gaan, of de groei van stamcellen te stimuleren die
reeds in het hart aanwezig zijn. Om deze hypothese te onderzoeken hebben we de
secreties van mesenchymale stamcellen opgevangen in medium. Vervolgens hebben
we onderzocht welke stoffen er door de stamcellen in het medium zijn uitgescheiden.
Er zijn inmiddels meer dan 700 eiwitten in het medium geïdentificeerd. Dit blijken
voor een groot deel eiwitten te zijn die zijn betrokken bij processen als embryonale
ontwikkeling, groei van bloedvaten en remmen van celdood.
We hebben in proefdiermodellen onderzocht of dit medium de genezing van een
hartinfarct positief kan beïnvloeden. In hoofdstuk 3 laten we zien in een varkensmodel
dat het medium reperfusieschade aanzienlijk vermindert door de celdood te remmen
en door oxidatieve stress ten gevolge van toxische radicalen te verminderen. Dit
resulteerde in een spectaculaire reductie van de infarctgrootte (60%) en een
verbetering van de hartfunctie.
In hoofdstuk 4 wordt beschreven dat toediening van het medium ook gunstige
effecten heeft na chronische ischemie, dus na een langdurige afsluiting van een
kransslagvat zonder reperfusie. Ook in dit model was de infarct grootte kleiner na
medium behandeling en was de hartfunctie beter. Ook was het infarct dikker,
waardoor het beter weerstand kan bieden aan de verhoogde drukken in de
hartkamers en minder gevoelig is voor het optreden van rupturen. Het remmen van
celdood is hierbij waarschijnlijk minder van belang, omdat de ischemie te langdurig is
voor hartspiercellen om te overleven, met of zonder beschermende therapie.
Inflammatie en matrixafbraak waren verminderd na medium toediening. Mogelijk
heeft dit geresulteerd in minder remodellering van het hart met een betere
hartfunctie als gevolg. Een andere mogelijkheid is dat de groei van bloedvaten is
gestimuleerd, ook in combinatie met celdoodremming in het randgebied van het
infarct. Tenslotte kunnen de resultaten mogelijk verklaard worden door
vermenigvuldiging van stamcellen in het hart en vervolgens omvorming van deze
cellen tot nieuwe functionele hartspiercellen. Bewijs voor de aanwezigheid van
stamcellen in het hart stapelt zich op. Er bestaat inmiddels een vermoeden dat het
hart misschien toch in staat is om zichzelf, zij het in zeer beperkte mate, te kunnen
regenereren, en dat dat regenereringsvermogen gestimuleerd kan worden. Of hiervan
sprake is in deze studie wordt momenteel onderzocht. Desalniettemin kunnen we
concluderen dat secreties van mesenchymale stamcellen een gunstige werking
hebben na een infarct, en dat deze secreties mogelijk voor therapeutische doeleinden
kunnen worden gebruikt.
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Toll-like receptor 4 speelt een sleutelrol bij remodellering van het hart
Zoals hierboven beschreven, spelen de TLRs een belangrijke rol bij het
remodelleringsproces van het hart na een infarct. Of ook TLR4 bij dit proces is
betrokken, was echter nog niet bekend. We waren geïnteresseerd in TLR4 omdat deze
eerder belangrijk bleek te zijn voor andere cardiovasculaire aandoeningen zoals
atherosclerose en bij reperfusieschade. We hebben de rol van TLR4 bij remodellering
na een hartinfarct onderzocht met behulp van een muizenmodel. De resultaten van
dit onderzoek staan vermeld in hoofdstuk 5. Muizen met een genetische afwijking,
waardoor TLR4 inactief is (TLR4 defectieve muizen), werden vergeleken met muizen
zonder deze genetische afwijking (wild-type muizen). Er is gebruik gemaakt van MRI
technologie om de remodellering en het verloop van de hartfunctie na een infarct in
de tijd te vervolgen. De harten van TLR4 defectieve muizen bleken minder te
remodelleren dan de harten van wild-type muizen. Ook de hartfunctie bleef beter
gepreserveerd. Dit hebben we toegeschreven aan een geremde inflammatoire reactie
(er werden minder ontstekingscellen en minder inflammatoire cytokines gevonden in
het hart) en minder extracellulaire matrix afbraak (de expressie van MMP2 en 9 was
lager in de TLR4 deficiënte muizen).
Hiermee is de betrokkenheid van TLR4 bij remodellering vastgesteld, en kan TLR4 vanaf
nu worden gezien als een potentieel aangrijpingspunt voor de behandeling van een
hartinfarct. Omdat TLR4 ook in verband is gebracht met andere processen, zoals
atherosclerose en reperfusieschade, is de kans aanwezig dat TLR4 antagonisten een rol
gaan spelen bij de behandeling van een heel scala aan cardiovasculaire aandoeningen.

NF-κB p50 beschermt tegen remodellering van het hart
TLRs geven signalen door naar de celkern via NF-κB. NF-κB is een eiwit bestaande uit
2 subunits, een zogenaamde dimeer. De 5 verschillende subunits waaruit de dimeer
kan worden opgebouwd zijn: p50, p52, p65, c-Rel en Rel B. Er zijn dus verschillende
combinaties mogelijk. Hoewel bekend is dat NF-κB betrokken is bij remodellering van
het hart en daarmee met de ontwikkeling van hartfalen, is de rol van de verschillende
subunits nog niet verhelderd. In hoofdstuk 6 ligt de focus op NF-κB p50. Deze subunit
heeft geen transactivatie domein, wat betekent dat het de afschrijving van het
DNA niet kan aanzetten. NF-κB p65 heeft dat wel. Een NF-κB bestaande uit de
combinatie p50-p50 zal dus niet zorgen voor de afschrijving van inflammatoire
cytokines, en vormt daardoor een natuurlijke rem op de NF-κB gemedieerde
signaaltransductiecascade (figuur 3). Bij het onderzoek naar de rol van NF-κB p50 bij
remodellering na een infarct is gebruikt gemaakt van muizen waarbij p50 genetisch is
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verwijderd, zogenaamde p50 knock-out (KO) muizen. Deze muizen hebben geen p50
en daardoor geen op rem de pro-inflammatoire NF-κB. Hierdoor waren de
ontstekingsreactie en ook de matrixafbraak versterkt, vergeleken bij de wild-type
muizen die wel p50 tot expressie brengen. Als gevolg daarvan was ook het
remodelleringsproces versterkt, waardoor de p50 KO muizen grotere en functioneel
slechtere harten kregen na een infarct vergeleken bij de wild-type muizen. Deze studie
draagt bij aan het begrip van de moleculaire processen die remodellering na een
infarct reguleren. Dergelijke basale kennis is essentieel voor de ontwikkeling van
toekomstige farmaceutische interventies die op NF-κB signalering ingrijpen.

Schadelijke cardiale effecten van COX-2 remmers
Tenslotte is het effect van de veel voorgeschreven cyclooxygenase (COX)-2 remmers op
hartinfarcten onderzocht. Niet-steroïde anti-inflammatoire drugs (NSAIDs), zoals
aspirine, ibuprofen en diclofenac, worden al decennia lang op grote schaal gebruikt als
pijnstillers en ontstekingsremmers. Deze medicijnen remmen de productie van
prostanoïden door de enzymen COX-1 en -2 (figuur 4). COX-1 is betrokken bij het
handhaven van normale fysiologische processen. COX-2 daarentegen, medieert
pathologische processen, zoals inflammatie, pijn en koorts. Een belangrijke bijwerking

146

Figuur 3. P50 is een inhibitoire subunit van NF-κB
NF-κB p50 bezit geen transactivatiedomein en zet daardoor niet aan tot productie van ontstekings-
factoren door afschrijving van het DNA. Een NF-κB bestaande uit p50-p50 bindt wel aan het DNA,
maar belemmert de toegang voor NF-κB composities die de productie van ontstekingsfactoren wel 
kunnen aanzetten (zoals in dit voorbeeld p50-p65). NF-κB p50 vormt daardoor een natuurlijke rem 
op de NF-κB gemedieerde ontstekingsfactorproductie.



van NSAIDs is de vermindering van de maagbescherming tegen de lage pH. De
pijnstillende werking van NSAIDs wordt toegeschreven aan de remming van COX-2, de
bijwerkingen aan de remming van COX-1. Om deze reden zijn in de jaren ’90 selectieve
COX-2 remmers (coxibs) ontwikkeld, die pijnstillend en anti-inflammatoir werken,
maar niet het bijwerkingsprofiel hebben behorend bij COX-1 remming. Al gauw
domineerden deze coxibs de markt voor NSAIDs en werden miljoenen patiënten met
chronische inflammatoire aandoeningen, zoals rheumatische ziekten, behandeld met
coxibs. Ook werd er gerept over een gunstige werking op inflammatoire
cardiovasculaire aandoeningen zoals atherosclerose.
In 2004 echter, bleken de coxibs het risico op hart- en vaatziekten te verhogen. Hierop
is een hevige discussie losgebarsten over het gebruik van coxibs bij patiënten met
hart- en vaatziekten. In hoofdstuk 7 laten we zien dat COX-2 remming remodellering
van het hart na een infarct bevordert, waardoor sneller hartfalen ontstaat en de
sterfte stijgt. De collageendichtheid in het infarct neemt af met COX-2 remming en de
dikte van het infarct ook, waardoor gemakkelijker rupturen ontstaan. Deze gegevens
pleiten voor voorzichtigheid bij het voorschrijven van COX-2 remmers aan patiënten
met hart- en vaatziekten en leveren een belangrijke bijdrage aan de discussie over het
gebruik van COX-2 remmers bij deze patiënten.
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Figuur 4. Cyclooxygenase 1 en -2
Er bestaan 2 vormen van het enzym cyclooxygenase: COX-1 en COX-2. COX-1 reguleert fysiologische 
processen in verschillende organen, zoals bloedplaatjes, nieren en maag. COX-2 is betrokken 
bij pathologische processen, zoals ontsteking, pijn en koorts. Traditionele niet-steroïde 
anti-inflammatoire medicijnen (drugs) (NSAIDs) remmen COX-1 en -2. De nieuwere generatie NSAIDs,
de coxibs, remmen selectief COX-2.
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For over a century, aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs)
have been extensively used in the treatment of prostaglandin (PG) E2-mediated
inflammatory diseases [e.g., rheumatoid arthritis (RA)] and pain-related disorders.
Traditional (t)NSAIDs influence PG-mediated pathological and physiological processes
by non-selectively inhibiting the activities of PG G/H synthase (PGHS)-1 and -2, also
referred to as cyclooxygenase (COX)-1 and -2, respectively. These enzymes catalyze the
rate-limiting step of prostaglandin synthesis from arachidonic acid (Figure 1).The most
commonly prescribed tNSAIDs are naproxen, ibuprofen, and diclofenac. Although
these tNSAIDs inhibit both COX isoforms, their selectivity for COX-2 varies: naproxen
has relatively low selectivity for COX-2, and diclofenac relatively high. According to the
classical paradigm, COX-1 is constitutively expressed and mediates the formation of
PGE2 and other PGs which regulate organ homeostasis and physiological
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Figure 1. Prostaglandin biosynthesis pathway.
Phospholipase A2 catalyzes the release of arachidonic acid (AA) from the membrane, and AA is converted
into prostaglandin G2 and H2 by prostaglandin G/H synthase (PGHS)-1 or -2, which contain both cyclooxy-
genase activity and hydroperoxidase activity. COX-1 is constitutively expressed in many organs, whereas
the expression of COX-2 is inducible. Prostaglandin H2 is further metabolized by tissue specific isomerases
and synthases [such as PGE synthases (e.g., microsomal PGE synthase-1) or PGI synthase] to generate
diverse prostaglandins. Tx, thromboxane; PG, prostaglandin.



“housekeeping” functions, such as gastric cytoprotection and hemostasis. The
expression of COX-2, on the other hand, is inducible and increases in response to
proinflammatory cytokines. The discovery of constitutive COX-2 expression in brain
and renal tissue and the finding that COX-1-derived  prostaglandins can also
contribute to inflammation, however, changed this somewhat simplistic subdivision
of the COX isoforms. Nonetheless, this classical hypothesis served as the basis for the
development of selective COX-2 inhibitors (coxibs) in the early nineties, which have
comparable anti-inflammatory properties to tNSAIDs, but have the advantage over
the older drugs that the production of “housekeeping” PGs remains intact. These new
drugs provide a means by which the serious gastrointestinal side effects associated
with the use of tNSAIDs could be bypassed. Indeed, rofecoxib (Vioxx) reduced the
incidence of serious adverse gastrointestinal events from 4% (as observed with
administered naproxen) to 2% in patients with RA (1). Celecoxib, with less selectivity
for COX-2 as compared to rofecoxib, also exhibited fewer gastrointestinal side effects
as compared to those observed with the older tNSAIDs diclofenac and ibuprofen after
six months (2), although longer follow up data revealed no significant difference (3).
These results, together with effective marketing directly to consumers, resulted in a
rapid increase of prescriptions worldwide of coxibs, which soon dominated the market
for NSAIDs. Several years later, however, it became evident that rofecoxib increased the
risk of major adverse cardiovascular events, such as myocardial infarction and stroke,
in a trial designed to compare rofecoxib to placebo for its potential to reduce the
incidence of colorectal adenomas (4). Interestingly, a higher incidence of
cardiovascular events had been found earlier, but the difference was thought to arise
from possible protective effects of naproxen rather than harmfulness of rofecoxib. The
use of celecoxib also became associated with increased cardiovascular risk (5),
suggesting a class-wide effect, although meta-analysis of the available trials revealed
that celecoxib in commonly used doses might not increase vascular risk (6). These
discoveries prompted active discussion as to whether the beneficial effects (i.e.,
gastroprotection, endothelial function, and atherosclerosis) outweighed the known
harmful effects [i.e., thrombosis, hypertension, and adverse cardiac remodeling (7)] of
COX-2 inhibitors and whether the use of coxibs should be continued in patients at risk
for cardiovascular disease. Indeed, the controversy even led to withdrawal from the
market of rofecoxib, by that time the most frequently prescribed COX-2 inhibitor.
Recent studies also raise serious questions about the cardiovascular safety of
diclofenac, a tNSAID with relatively high COX-2 selectivity as compared to that of
naproxen or ibuprofen (8, 9). An evidence-based debate is ongoing that should

151

Appendix



facilitate the difficult decision-making process of effective anti-inflammatory therapy
with NSAIDs while minimizing cardiovascular and gastrointestinal risk. Concomitant
use of low-dose aspirin seems to decrease cardiovascular risk of coxibs (10), but the
combined use of aspirin with any NSAID increases the risk of gastrointestinal
complications. A non-selective NSAID with low cardiovascular risk, such as naproxen,
in combination with a proton-pump inhibitor (PPI), may be the current preferred
choice of treatment. Additional information, however, from adequately designed
clinical trials comparing COX-2 inhibitors and tNSAIDs – both with and without aspirin
and PPIs – in patients with limited risk and in patients with increased cardiovascular
or gastrointestinal risk, will be essential for making well-considered clinical decisions
in the future.

The biological basis for increased cardiovascular risk associated with COX-2 inhibitors
had been thought to arise from a disruption of the balance between platelet COX-1-
derived thromboxane (Tx)A2 and endothelium COX-2-derived prostacyclin (PGI2) (11).
TxA2 is a vasoconstrictor and a platelet agonist, whereas PGI2 is a vasodilator that
inhibits platelet function and counteracts the prothrombotic effects of TxA2. In a
recent paper, Cheng and colleagues provide strong experimental evidence for this
hypothesis (12). First, they elegantly verified COX-1 as the dominant enzyme
responsible for TxA2 production and COX-2 as the dominant source of PGI2 production
by using PGHS-2 knockout (KO) mice; mice in which the COX-2 was inactivated;
selective COX-2 inhibition by celecoxib or 5,5-dimethyl-3-(3-fluorophenyl)-4-(4-
methylsulphonyl)phenyl-2(5H)-furanone (DFU), a potent and selective COX-2 inhibitor;
PGHS-1 KO mice;and PGHS-1 “knockdown” mice (whose expression of PGHS-1 is greatly
reduced, resulting in ~95% inhibition of platelet Tx formation, similar in effect to low-
dose aspirin treatment). Second, they demonstrate that disruption of PGI2 signaling is
responsible for a thrombogenic response following the application of prothrombotic
stimuli [i.e., intravenous administration of collagen or the Tx receptor (TP) agonist
U46619], and a similar effect was observed with COX-2 inhibition. In addition to
creating a prothrombotic state, elevated blood pressure, which has been reported in
patients receiving both tNSAIDs (13) or selective COX-2 inhibitors (14), can contribute
to increased cardiovascular risk. Indeed, a strong positive relationship exists between
increased blood pressure and increased likelihood of cardiovascular events (such as
heart attack, stroke, or cardiac arrest) (15). The inhibition of constitutive COX-2
expression in the kidney results in reduced glomerular filtration rate and increased
salt and water retention, both of which promote elevated blood pressure (16). Cheng
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et al. also demonstrate that PGHS-2 KO, PGHS-2 mutation (causing inactivation of
COX), and celecoxib treatment of wild-type mice increase systolic blood pressure (12).
It is noteworthy that both the prothrombotic effect and blood pressure elevation
caused by celecoxib were mitigated in the PGHS-1 knockdown mice because the
findings suggest the cardiovascular risk caused by these phenomena would be
reduced by concomitant use of low-dose aspirin. Unfortunately, the authors did not
administer aspirin to these mice to determine whether this would induce an effect
similar to that observed with genetically manipulated PGHS-1 knockdown.

PGE2 is the most abundant product of both COX isoforms. Accordingly, Cheng and
colleagues demonstrate that urinary secretion of PGEM (a metabolite of PGE2) was
decreased in PGHS-2 KO mice, mice with PGHS-2 mutation, PGHS-1 KO mice, and PGHS-
1 knockdown mice. Direct delivery of PGE2 into tissues can elicit inflammation; indeed,
higher amounts of PGE2 are observed in inflammatory lesions (such as arthritic joints),
and NSAID dependent inhibition of PGE2 synthesis reduces inflammation, indicating
that PGE2 is an important inflammatory mediator. The concerns about cardiovascular
risk with coxibs has aroused interest in the selective targeting of PGE2 synthesis,
downstream of COX, which may provide a more beneficial cardiovascular risk profile.
The regulation of the conversion of PGH2 into PGE2 is complex and requires the
participation of several cytosolic and microsomal synthases. Among these enzymes
are microsomal PGE2 synthase (mPGES) -1 and mPGES-2. mPGEs-2 is ubiquitously
expressed in diverse tissues (17), whereas mPGES-1 expression is induced after
exposure to inflammatory stimuli (18). Immunohistochemical analyses of synovial
lining cells in RA patients reveal that mPGES-1 is most abundant in patients with active
RA. In contrast, mPGES-2 is present in synovial lining cells from both active and
quiescent RA patients, suggesting that mPGES-2 participates in homeostatic rather
than inflammatory PGE2 generation (17). Progression of collagen-induced arthritis and
pain perception is reduced in mice deficient in mPGES-1 (19). The phenotype of these
arthritic mice is comparable to those of mice treated with a COX-2-selective inhibitor
or a tNSAID. Unfortunately, experimental data regarding the cardiovascular safety of
mPGES-1 deletion are inconsistent. Blood pressure elevation was not observed in
mPGES-1 KO mice in the study of Cheng and colleagues (12). In another study, however,
mPGES-1 was thought to contribute to blood pressure homeostasis (20). Also, the
thrombotic response following prothrombotic stimuli was unchanged in mPGES-1 KO
mice (20) as compared to that reported elsewhere for wild-type (WT) mice(12). Relative
to WT mice, urinary PGIM (a metabolite of PGI2) was increased in mPGES KO mice, in
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contrast to TXM (a metabolite of TxA2). The authors speculate that rediversion of PGH2
to PGI synthase for the formation of PGI2 may explain the beneficial cardiovascular
phenotype of these mice (12). An increase in PGI2 production in mPGES-1 KO mice,
however, was not observed by others following intraperitoneal injection of acetic acid
injection (19), and PGI2 expression following acetic acid injection under
lipopolysaccharide (LPS)-primed conditions (which induces COX-2 expression) is even
reduced in mPGES-1 KO mice compared to that in WT mice (21). Furthermore, genetic
deletion of mPGES-1 may result in a different phenotype from that arising from
incomplete mPGES-1 inhibition.
Targeted deletion of mPGES-1 reduces inflammation and pain perception in mice and
may yield reduced cardiovascular hazard compared to selective COX-2 inhibitors.
Therefore, we could speculate that selective inhibition of mPGES-1 is an attractive
alternative for the coxibs in the treatment of chronic inflammatory diseases and pain-
related disorders; however, we should not forget that COX-2-specific inhibitors had
originally been developed to reduce gastrointestinal complications. Like COX-2,
mPGES-1 expression is induced by proinflammatory stimuli. Accumulating evidence
even suggests that mPGES-1 and COX-2 are induced concomitantly and that mPGES-1
preferentially couples with COX-2 activity to increase the production of PGE2, which is
seen in inflammation (22, 23). Thus, it is possible that gastrointestinal complications
with mPGES-1 inhibition are comparable to those with COX-2 inhibition.
Undoubtedly, mPGES-1 inhibtion holds great potential as an alternative for tNSAIDs
and COX-2 inhibitors in the treatment of inflammatory diseases. Experimental results
are inconsistent thus far and additional experiments are needed to more accurately
predict effectiveness and side effects of mPGES-1 deletion. Currently, the benefits are
based on experimental studies, because specific pharmacological inhibitors of
mPGES-1 (and also inhibitors of other PGE2 synthases) are not available yet. Anti-
inflammatory capacity, and cardiovascular and gastrointestinal risk all remain to be
determined in adequately designed prospective clinical trials in the future.
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Figure 1. Myocardial Infarct Size
Myocardial infarct size quantification as a percentage of the AAR (A) and as a
percentage of the total LV (B). PBS, n=9; Exenatide, n=9. Representative pictures
following Evans Blue and triphenyltetrazolium chloride staining are shown in
figures C and D. Blue indicates non-threatened myocardium, red indicates the
non-infarcted area within the area at risk and white indicates myocardial
infarction.

Chapter 2



158

Figure 5. Oxidative Stress and Apoptosis
Immunostaining for 8-OHdG in border areas of PBS treated animals (A) and Exenatide (B) treated animals.
Representative pictures of TUNEL assays on border areas of animals treated with PBS and Exenatide are
shown in figures C and D, respectively (magnification 200x). Quantifications of both stainings are shown
in figure E. Western blots for phospho-Akt and active caspase 3 are depicted in figure F.
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Chapter 3

Figure 1. Myocardial Infarct Size
Representative pictures of Evans blue (blue) and TTC (red) staining on hearts of pigs treated with non-CM
(A), CM (B) or saline (C). Myocardial infarct size quantifications as a percentage of the left ventricle (LV)
and the area at risk (AAR) are shown in figures D and E, respectively. Non-CM, n=9; CM, n=9; saline, n=8.
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Figure 3. Oxidative Stress
Viability of CEM cells in either CM (n=4) or Non-CM (n=4) and treated with H2O2. (* p<0.05, A).
Conditioned medium protects cells from death induced by H2O2. To assess oxidative stress in vivo, infarct
area sections from pigs treated with Non-CM (B), CM (C), or saline (D) were stained for 8-OHdG, a product
of nuclear oxidative stress. The representative pictures are 400x magnified. Quantification of 8-OHdG
positive nuclei was assessed at 200x magnification and is depicted in figure E. Also in vivo, CM reduces
oxidative stress. Non-CM, n=9; CM, n=9; saline, n=8.
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Figure 1. TLR4 expression profile
TLR4 is expressed in cardiomyocytes before myocardial infarction (A), 4 days following MI (B) and 28 days
following MI (C). Four days after MI, TLR4 (D), MAC3 (E) and TNF-α (F) are abundantly expressed in the
infarct area. The co-localization indicates that TLR4 and TNF-α are both expressed by macrophages in
infarct tissue. Twenty-eight days after MI, TLR4 (G) and MAC-3 (H) expression is largely absent in the
infarct area. Magnification 400x, scale bars 500 µm.
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Figure 4. Collagen and Hypertrophy
Representative infarct sections of BALB/c mice and C3H-Tlr4LPS-d mice, 28 days after MI, after picrosirius red
staining under white light and polarized light are depicted in figures A-D (Magnification 400x, scale bars;
500 µm). Collagen quantifications of baseline hearts (no MI) and remote areas, border areas and infarct
areas of MI hearts (28 days following MI) are shown in figure E (BALB/c, n=9; C3H-Tlr4LPS-d, n=10). Myocyte
cross sectional area (MCSA) quantifications of baseline hearts and border areas and remote areas of MI
hearts (also 28 days following MI) are demonstrated in figure F (BALB/c, n=9; C3H-Tlr4LPS-d, n=10). * p<0.05
compared to baseline; † p<0.05 compared to BALB/c.
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Color Supplement

Figure 4. Macrophage Influx
Immunohistochemistry sections showing MAC-3 positive cells (red, arrows) in myocardial infarcts of
129Bl6 mice (A) and NF-kB p50 KO mice (B), 7 days after MI. Quantification of the amount of macrophages
is depicted in figure C. Magnification 200x. NF-kB p50 KO, n=8; 129Bl6, n=9.
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Chapter 6

Figure 5. Collagen and Hypertrophy
Representative sections of infarct tissue of NF-kB p50 KO mice and 129Bl6 mice stained with Picrosirius
Red under white light (A and B) and under polarized light (C and D). Collagen density was quantified in
hearts without MI and in remote areas and infarct areas of mice 28 days following MI (figure E). As a mea-
sure of cardiomyocyte hypertrophy, the average myocyte cross sectional are was measured in hearts wit-
hout MI and in remote areas of hearts 28 days following MI (figure F). Magnification 200x. NF-kB p50 KO,
n=8; 129Bl6, n=9.



165

Color Supplement

Chapter 7

Figure 2.
Representative myocardial infarct sections of control animals (A, C) and COX-2i treated animals (B, D),
6 weeks after MI, stained with picrosirius red. Using polarized light, the sections of the COX-2i treated
animals showed to contain a lower collagen density compared to controls.
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Figuur 1. Mouton-Rothschild 1994
In 1973 werd Mouton-Rothschild door Jacques Chirac, toenmalig minis-
ter van landbouw, tot de Premiers Grands Crus van de Medoc gepro-
moveerd. Leuk detail is dat het etiket van Mouton ieder jaar door een
bekend kunstenaar wordt ontworpen, in 1994 door Karel Appel.
Conclusie van het proefrapport: goede wijn is jong ook lekker.
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