We cannot solve our problems
with the same thinking we used
when we created them.

Albert Einstein (1879 — 1955)
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CHAPTER 1

1.1 General introduction
Demographic data of the United Nations demonstrate that the percentage of the

world population aged 65 and older is increasing every year !

. Among others,
cardiovascular diseases (CVDs) are commonly experienced by the elderly
population. CVDs comprise coronary ischemic heart disease, congenital
cardiovascular diseases, arrhythmias, myocardial infarction, atherosclerosis and
heart failure (HF). Of these, HF is the most often diagnosis for hospitalized

patients aged over 65 2.

HF is the final stage of many heart diseases characterized by the inability of the
heart to pump blood to meet the energy demand of the body. Two main types of
heart failure have to be distinguished: systolic dysfunction and diastolic
dysfunction. Systolic dysfunction indicates that the heart is unable to maintain
cardiac output, better known as forward failure (reduced ejection fraction). At
the basis of this process lies increased afterload or impaired contractility due to
loss of myocytes (apoptosis) or myocyte function. Diastolic dysfunction indicates
that diastolic filling is impaired, also known as backward failure (preserved
ejection fraction). Impaired diastolic filling, for instance due to increased
stiffness or impaired diastolic relaxation of cardiomyocytes, results in diastolic
dysfunction 3 #,

A variety of cardiac pathologies can lead to HF: atherosclerosis, hypertension,
cardiomyopathy, coronary artery disease and myocardial infarction. Myocardial
infarction reflects cell death of the cardiac myocytes caused by prolonged
ischemia, which is the result of a perfusion imbalance between oxygen supply
and demand °.

As a result of modern medicine, most of the symptoms experienced by HF
patients can be managed, reducing the amount of discomfort and slowing down
progression of the adverse condition. The underlying problem, however, is
barely treated. Besides recommending a healthy lifestyle, clinicians often treat
HF patients with diuretics, aldosterone antagonists, ACE inhibitors or B-blockers.
Although a lot of ground-breaking discoveries have already been made and
knowledge about the molecular processes inducing HF expanded, a lot of key

processes still have to be understood in order to reduce the mortality of CVDs.
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One of the steps in that process is the discovery of new players in the
pathogenesis of HF.

Over the past few years, advanced glycation end products (AGEs) have been
indicated as such a potential target 8. AGEs are proteins and/or lipids that
become glycated and oxidized after persistent contact of reducing sugars (e.g.
glucose) or short-chain aldehydes (e.g. glycolaldehyde) with amino groups

and/or a high degree of oxidative stress ° 10

. AGEs can also be categorized
based on their molecular weight: low-molecular weight AGEs (LMW-AGEs) and
high molecular weight AGEs (HMW-AGEs). In this thesis we investigate the role

of HMW-AGEs in cardiac dysfunction.

1.2 Objectives of the study

In this thesis, we further investigated the role of HMW-AGEs in cardiac
dysfunction. In particular, we hypothesized that HMW-AGEs play a deleterious
role in the development and progression of cardiac dysfunction and that blocking
AGEs formation could attenuate the cardiac phenotype in cardiac dysfunction. To

test this hypothesis, we focussed on several objectives:

1. Investigate the role of HMW-AGEs on cardiac function in vivo in a rat
model with increased circulating HMW-AGEs levels (Chapter 3). We
tested whether HMW-AGEs per se are a cause for cardiac dysfunction.

2. Investigate the role of HMW-AGEs on cardiomyocyte function in a rat
model with increased circulating HMW-AGEs levels (Chapter 4). We
hypothesized that the altered morphology and function in vivo is not
only the result of extracellular remodeling but also the result of
structural and functional remodeling at the cardiomyocyte level.

3. Determine the acute effects of HMW-AGEs on rat cardiomyocytes
(Chapter 5). In this chapter, we determined whether HMW-AGEs could
alter cardiomyocyte function not only chronically, but also acutely.
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4. Determine the role of AGEs formation inhibitor pyridoxamine (PM) in
myocardial infarction (MI) (Chapter 6). We hypothesize that pre-
treatment with PM can limit LV remodeling in rats with MI and therefore

improving cardiac outcome.
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2.1 Advanced glycation end products
Glycation is a major cause of spontaneous damage to cellular and extracellular

11 AGEs are proteins and/or lipids that become

proteins of living organisms
glycated and oxidized after persistent contact of reducing sugars (e.g. glucose)
or short-chain aldehydes (e.g. glycolaldehyde) with amino groups and/or a high

degree of oxidative stress ° 10

. AGEs can be found exogenously in both
cigarettes and in our western diet, in particular during the processing of foods
leading to an irreversible chemical modification of amino acids and a loss of
essential amino acids in the diet and a decreased protein digestibility 276, To
date, two large databases are available with the content of carboxymethyllysine
(CML), a commonly measured AGEs, in more than 500 food items in order to
estimate daily dietary AGEs intake. Foods rich in both protein and fat, mostly of
animal origin, and cooked at high and dry heat (e.g. broiling, grilling or frying)
are the richest dietary sources of AGEs !’ 8, In addition to external sources of
AGEs, this reaction can also occur endogenously, yielding to the formation of
AGEs in vivo. The accumulation of AGEs in the body is a natural process that
occurs with senescence. AGEs are produced in the body, are found in the plasma
and can also accumulate in various tissues, including cardiac tissue. However,
increased circulating AGEs has been described to arise at early lifetime, in
particular in settings of cardiovascular diseases. Elevated levels of AGEs were
first associated with diabetes, where it was thought that AGEs formation was

exclusively the result of increased blood sugar concentrations 1°.

However,
recent literature have extended this view and have shown that AGEs
accumulation occurs also in pathological situations independent of diabetes such

as cardiac dysfunction, renal failure and Alzheimer disease 2°-23,

2.2 Formation of AGEs in vivo

As summarized in Figure 2.1, the formation of AGEs in vivo occurs by three
independent pathways: the Maillard reaction, the polyol Pathway and during
increased oxidative stress. During all three reactions, the synthesis of AGEs
leads to the formation of reactive carbonyl species (RCS), such as glyoxal,

10, 24-26

glycolaldehyde, methylglyoxal and 3-deoxyglucosone . These reactive

intermediates can further react with circulating proteins leading to additional
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AGEs formation. As shown previously, the larger source of AGEs formation is the
enzymatic Maillard reaction 2. Briefly, an unstable Schiff base is formed by the
reaction of a reducing sugar with amino groups of proteins, nucleic acids or
lipids. The reversible Schiff base can evolve into Amadori products by molecular
rearrangements. These Amadori products can be transformed into RCS to form
AGEs like glucosepane, known to be involved in the pathogenesis of diabetic

27-29

complications Alternatively, these products can be fragmented by

oxidation, which results in the generation of AGEs such as CML or pentosidine **
25,2931 These two major AGEs molecules were shown to be associated with a
higher risk for mortality and inversely correlate with ejection fraction,
independent to confounding factors, such as renal function 3% 33, The two-step
enzymatic polyol pathway is also an important pathway responsible for AGEs
formation > 3*, During this reaction, glucose is reduced to sorbitol by aldose
reductase, which is in turn, converted to fructose by sorbitol dehydrogenase.
The generation of different fructose metabolites (fructose-1-P and fructose-3-P)
leads to RCS, which in turn generates AGEs by the reaction with monoacids.
Finally, elevated levels of oxidative stress promote the oxidation of
monosaccharides such as glucose, ribose or fructose by catalytic metals and O,,
as a process known as autoxidation, resulting in the formation of a-dicarbonyl
compounds, such as methylglyoxal 2> 2°. Methylglyoxal can react with a free
lysine group leading to the formation of carboxyethyllysine (CEL) or
methylglyoxal lysine dimer (MOLD). Additionally, lipid peroxidation is also a
substantial source of reactive intermediates such as glyoxal or methylglyoxal.
The reaction of glyoxal with a free lysine group results in CML or glyoxal lysine

dimer (GOLD) while the reaction with an arginine group forms hydroimidazolines
25, 29
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Figure 2.1 Formation of AGEs via Maillard, polyol and oxidative stress pathways. The in vivo formation of AGEs occurs via

three different pathways: the non-enzymatic Maillard reaction, the Polyol pathway and during increased oxidative stress.
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Glucose is one of the most reactive sugars in biological systems. It had been
thought that elevated levels of glucose play a primary role in the Maillard
reaction. However, the degradation of glucose can generate powerful glycation
reagents such as glycolaldehyde, glyceraldehydes, glyoxal and methylglyoxal 3>
37 The plasma levels of these RCS are much lower than those of glucose.
However, they have been shown to induce protein glycation about 20,000-fold
faster than glucose 38, It is known that the formation of AGEs can result from
the action of RCS independent of high glucose levels 3% 3% 40  In healthy
subjects, the levels of glycated products on plasma proteins is less than 3%.
However, in pathological situations such as in diabetes, this level can increase
up to three fold resulting in the development of a pathological phenotype 43,
Conversely, plasma levels of glyoxal, methylglyoxal and glycolaldehyde are
increased in patients with diabetes 37" 42,

Glycolaldehyde, a short chain aldehyde, is in vivo present in our body **7. It is
practically impossible to determine the physiological concentration of free
glycolaldehyde. Indeed, due to its reactive properties, glycolaldehyde interacts
very fast with amino residues of proteins 2* 3%, Several studies estimated its
concentration to be between 0.1 and 1 mM “8°%, Glycolaldehyde can be formed
in vivo as a by-product of protein glycation or from L-serine by
myeloperoxidase-hydrogen peroxidase-chloride system of phagocytic leukocytes
39, 44 51 Glycolaldehyde can also be generated by metal- or peroxynitrite-
catalyzed oxidation of ascorbic acid, oxidative degradation of polyunsaturated

fatty acids or metal-catalyzed oxidation of serine 5% °3,

However, there is
evidence showing that glycolaldehyde also plays a role in pathological situations
54,55 In addition, the reaction between glycolaldehyde and amino acids can lead
to the formation of AGEs such as CML and glycolaldehyde-pyridine 37 °¢, The
deleterious effects of glycolaldehyde-derived AGEs have also been proved in in
vitro studies. Koike et al. demonstrated that glycolaldehyde-derived AGEs
induces apoptosis of vascular smooth muscle cells °’. Morita et el. reported that
these AGEs play a pivotal role in endothelial dysfunction in diabetes °8.
Additionally, several reports showed increased levels of this AGEs subtype in
diabetic patients, therefore indicating a role for modification of proteins with

aldehydes in this setting 6 3% 60,
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2.3 (Patho)physiological effects of AGEs on the heart

As already mentioned, the accumulation of AGEs in the body is a natural process
that occurs with ageing, when the turnover rate of proteins is reduced . It is
known that AGEs contribute to the development and progression of
cardiovascular dysfunction by 2 major mechanisms: cross-linking tissue proteins
(e.g. extracellular matrix proteins and/or intracellular proteins) and binding to
their cell surface receptor for advanced glycation end products (RAGE) (Figure
2.2) 730,

ECM Cross-Linking Intra-cellullar Protein AGE-RAGE Binding
Cross-Linking
P
et
Y
/—/_ \(\ YOO 7
\ XXX
/ \',\ . NF-kB
| 1
Vascular Stiffening Altered Cell Function Myocardial and

vascular modifications

Figure 2.2 The deleterious effects of AGEs. AGEs have deleterious effects via 2 major
mechanisms: cross-linking of extracellular and intracellular proteins and/or binding to their

cell surface receptor for advanced glycation end products (RAGE).

2.3.1 Cross-linking proteins

Cross-linking of extracellular matrix proteins (e.g. collagen, vibronectin and
laminin) with AGEs is an important physiological process for tissue integrity and
stability, without compromising flexibility 7. However, through AGEs-AGEs
intermolecular covalent bonds or cross-linking that are highly resistant to
hydrolytic turnover, AGEs alter the physiological properties of proteins in the

extracellular matrix 27

. Cross-linking of myocardial and/or vascular collagen
affects tissue mechanical properties and leads to decreased vascular elasticity,
myocardial flexibility and promote vascular and myocardial stiffness 3% 6264,
resulting in diastolic dysfunction. Studies report that inhibitors of AGEs
formation (e.g. with pyridoxamine) or breakers of AGEs cross-links (e.g. 4,5-
dimethyl-3-phenacylthiazolium chloride, ALT-711) can limit AGEs-induced

myocardial structural changes °> ¢ .

10
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Glycation and cross-linking of intracellular proteins lead to impaired cell function
by linking intracellular proteins involved in the excitation-contraction coupling
(ECC) ®7. The ECC is the process from electrical excitation to contraction of the
cardiomyocyte (Figure 2.3) ®8. In brief, the electrical stimulation of the
cardiomyocyte gives rise to an action potential, a transient depolarization of the
membrane potential, able to trigger a transient increase in cytosolic Ca%* (i.e.
the Ca®* transient) via L-type Ca®?* channels (LCCs). In addition, Ca?* influx
through the Na*/Ca?* exchanger (NCX) merely occurs at low local intracellular
[Ca%*], high local intracellular [Na*] and when E,, is more positive than Ena/ca
exchanger (£ -32 mV). The LCCs are the main pathways for Ca®* entry in
ventricular myocytes that will, ultimately, switch on the contractile machinery
and initiate cell contraction. The structure of the cardiac dyad is important for
ECC to occur. In this organization, LCCs are located within the sarcolemma of
the transverse tubules (T-tubules) in close proximity to the sarcoplasmic
reticulum (SR) Ca?" release channels, i.e. ryanodine receptor (RyR). In
ventricular myocytes, Ca®* release from the SR via the RyR is the major source
of the intracellular Ca?* concentration rise during the ECC. This release is
triggered by a local increase in intracellular Ca?* concentration near the Ca?*
release channels in the SR, the RyR ®°, through a process called Ca?*-induced
Ca®" release (CICR). CICR is considered the main mechanism involved in the
ECC in ventricular myocytes. Elevation in free [Ca®*]; causes Ca?* binding to the
myofilament protein troponin C, resulting in activation of the myofilaments and
ultimately to myocyte contraction during systole. During diastole, a decline in
free [Ca®"]; is needed for relaxation to occur. Relaxation occurs mainly through
the SR Ca?* ATPase (SERCA), the sarcolemmal NCX, the sarcolemmal Ca?*
ATPase, and the mitochondrial Ca?* uniporter, the two latter pathways being
less important for Ca?* removal during a single beat. The function of SERCA is
inhibited by the regulatory transmembrane protein of the SR, phospholamban
(PLB). Dephosphorylated PLB bind to SERCA, which inhibits SERCA activity by

reducing its affinity for Ca®*.

11
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Figure 2.3 Excitation-contraction coupling in cardiomyocytes. The upstroke of the action potential (AP) stimulates an inward
Ca?* current (Ic) in the ventricular myocytes. Calcium enters the myocytes mainly via the L-type Ca?* channels (LCCs), although
some Ca?' influx may be provided by the Na*/Ca?* exchanger (NCX) in reverse mode. This Ca?" activates the ryanodine receptors
(RyRs), leading to Ca®* release from the sarcoplasmic reticulum (SR) and activation of the myofilaments. During relaxation, the free
intracellular Ca®* is removed by the SR Ca?** ATPase (SERCA), NCX in forward mode, the sarcolemmal Ca®* ATPase and the
mitochondrial Ca?* uniporter. SERCA function is modulated by phospholamban (PLB). Modified from Bers DM 2002.

12
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PLB can reversibly become phosphorylated by cyclic adenosine monophosphate
(cAMP)-dependent protein kinase A (PKA) or Ca®*-calmodulin-dependent protein
kinase II (CaMKII), resulting in the relief of the SERCA inhibition at high [Ca®*];
7072 Qverall, potential alterations of Ca?* homeostasis in cardiac myocytes

result in significant alterations in contraction and relaxation of the whole heart
73

AGEs are able to cross-link the domains of the RyR and SERCA pump leading to

alterations in Ca?* homeostasis 7* 7>,

It has been reported in diabetic
cardiomyopathy that AGEs cause RyR dysfunction, seen as a decrease in its
ability to bind the specific ligand ryanodine and alterations in its sensitivity to
Ca®*, resulting in a decreased cardiac contractility 7*. Impairment of SERCA by
AGEs alters Ca?" removal and therefore directly alters relaxation leading to
diastolic dysfunction 7% 77, In addition, because SERCA alterations will impair SR
Ca’* content, subsequent cardiomyocyte contraction will also be altered in time.
Kranstuber et al. have shown that Ca?* handling in cardiomyocytes isolated from
diabetic rats treated with ALT-711, a cross-link breaker, can be partially
restored. These data suggest that AGEs are a cause for ECC alterations at the

cellular level leading to an impaired relaxation at the organ level 78,

2.3.2 Binding to receptors and differential effects

AGEs are able to bind to a diversity of receptors, the most studied AGEs receptor
being RAGE. RAGE belongs to the immunoglobulin superfamily of cell surface
molecules characterized as low-affinity, pattern-recognition receptors ®. RAGE
has the ability to bind a wide range of ligands including the S100/calgranulins
family of pro-inflammatory molecules, high-mobility group box-1 protein
(HMGB-1), B-sheet fibrils, amyloid-B peptide (AB) and the B,-integrin Mac-1 7°.
RAGE is present on many cell types including macrophages, lymphocytes,

fibroblasts, endothelial cells and cardiomyocytes &% 80 81

Generally, in
physiological conditions, expression of RAGE is rather low in cardiac tissue and is
thought to have a protective role by generating non-specific inflammatory

responses. However, in myocardial infarction or ischemia-reperfusion, RAGE

13
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expression is up-regulated, indicating a potential deleterious role of AGEs, RAGE

and AGEs/RAGE interaction under these pathological situations 2% 82 83,

There are different isoforms for RAGE. The full length RAGE receptor has an
extracellular region containing one V-type immunoglobulin ligand binding
domain (variable) and two C-type immunoglobulin domains 8 8°, RAGE has a
single hydrophobic transmembrane o-helix domain and a highly charged short
cytosolic tail (43 amino acids), which is essential in transducing the signal from
the cell surface to downstream pathways 3% 7°, Besides the full length RAGE,
four other RAGE isoforms, including dominant-negative RAGE (DN-RAGE), N-
terminally truncated RAGE, cleaved RAGE (cRAGE) and endogenously secreted
RAGE (esRAGE) could exist on the membrane of different celtypes or in the
circulation (Figure 2.4). DN-RAGE lacks the intracellular signaling domain and
binds AGEs without inducing signal transduction. As a consequence this isoform
can help in the scavenging of AGEs. N-terminally truncated lacks the V-type

domain and is unable of binding ligands.

N-terminally Full length Dominant cRAGE esRAGE
truncated negative form

Figure 2.4 The different isoforms of RAGE. Five different isoforms can be distinguished

namely N-terminally truncated, full length, dominant negative form, cRAGE and esRAGE.

Other receptors for AGEs, namely soluble RAGE (sRAGE), advanced glycation
end product receptor 1 (AGE-R1, oligosaccharyl transferase-48), advanced
glycation end product receptor 2 (AGE-R2, 80K-H phosphoprotein) and
advanced glycation end product receptor 3 (AGE-R3, galactin-3) will also not
elicit an intracellular signal after binding to AGEs. AGE-R1 has been studied the

most. Data suggest that they could contribute to the clearance and possible
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detoxification of AGEs 8¢ 8, AGE-R1 accelerates the uptake and removal of AGEs
and blocks cellular AGEs-RAGE mediated generation of ROS and
proinflammatory cytokines & 8, AGE-R1 will be also discussed in ‘Detoxification
of AGEs’.

AGEs/RAGE signaling pathway

Activation of the AGEs/RAGE signaling pathway has been studied in animals
and/or human models of heart failure °* °!, Nielsen et al. reported that RAGE
activation plays an important role in the development of cardiac dysfunction in
type 2 diabetes °2. In a rat model of diabetic cardiomyopathy, they showed that
RAGE inhibition was able to prevent reduced systolic function and cardiac
stiffness. Increased circulating AGEs and upregulation of RAGE at the cellular
level were confirmed in cardiomyocytes isolated from diabetic rats. However,
involvement of the AGEs/RAGE axis is not limited to the diabetic situation. Non-
diabetic mice subjected to ischemia-reperfusion had an increased cardiac RAGE

expression &

. Cardioprotective effects of RAGE were also demonstrated by
Bucciarelli et al. in isolated perfused hearts subjected to ischemia/reperfusion °.
In addition, Aleshin et al. showed a reduced infarct size and improved cardiac
performances was demonstrated in a mouse model of myocardial infarction with
genetic deletion of RAGE, further emphasizing the overexpression and

deleterious role of RAGE in ischemic injury .

At the cellular level, human RAGE overexpression was shown to alter Ca?*
homeostasis, characterized by reduced intracellular Ca®* levels and a delayed
Ca’* uptake in cardiomyocytes °°. Further emphazising the role of AGEs/RAGE
axis, Ma et al. reported a decreased cell shortening of cardiomyocytes exposed
to AGEs for 2 h %. The AGEs-induced changes in the contractile properties of
these cardiomyocytes were ablated by an anti-RAGE antibody. Finally, Yan et al.
reported that AGEs/RAGE interaction impaired intracellular Ca?* handling by
promoting SR Ca?* leak, which is an important mechanism for AGEs/RAGE-

97

induced cardiac dysfunction Altogether, these data demonstrate a link

between AGEs/RAGE interaction and cardiac ECC at the cellular level, further
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suggesting a potential direct role of AGEs and AGEs/RAGE interaction in cardiac
dysfunction.

Binding of AGEs to the full length RAGE activates a range of signaling pathways
(Figure 2.5). AGEs-RAGE interaction activates mitogen-activated protein kinases
(MAPKs), members of the Ras family, phosphatidylinositol-3 kinase (PI3-K),
guanosine triphosphatases (GTPases) and cell division control protein 42
(Cdc42) 8 252730 Thijs will upregulate the expression of nuclear factor kappa B
(NF-kB), which in turn leads to enhanced transcription of genes such as
endothelin-1, vascular cell adhesion molecule-1 (VCAM-1) tissue factor, E-
selectin, vascular endothelial growth factor (VEGF) and increases ROS
generation °8. Furthermore, NF-kB is responsible for activation of inflammatory
cytokines, tumor necrosis factor o (TNF-a) and interleukin 6 (IL-6) and triggers

the transcription of lysyl oxidase (LOX) gene °° 100

. LOX is an extracellular,
matrix-embedded protein that causes cross-linking of collagen fibrils, resulting in
the deposition of insoluble collagen. Additionally, NF-kB activation stimulates
RAGE expression, thereby creating a positive feedback loop. AGEs/RAGE
interaction also activates members of the janus kinase - signal transducers and
activators of transcription (JAK-STAT) signaling family. AGEs/RAGE interaction
can also activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
the main reactive oxygen species (ROS) source in cardiomyocytes. It has been
shown that ROS play an important role in the development of cardiac
dysfunction by impairing the structure and function of proteins, lipids and nucleic
acids, altering ECC at the cellular level 3. The increase in NADPH oxidase by
AGEs/RAGE interaction is also known to stimulate NF-kB. In conclusion,
emerging data suggest AGEs to be an important mechanism contributing to ROS

production and increased oxidative stress in the heart %% 101,
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Figure 2.5 The AGEs/RAGE signaling. AGEs/RAGE interaction stimulates multiple signaling pathways, such as Jak/Stat, NADPH
oxidase, mitogen activated protein kinase (MAPK) including p38, extracellular regulated (ERK)-1/2 and c-Jun N-ternminal kinase
(INK). AGEs-induced signaling pathway leads to the activation of transcription factors such as nuclear factor (NF-kB) or IFN-stimulated
response elements (ISRE), which will stimulate the production of cytokines or growth factors.
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At the cellular level, Zhang et al. demonstrated a decreased cell shortening in
adult rat cardiomyocytes as well as a prolongation of the contraction and
relaxation in response to AGEs exposure for 12 h 192, The observed AGEs-
induced changes were contributed to increased oxidative stress.

Furthermore, binding of AGEs to RAGE can inhibit the nitric oxide (NO) activity.
In addition, AGEs are also able to decrease the levels of NO by reducing the
endothelial NO synthase (eNOS) activity. By reducing the bioavailibity of NO,

103

AGEs promote cardiac stiffness . Finally, AGEs/RAGE interaction increases

vascular permeability, causing impaired cardiac wall kinetics and contributing to

cardiac dysfunction 104 105

. At the cellular level, Hegab et al. demonstrated
alteration of intracellular calcium homeostasis in neonatal cardiomyocytes due to
AGEs stimulation 1%, Their data support the activation of AGEs/RAGE axis that
may stimulate NADPH oxidase and hence the production of ROS. Increased ROS
levels may alter the observed Ca?* handling by S-nitrosylation of important

proteins involved in the ECC such as RyR 106,

Detoxification of AGEs

Soluble RAGE (sRAGE) is the secretory circulating isoform of RAGE with cRAGE
and esRAGE as members (Figure 2.4). cRAGE is produced by proteolytic
cleavage at the cell surface mediated by a disintegrin and metalloproteinase
domain-containing protein 10 (ADAM 10). esRAGE, also named as the C-
terminally truncated form, is formed of removal of the transmembrane region
via alternative splicing. Several studies reported a protective effect for sRAGE
and/or esRAGE in various disorders by contributing to AGEs clearance 22 107-110,
However, its potential protective role remains controversial as sRAGE is also
associated with impaired outcome of HF patients '*"!!3, In that context, Prasad
et al. reported that not only AGEs or sRAGE levels but examing the combination
or the ratio of both is essential to elucidate the exact potential benefical role of
sRAGE 107, 114_

AGEs can bind to a variety of receptors, including AGE-R1, AGE-R2, AGE-R3 and
some members of the scavenger receptor family such as scavenger receptor
class A (SR-A) and cluster of differentiation 36 (CD36) %°. AGE-R1 is a single

transmembrane integral protein, which is not capable to transduce cellular
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signals upon binding of AGEs. AGE-R1 was proven to be protective in diabetic
complications as it promotes AGEs removal and inhibits ROS production 1.
Indeed, several studies have reported decreased levels of AGE-R1 in patients
with diabetes mellitus and chronic renal failure 8 115117 In addition, it has been
shown that AGE-R1 is an efficient scavenger for AGEs in hepatic sinusoidal cells
and macrophages. In that context, AGE-R1 could have an important role in
detoxification and clearance of AGEs, most likely via endocytosis in pathological

situations 18120,

2.4 Several ways to classify the different AGEs subtypes

Due to the several AGEs-precursors, AGEs are a heterogeneous group of
molecules of which not all structures are known yet. To date, there are seven
immunochemically different classes of AGEs identified in sera of type 2 diabetic

patients 26 36

which are glucose-derived AGEs, fructose-derived AGEs,
glyceraldehyde-derived AGEs, glycolaldehyde-derived AGEs, glyoxal-derived

AGEs, methylglyoxal-derived AGEs and 3-deoxyglucosone-derived AGEs 2°.

2.4.1 Classification of AGEs based on their fluorescent properties: cross-
linking vs non-cross-linking AGEs

Based on their chemical structure, AGEs can be classified in three types:
fluorescent cross-linking AGEs characterized by aromatic chemical structures
(e.g. glyoxal lysine dimer, pentosidine and crossline), non-fluorescent cross-
linking AGEs (e.g. imidazolium dilysine and glucosepane) and non-cross-linking
AGEs (e.g. CML and pyrraline) 2°. Due to aromatic chemical structures, some
AGEs molecules, such as pentosidine, have autofluorescence properties.
Pentosidine and CML are the best characterized AGEs molecules °. Furthermore,
CML is the most abundant AGEs structure in vivo and is therefore often used in
studies as a surrogate for the ‘representative’ AGEs molecule %! 122, However, it
has been demonstrated that our western diet contains more than only CML %
123 In addition, as shown in several studies, CML is not always associated with
the severity of the disease '** 12>, Therefore, although important, as CML may
represent only a part of all AGEs molecules in our body, it should not be used as
the only surrogate for total AGEs.
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(A) Fluorescent Cross-linking AGEs:
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Figure 2.6 Chemical structures of three types of AGEs. (A) Fluorescent cross-linking
AGEs such as pentosidine and crossline, (B) non-fluorescent cross-linking AGEs such as a

glucospane and MOLD, (C) non-cross-linking AGEs such as CML and pyrraline. 2°

2.4.2 Classification of AGEs based on their molecular weight: LMW-AGEs
vs HMW-AGEs

AGEs can also be categorized based on their molecular weight: low-molecular
weight AGEs (LMW-AGEs) and high molecular weight AGEs (HMW-AGEs). There
is no clear boundary between LMW-AGEs and HMW-AGEs. Gerdemann et al.
defined LMW-AGEs as proteins with a molecular mass lower than 12 kDa %,
while HMW-AGEs display a molecular mass higher than 12 kDa '%°. To date,
HMW-AGEs are considered to be protein-bound molecules while LMW-AGEs are

free proteins or peptide-bound proteins 27 128, At the moment, very little is
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known on the chemical structure and effects of HMW-AGEs. Indeed, most
studies focus on the effects of the LMW-AGEs as their chemical structure is
known and a broad diversity of enzyme-linked immunosorbent assays (ELISAS)
are commercially available to detect and measure LMW-AGEs in plasma. At the
moment, the quantification of AGEs in general relies mostly on CML, CEL and
pentosidine, members of LMW-AGEs. Because these molecules are more stable,
quantification of LMW-AGEs from blood or urine samples is easier compared to
other AGEs molecules, including HMW-AGEs 7+ 18,

However, in our western diet, AGEs formed during heat treatment can range
from LMW-AGEs to protein-bound and aggregated with a HMW, j.e. HMW-AGEs
129 Therefore, distinguishing LMW-AGEs from HMW-AGEs may be essential in
understanding the role of AGEs in the pathogenesis of cardiac stiffness and

cardiovascular diseases in general as the prevalence is increasing tremendously.

2.5 LMW-AGEs vs HMW-AGEs: absorption, distribution and detoxification
In normal circumstances, cellular proteins undergo proteosomal degradation
which is highly efficient and mostly complete, leading to the release of
bioavailable amino acids 2% 3% However, because AGEs-modification masks the
target for proteosomal digestion, AGEs are characterized by resistance to
proteolytic degradation. It has been demonstrated that incomplete degradation
of the proteins results in the formation of LMW-AGEs 28, LMW-AGEs, such as
CML, can be absorbed via simple diffusion, while peptide-bound AGEs use
peptide transporters to cross the epithelium 3% 132, The absorption of AGEs is
thought to be around 10% in both human and rodent circulation from which

about two-thirds are retained in tissues !33 134

. Once absorbed, it has been
thought that LMW-AGEs are readily distributed throughout the body, about 60%
of the AGEs being bound to the liver and kidneys after 72 h. In addition, it has
been shown that AGEs accumulation can also be observed in lungs, heart and
spleen 33, However, this study focused only on the distribution of CML and CEL
specifically and not on total AGEs, comprising HMW-AGEs. In that context, one
could expect that, due to their high molecular weight, distribution of HMW-AGEs
throughout the body is slower. However, this remains speculative and further
investigation is required. Concerning detoxification, Thomas et al. reported that

renal clearance is the most important mechanism for removal of LMW-AGEs in
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the body 3. It was thought that in contrast to LMW-AGEs, HMW-AGEs may not
be very extensively absorbed due to insufficient degradation by gastrointestinal
enzymes and their bioavailability '*¢. As a consequence, HMW-AGEs have been
shown to have a slow and inefficient absorption rate *3’. Furthermore it has been
reported that only 2% HMW-AGEs were recovered in urine after consuming food
with HMW-pentosidine '*%. However, recently, Poulsen et al. showed that the
amount of CML recovered in urine was independent of the molecular weight,
indicating that both HMW-AGEs and LMW-AGEs (i.e. CML) are absorbed and
excreted to a comparable extent 2°. Further fate of HMW-AGEs may in addition
depend on factors such as their exact structure, host diet, gut environment etc.
that remain unknown at the moment.

Regarding AGEs metabolism, it is thought that AGEs are not substrates for
enzyme systems involved in detoxification by phase 1 and 2 enzymes 2°. It has
been shown that endogenous AGEs are metabolized by innate defense and/or
intracellular degradation after receptor-dependent uptake such as AGE-R1, AGE-
R2 and AGE-R3. Binding of AGEs to these receptors stimulates receptor
endocytosis. This mechanism may contribute to the detoxification and clearance
of LMW-AGEs ' 120, However, it is unknown whether these receptors contribute
to the detoxification of HMW-AGEs specifically.

2.6 LMW-AGEs vs HMW-AGESs: cardiovascular effects

Deuther-Conrad et al. demonstrated a higher toxic potential of LMW-AGEs
compared to the HMW-AGEs, characterized as a higher degree of cellular
damage, likely related to their capacity to bind to AGEs receptors 2% 13° As
described in several reports, LMW-AGEs are at the moment considered to be the
best marker of disease status. Many studies have indeed shown that CML levels
correlate to a certain extent with the severity of the phenotype in diabetic as

140, 141 "1t js commonly admitted that

well as in non-diabetic chronic HF patients
CML, and LMW-AGEs in general, contribute to abnormal Ca?' handling,
contractile protein alterations and altered energy metabolism in cardiac muscle
142 However, CML is a non cross-linking AGEs compound. It is therefore unlikely
that CML could per se induce cardiac stiffness, suggesting the involvement of
other members of the AGEs family in the development of cardiac dysfunction %3,

Additionally, Berg et al. concluded that serum levels of total AGEs, but not
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serum levels of CML specifically, correlated with cardiac relaxation. This study
suggests that other members of the AGEs family, causing cross-linking, could
correlate with the observed cardiac stiffness **. In that context, Miura et al.
reported that not only serum levels of CML but rather non-CML AGEs correlate
with the severity of the diabetic phenotype *°. In contrast to the CML-AGEs,
they have shown that non-CML AGEs contribute to diabetic complications such
as systemic vascular complications, microalbuminuria, clinical nephropathy and
hemodialysis *°.

Furthermore, others have demonstrated that as opposed to CML-AGEs, only
non-CML AGEs levels were significantly associated with clinical parameters of
glycemic control such as HbA1c and fasting blood glucose %3, Sharp et al. found
no significant correlation between vascular disease in type 1 diabetic patients
and LMW-AGEs serum levels %, This was confirmed in a study of Thomas et al.,
where no link between macrovascular disease and LMW-AGEs was observed 13°,
Finally, in patients with congestive heart failure, no changes were observed in

plasma CML concentrations 24

. These data indicate that despite being an
important parameter, CML solely is not a reliable marker in heart failure. In that
context, total AGEs content, including HMW-AGEs levels could be of great
importance as new markers in heart failure ?*. It even appears that complex
AGEs, which have a higher molecular weight, provide the highest pathogenic
potential in type 2 diabetes compared to LMW-AGEs %, Indeed, plasma levels of
HMW-AGEs were shown to be significantly increased in diabetic patients

127 This was also seen in a study from Kilhovd et al.,

compared to controls
where levels of AGEs with a wide range of molecular weights, but not CML, were
increased in serum levels of patients with coronary heart disease and type 2
diabetes 5.

The deleterious effects of HMW-AGEs are mainly attributed to cross-linking,
because protein-bound AGEs are considered to have a high affinity for proteins
leading to tissue retention 3% %8 In addition, cross-links of AGEs are resistant
to proteolytic degradation, which delays their turnover % 3°, Finally, Poulsen et
al. demonstrated no changes in RAGE gene expression after 2 weeks HMW-AGEs
diet, indicating that the mechanism of action of HMW-AGEs unlike LMW-AGEs, is

independent of the activation of the RAGE receptor '%.
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2.7 Anti-AGEs therapies

As already mentioned, the adverse effects of increased AGEs levels have been
reported in cardiovascular diseases. Therefore targeting AGEs is an important
strategy as a therapy. The intervention against AGEs can be classified into
different strategies: AGEs formation inhibitors, AGEs cross-link breakers, AGEs
receptor blockers, AGEs receptor signaling blockers and AGEs scavengers.
Besides these specific therapies against AGEs, there are also some therapies
which are more general and not-specific targeting AGEs such as adequate

glycaemic control, antioxidant activity and changing lifestyle.

2.7.1 AGEs formation inhibitors
Due to deleterious effects associated with increased AGEs levels, identifying

agents/molecules able to prevent AGEs formation is mandatory.

The first AGEs formation inhibitor, aminoguanidine, was discovered by Brownlee
et al. who demonstrated a reduced diabetes-mediated arterial wall protein cross-

linking in rats treated by aminoguanidine !°!,

Aminoguanidine is a highly
reactive scavenger of reactive carbonyl intermediates (early active glycation
products) in the Maillard reaction due to its nucleophilic nature 2% 30 152 The
beneficial effects of aminoguanidine have been widely demonstrated in the
1990s in experimental models of diabetes. In diabetic nephropathy, treatment
with aminoguanidine (1 g/l in drinking water) for 32 weeks reduced albuminuria
and caused a reduction of kidney basement membrane thickness °3. In diabetic
retinopathy, treatment with aminoguanidine for 26 weeks (25 mg/kg/day)
prevented accumulation of AGEs at branching sites of precapillary arterioles and

abnormal endothelial cell proliferation %,

Finally in diabetic neuropathy,
aminoguanidine administration for 8 weeks (25 mg/kg/day) normalized
reduction in sciatic nerve blood flow and improved conduction °°, Additionally, it
improved motor nerve conduction velocity and inhibited accumulation of

fluorescent AGEs in nerves 156 17

. To evaluate the safety and efficacy of
aminoguanidine, two clinical trials were designed, namely ACTION I with type 1
diabetic patients and ACTION II with type 2 diabetic patients **® *°, In both
studies, patients were randomized to placebo or to either a low (150 mg ACTION

I, 50-300 mg ACTION II) or high (300 mg ACTION I, 100-600 mg ACTION II)
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dose of aminoguanidine. Treatment of aminoguanidine improved the secondary
end-point measures including proteinuria, kidney function and retinopathy.
However, due to adverse effects such as increased levels of liver enzymes and
the production of auto-antibodies, ACTION II was not further processed. In
conclusion, despite the beneficial effects of aminoguanidine in animal models,
translation into the clinic remains limited as it did not achieve successful clinical

trials.

Alternative to aminoguanidine, vitamin B derivatives such as pyridoxamine (PM),
thiamine and benfotioamine have been used as inhibitors for AGEs formation. In
particular PM, a vitamin B6 derivative showed promising properties. Unlike
aminoguanidine, PM strongly inhibits CML formation %%, PM interferes with post-
amadori oxidative reactions via the chelation of dicationic metal ions rather than

161 pPM is now considered to have

via direct interaction with Amadori products
multiple mechanisms of action: scavenging ROS, blocking oxidation of the
Amadori intermediate, trapping of reactive carbonyl and dicarbonyl compounds
derived from the Amadori compounds and chelation of metal ion catalysts 2%.

Like aminoguanidine, the beneficial effects of PM have been demonstrated in

animal models of diabetes, where studies demonstrated efficacy in the

162-164 162, 163

prevention of renal disease , vascular pathology ®?, hyperlipidaemia

and AGEs formation 162 163,165,

Degenhard et al. demonstrated that treatment of streptozotocin (STZ)-diabetic
rats with PM for 7 months (1 g/l in drinking water), caused a reduced
albuminuria and plasma creatinine and was able to decrease the levels of CML
and CEL in the skin. In the study of Alderson et al., treatment of Zucker obese
rats with PM (2 g/l in drinking water) decreased hypertension, vascular wall
thickness, CML en CEL levels in the skin, triglycerides, cholesterol and finally
normalized albuminuria 2. In 2014, NephroGenex Inc. announced the start of
phase III PIONEER program to test the efficacy of pyridoxamine dihydrochloride
(PYRIDORIN). However, recently this clinical trial was stopped due to financial
issues. The purpose of this study was to randomize type 2 diabetes patients.
Patients received a placebo or 300 mg of twice daily PYRIDORIN. The goal was
to investigate the efficacy of PYRIDORIN in time to a 50% increase in serum

creatinine. Preliminary results show a doubling of serum creatinine.
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Besides the synthetic AGEs inhibitors, plant-derived products like flavonoids and
vitamins have been used as AGEs inhibitors. Flavonoids have shown anti-
glycation effects through their antioxidant properties 16,

Vitamin E treatment (800 mg/day) in diabetic patients reduced AGEs
accumulation in arterial walls of diabetic patients %”. Ceriello et al. showed that
vitamin E supplementation (600 mg/day) attenuates serum glycated-albumin
levels in patients with diabetes %8, In addition, in STZ-diabetic rats, vitamin E

supplementation for 4 weeks (18 mg/day) suppressed the formation of AGEs 1%°.

2.7.2 AGEs cross-link breakers

Cross-link breaker, ALT-711 contains a thiazolium structure that is able to break
a-carbonyl compounds non-enzymatically by cleaving the carbon-carbon bound
between carbonyls 3% 1%, In animal models for diabetes, long term treatment of

ALT-711 has been shown to be beneficial in a number of chronic disease states

170, 171 175

such as atherosclerosis , cardiovascular disease ’® 172"175 hypertension

and renal injury 176°17°

. However, the mechanism of ALT-711 as a cross-link
breaker is still controversial. Yang et al. demonstrated that the beneficial effects
of ALT-711 are in fact not the result of breaking AGEs cross-links 8. This was
confirmed by Mentink et al. ’*. As ALT-711 is capable of inhibiting copper-
catalyzed oxidation of ascorbate, it has been suggested that ALT-711 instead
might act in vivo by preventing metal-catalyzed glycoxidation 2% 8!, As a result,
ALT-711 has been widely investigated in clinical trials from 2002 to 2010 2, In
the study of Kass et al. 93 patients with hypertension were randomized to oral
dose of ALT-711 or placebo. In this study, a daily dose of 210 mg ALT-711 for
56 days improved total arterial compliance in aged humans with vascular
stiffening 183
Heart Failure (DIAMOND) trial, 23 patients with diastolic heart failure were

enrolled in a 16-week, open-label trial of 420 mg ALT-711 per day. Four months

. In the Distensibility Improvement and Remodeling in Diastolic

treatment of ALT-711 resulted in a decrease in left ventricular mass and

improved diastolic filling ©°.

trials, the BENEFICAL trial could not confirm this data. In this clinical trial, 102

However, despite the beneficial effects in earlier

patients with systolic heart failure were randomized to either ALT-711 (200 mg)

or placebo twice daily for 36 weeks. There were no improvements observed in

184

exercise capacity nor in systolic function of those patients . Finally, two
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randomized, double-blind, placebo-controlled studies were performed. In these
studies, a combination of exercise with 200 mg of ALT-711 daily was used for 1
year in aging populations 8% 186 However, these studies could also not confirm
the beneficial effects observed in previous trials and in diabetic animal models.
To date, no further clinical trials have continued with ALT-711. To summarize,

targeting AGEs-induced cross-links remains a challenge.

2.7.3 AGEs receptor signaling blockers

Binding of AGEs to their receptor RAGE activates pro-inflammatory signaling
pathways. As RAGE is a pattern-recognition receptor, it can be activated by
multiple ligands other than AGEs. Therefore, activation of this receptor is of
great biological significance. Inhibition of AGEs/RAGE interaction can be
performed with anti-RAGE antibodies. In type 1 and type 2 animal models of
diabetes, administration of anti-RAGE antibodies ameliorates the kidney function
187,188 Ma et al. reported that the observed altered cardiomyocyte function was
counterbalanced by anti-RAGE antibodies.

Curcumin is a plant-derived product and capable of blocking the AGEs-RAGE
signaling pathway by inhibition of AGEs-induced increase in NF-kB and activator
protein-1 activity in human endothelial cells 1. Treatment with curcumin in rats
with diabetic cardiomyopathy (DCM) attenuated myocardial dysfunction, cardiac
fibrosis, AGEs accumulation, oxidative stress, inflammation and apoptosis °°.
These results suggest that curcumin may have great therapeutic potential in the
treatment of DCM and maybe other cardiovascular diseases. Recently, a
systematic review described the effects of curcumin on generation of advanced
glycation end products. They reported that except one, all included studies
indicated that curcumin is able to prevent AGEs formation and AGEs-induced

disturbances with different potential mechanisms *°.

2.7.4 Adequate glycaemic control

An adequate glycaemic control can prevent AGEs accumulation in patients with
diabetes mellitus. Controlling blood glucose levels are indirectly inhibiting AGEs-
formation, as the concentration of glucose is an important factor for the

endogenous formation of AGEs.
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2.7.5 Antioxidant activity

As the final step of the Maillard reaction is catalyzed by oxidative stress and
metal ions, antioxidant activity is an important factor in anti-AGEs therapy.
Scavenging of free radicals, such as hydroxyl and superoxide, decreases the
formation of reactive carbonyl species and therefore limits AGEs formation.
Additionally, chelators, inhibiting metal-catalyzed oxidation reactions, important
to promote AGEs formation, are also important players in the antioxidant

approach 2.

2.8.6 Changing lifestyle

Changing our lifestyle is an easy non-invasive anti-AGEs therapy. Our western
diet as well as smoking contain high levels of AGEs. Additionally, these dietary
AGEs can also bind to RAGE to activate the AGEs-RAGE signaling pathway 8.
Lowering AGEs intake by smoking cessation and low-AGEs diets have been
demonstrated to reduce AGEs intake and thereby lowering AGEs levels in the
blood %2 193, The essential concept in low AGEs diet is a manner of cooking.
Stewing or steam-cooking meat will generate much less AGEs than broiling or
frying. Finally, exercise has been shown to induce beneficial metabolic changes
194 Several studies have been reported that exercise training is more helpful
than drugs in the secondary prevention of cerebral vascular disease and is as
efficient as pharmaceutical therapy in preventing the development of diabetes
195,19  Goon et al. demonstrated that a tai chi program 2 times per week for 12
months in overweight adult patients resulted in decreased serum AGEs levels
197 However, these results could not be confirmed by Macias-Cervantes et al.

where exercise alone did not reduce serum levels of AGEs !°8

. However, the
combination of low AGEs diet with exercise 3-5 days/week for 20-60 minutes
showed promising results. The healthier lipid profile (low levels of triglycerides
and higher HDL cholesterol levels) was observed in these patients compared to

other treatments combined with decreased levels of circulating AGEs.
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3.1 Abstract

Background. Several clinical and experimental studies have demonstrated that
advanced glycation end products (AGEs) are associated with adverse cardiac
outcome. Growing evidence shows that high molecular weight AGEs (HMW-
AGEs) might be as important as the characterized low molecular weight AGEs
(LMW-AGEs). To date, the role of HMW-AGEs in the pathogenesis of cardiac
remodeling remains unknown. In this study, we investigated whether HMW-
AGEs are involved in cardiac dysfunction.

Methods. Healthy rats were daily intraperitoneal (ip) injected with 20 mg/kg
BSA-derived HMW-AGEs or, as a control, unmodified BSA, during 6 weeks.
Cardiac function was assessed with echocardiography. Plasma levels of glucose,
AGEs and soluble RAGE (sRAGE) were measured. AGEs, RAGE and lysyl oxidase
(LOX) expression were determined by Western blot.

Results. After 6 weeks, animals displayed a sustained increase in circulating
total AGEs without hyperglycaemia. HMW-AGEs injections induced cardiac
dysfunction characterized by wall hypertrophy, increased heart sphericity,
reduced strain and strain rate with preserved ejection fraction. Plasma sRAGE
levels were significantly higher compared to control and correlated significantly
with decreased strain. RAGE expression, TNF-a and IL-6 remained unchanged.
Finally, HMW-AGEs induced prominent cardiac fibrosis associated with an
increased LOX expression.

Conclusion. Our data demonstrate that rather than via a specific activation of
RAGE, the deleterious effects of HMW-AGEs are likely mediated via an increased

collagen cross-linking responsible for the observed cardiac dysfunction.
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3.2 Introduction

Heart failure (HF) is a leading cause of mortality and morbidity worldwide and is
defined as the inability of the heart to meet the energy demand of the body 3.
The development of HF is a complex process related to a series of physiological
and molecular factors characterized by structural and functional disorders that
still remain incompletely understood °°,

Advanced glycation end products (AGEs) are proteins and lipids that become
glycated and oxidized after persistent contact of reducing sugars (e.g. glucose)
or short-chain aldehydes (e.g. glycolaldehyde) with amino groups and/or a high
degree of oxidative stress ° 1°, The accumulation of AGEs in the body is a
natural process that occurs with aging, when the turnover rate of protein is
reduced due to glycoxidation ®!. There is growing evidence that AGEs contribute
to the development and progression of cardiovascular dysfunction by 2 major
mechanisms: cross-linking of intra and/or extracellular proteins or binding to
their cell surface receptor for AGEs (RAGE) 7' 3%, AGEs can alter the physiological
properties of proteins in the extracellular matrix (e.g. collagen), resulting in
protein cross-link formation leading to decreased vascular elasticity, myocardial
flexibility and promoting vascular and myocardial stiffness. Glycation and cross-
linking of intracellular proteins potentially lead to impaired cell function.
Additionally, binding of AGEs to their cellular receptor leads to activation of a
cascade of cell signaling pathways upregulating RAGE expression, resulting in
enhanced cellular oxidative stress, hyper-responsiveness to inflammatory
cytokines (e.g. Tumor necrosis factor a (TNF-a) and Interleukin-6 (II-6)) in

macrophages and endothelial cells 7 3°

. Alternative splicing or cleavage by
matrix metalloproteinases of the full length RAGE receptor can lead to soluble
RAGE (sRAGE), which is thought to have a protective effect by scavenging
circulating AGEs 3°,

Several clinical and experimental studies support the view that AGEs have a
significant role in many pathological situations, particularly in cardiac disorders
30, 33, 200 1ncreased circulating AGEs levels and tissue accumulation have been
reported to occur at early age in patients with diabetes and are associated with
adverse outcome %!, Because the process of AGEs formation and accumulation

also occurs in euglycaemia, pathogenesis of AGEs has been shown to be not
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restricted to diabetes but to be involved in a larger range of cardiovascular
diseases such as myocardial infarction and ischemia-reperfusion 2% 82,

Even if the chemical nature of AGEs in vivo remains largely unknown, several
classes of AGEs have been however identified and characterized. In vivo
detectable AGEs are categorized in three groups: fluorescent cross-linking AGEs
(e.g. glyoxal lysine dimer, pentosidine), non-fluorescent cross-linking AGEs (e.g.
imidazolium dilysine) and non-cross-linking AGEs (e.g. carboxymethyllysine
(CML) and pyrraline). These low molecular weight AGEs (LMW-AGEs) were found
to be elevated in diabetes 2> 3. Although high levels of CML and pentosidine
have been shown to correlate to the severity of the disease phenotype observed
in diabetes, there is growing evidence suggesting that high molecular weight
AGEs (HMW-AGEs) might be even more important in pathological settings than
the known LMW-AGEs 6%/ 125/ 145, 201, 202 ' However, in the clinical setting, defining
the effect of HMW-AGEs per se on cardiac morphology and function in non-
pathological conditions is not easy due to many confounding factors (e.g.
coexisting cardiovascular diseases and medication). Therefore, whether HMW-
AGEs are a potential cause for cardiac dysfunction remains to be elucidated. As
such, small animal models have been extensively used during the past decades
for the better understanding of the pathophysiological mechanisms leading to
myocardial dysfunction. In addition, more recent technological advances in non-
invasive imaging (e.g. ultrasound echocardiography) have greatly facilitated the
assessment of cardiac morphology and function in rodents. Several studies have
recently applied speckle tracking imaging (STI) on different small animal models
of left ventricular (LV) dysfunction demonstrating that STI-derived strain/strain
rate measurements accurately reflect pathology and the time course of HF
development in these animals 293-295,

The purpose of this study was to investigate whether HMW-AGEs per se are a
cause for cardiac dysfunction in rats. Therefore, rats were daily injected with
HMW-AGEs for 6 weeks and the effect on heart function was assessed.
Conventional and STI echocardiography associated with molecular tools were

used to identify the nature of this impairment.
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3.3 Materials and methods
This investigation conforms to the EU Directive 2010/63/EU for animal
experiments and was approved by a local ethical committee (Ethische

Commissie Dierproeven, UHasselt, Diepenbeek, Belgium).

3.3.1 Preparation and characterization of AGEs

HMW-AGEs were prepared based on the method described by Valencia et al 2%,
Briefly, fatty acid-free and low endotoxin bovine serum albumin (BSA; 7 mg/ml)
was incubated with 90 mM glycolaldehyde dimers (Sigma-Aldrich, Diegem,
Belgium) in phosphate buffered saline (PBS) (pH 7.4) for 5 days at 37°C (BSA-
derived AGEs). A control sample was prepared in parallel by incubation of BSA
(7 mg/ml) in PBS. Unreacted glycolaldehyde was removed by dialysis against
PBS using a cut-off value of 3.5 kDa and filter sterilized (0.2 pm sterile filter,
Sarstedt, Essen, Belgium). Finally, the samples were concentrated using Amicon
Ultra Centrifugal Filter Units with Ultracel-50 membrane (Millipore, Brussel,
Belgium). A commercially available AGEs sample (Millipore, Brussel, Belgium),
prepared in a similar way was used as a positive control. To validate the
prepared AGEs, protein patterns of control (BSA alone), HMW-AGEs (BSA-
derived AGEs) and the commercially available AGEs (positive control) were
examined via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) followed by a Coomassie blue staining. In addition, fluorescence intensity
of the samples (related to fluorescent AGEs), measured at a protein
concentration of 1 mg/ml, was detected at excitation/emission wavelengths of
respectively 370/460 nm using a fluorescence reader (Bio-Rad Laboratories,

Temse, Belgium) 207298,

3.3.2 Experimental protocol

Thirteen Sprague-Dawley rats (150-180 g) (Charles River Laboratories,
L'Arbresle, France) were subjected to daily intraperitoneal (ip) injection of 20
mg/kg BSA-derived AGEs (HMW-AGEs, N=9) or an equal amount of unmodified
BSA (Control, N=4) for 6 weeks. All animals were maintained in a controlled
environmental condition of temperature and humidity, were fed a standard pellet
diet and had water available ad libitum. Blood samples after 6 weeks of

injections were obtained in both groups. Hereafter, the animals were sacrificed
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with an overdose of pentobarbital and hearts were excised for further
histological examination. The perfused hearts were fixed overnight in 4%
paraformaldehyde and transferred in 70% ethanol until embedded in paraffin.
Subsequently, 5 pym thick sections were cut and stored at room temperature
until staining. Residual tissue of the left ventricle was crushed to a fine powder,

immediately frozen in liquid nitrogen and stored at -80°C.

3.3.3 Conventional echocardiographic measurements

Transthoracic echocardiography was performed under 2% isoflurane in all
animals at baseline and at 6 weeks post-injection with a Vividi ultrasound
machine (GE Vingmed Ultrasound) using a 10 MHz linear array transducer. A
standard parasternal long axis image and short-axis views at mid-ventricular
level were acquired at a temporal resolution of = 200 frames per second.
Conventional echocardiographic parameters (e.g. LV end-diastolic diameter
(LVEDD), LV end-systolic diameter (LVESD), posterior wall thicknesses (PWT)
and anterior wall thicknesses (AWT)) were obtained from the B-mode images at
midpapillary level in the parasternal short-axis view. End-systolic volumes (ESV)
and end-diastolic volumes 2°° were calculated by n*Dy?*B/6, where Dy indicates
the systolic/diastolic diameter of the ventricle in mid-ventricular short-axis view
and B is LV length on parasternal long-axis image. Subsequently, ejection
fraction (EF) was measured as (EDV-ESV)/EDV, and expressed in %. The end-
diastolic sphericity index (SI) was calculated by dividing the EDV by the volume
of a sphere whose diameter was equal to the major end-diastolic LV long axis.
The LV long axis was obtained from the 2D dataset as the longest distance

between the center of the mitral annulus and the endocardial apex.

3.3.4 Strain and strain rate by speckle tracking imaging

STI data analysis was performed on an EchoPAC workstation (GE Vingmed
Ultrasound, version 7.0.1, Horten, Norway), as described previously 2%, Briefly,
measurements of circumferential strain (S..) and circumferential strain rate
(SRgre) at midventricular level were performed on selected best-quality two-
dimensional images. The endocardium was manually traced in an optimal frame,
from which a speckle tracking region of interest was automatically selected. The

region of interest width was adjusted as needed to fit the wall thickness from
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endocardium to epicardium. The software detected and tracked the speckle
pattern subsistent to the standard two-dimensional echocardiography after
segmenting the ventricular silhouette into 6 segments. The tracking quality was
then visually inspected, and, if satisfactorily for at least five segments, the
tracing was accepted. As registration of the electrocardiogram was not always
feasible in these animals, end systole and end diastole were therefore defined as

the minimum and maximum LV short-axis area, respectively.

3.3.5 Fibrosis measurement

Sections of 5 um thick were obtained at cardiac midventricular level and stained
using the Masson trichrome staining method. Myocardial fibrosis was assessed in
all animals and quantified in 8 randomly chosen fields per section, as previously
described 2!°. The area of collagen deposition indicated by blue staining was
outlined and quantified by an automated image analysis program (Carl Zeiss,
AxioVision 4.6, Zaventem, Belgium). Blood vessels were excluded. The ratio of
the area of collagen deposition to the global area was calculated and expressed

as percent collagen deposit.

3.3.6 Assessment of glucose, sRAGE, CML and AGEs levels

Plasma levels of total AGEs (MyBiosource, San Diego, CA, USA) and sRAGE
(Aviscera bioscience, Santa Clara, CA, USA) were determined using enzyme-
linked immunosorbent assay (ELISA). Serum levels of CML were measured using
ELISA (MyBiosource, San Diego, CA, USA). Glucose concentration after 6 weeks
of injections was measured using Analox GM7 (Analis SA, Suarlée, Belgium).

3.3.7 Western blot

Protein concentrations of the LV tissues were determined by the BCA protein
assay kit (Thermo Fisher, Erembodegem, Belgium). Samples containing equal
amount of proteins were separated on a 12% SDS-PAGE gel with a mini protean
3 electrophoresis system (Bio-rad Laboratories, Temse, Belgium), transferred to
a polyvinylidene fluoride (PVDF) membrane and subsequently, blocked for 2
hours with 5% BSA in Tris-buffered solution containing 0.1% Tween-20 (TBS-T)
followed by incubation overnight at 4°C in the presence of a specific RAGE
primary antibody (1/1000, goat polyclonal IgG, Santa cruz, sc-8230, Heidelberg
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Germany), AGEs antibody (1/500, mouse monoclonal IgG, Sopachem, 6D12,
Eke, Belgium) or lysyl oxidase (LOX) antibody (1/1000, rabbit polyclonal IgG,
Abcam, ab31238, Cambridge, United Kingdom). Horseradish peroxidase-
conjugated secondary antibodies (DAKO, Belgium) at a dilution of 1/2000 were
used. Both primary and secondary antibodies were diluted in 2% BSA-TBS-T.
RAGE, AGEs and LOX were visualized with the enhanced chemiluminescence 2%°
technique using the Pierce ECL Plus Western blotting Substrate (Thermo Fisher,

Erembodegem, Belgium).

3.3.8 Real-time PCR

Total ribonucleic acid (RNA) was extracted from LV tissue using RNeasy fibrous
tissue kit (Qiagen, Antwerpen, Belgium) following the manufacturer’s guidelines.
The concentration and purity of RNA was assessed with the NanoDrop 2000
spectrophotometer (Isogen life science, Temse, Belgium). cDNA was synthesized
using high capacity cDNA reverse transcription kit (Invitrogen, Merelbeke,
Belgium). The expression of TNF-a (forward primer: GTC-TGT-GCC-TCA-GCC-
TCT-TC, reverse primer: CCC-ATT-TGG-GAA-CTT-CTC-CT), RAGE (forward
rimer: ATG-GAA-ACT-GAA-CAC-AGG-AAG-GA, reverse primer: TCC-GAT-AGC-
TGG-AAG-GAG-GA) and IL-6 (forward primer: TAG-TCC-TTC-CTA-CCC-CAA-CTT-
CC, reverse primer: TTG-GTC-CTT-AGC-CAC-TCC-TTC) were studied. Real-time
PCR was carried out in an optical 96-well plate using the StepOnePlus (Applied
Biosystems, Belgium). SYBR Green (Invitrogen, Merelbeke, Belgium) chemistry-
based qPCR was performed 2!!. Gene expression data were analyzed with MIQE
guidelines taken into account 22, The most stable reference genes, TATA Box
Binding Protein (Tbp, forward primer: TGG-GAT-TGT-ACC-ACA-GCT-CCA,
reverse primer: CTC-ATG-ATG-ACT-GCA-GCA-AAC-C) and tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWAHZ,
forward primer: GAT-GAA-GCC-ATT-GCT-GAA-CTT-G, reverse primer: GTC-TCC-
TTG-GGT-ATC-CGA-TGT-C) for this experimental set-up were determined by
geNorm analysis and normalization of the data was performed using gBase
software (Biogazelle, Zwijnaarde, Belgium).
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3.3.9 Statistical analysis

Values are expressed as median [75% percentile; 25" percentile]. Comparisons
were performed using Mann-Whitney U test or Wilcoxon matched pairs test for
paired data. Simple linear regression models were applied to assess the
relationship between different parameters. A value of p<0.05 was considered
statistically significant and analyses were performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA).
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3.4 Results

3.4.1 HMW-AGEs injections in healthy rats lead to LV dysfunction

The protein patterns of control (BSA alone), BSA-derived AGEs (i.e. HMW-
AGEs)) and a commercially available AGEs sample (positive control) were
characterized on a SDS-PAGE gel, stained with Coomassie blue (Figure 3.1A).
HMW-AGEs (lane 3) and the commercially available positive control (lane 4)
were characterized by the smear of high molecular weight proteins. It is worth
noticing that in lane 3 (HMW-AGEs), no band was observed at 66 kDa indicating
that most BSA of our sample underwent modifications related to the glycation.
Fluorescence intensities of HMW-AGEs as prepared in-house or purchased from
an external source were comparable and were significantly higher than in
unmodified BSA, further confirming the presence of fluorescent glycated

products in our HMW-AGEs sample (Figure 3.1B).
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Figure 3.1 Characterization of HMW-AGEs. (A) SDS-PAGE stained with Coomassie
blue. Lane 1, molecular mass marker; lane 2, BSA (7 mg/ml) incubated for 5 days at 37°C
(Control); lane 3, BSA (7 mg/ml) incubated with glycolaldehyde (90 mM) for 5 days at
37°C (HMW-AGEs), lane 4: positive control. (B) Median, 75" percentile, 25" percentile,
minimum and maximum relative fluorescence intensity of the samples, determined at an

excitation and emission wavelength of 370 and 460 nm respectively. * denotes p < 0.05.

HMW-AGEs were subsequently injected in healthy rats. Despite daily injection of
glycated products for 6 weeks, circulating glucose levels remained comparable
and within the normal physiological range in HMW-AGEs injected animals as
compared to the control group (Figure 3.2A). As expected, circulating total AGEs
levels were significantly higher after 6 weeks in the HMW-AGEs group (Figure
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3.2B). but this increase was not related to an increase in CML, a major member
of the LMW-AGEs family (Figure 3.2C). Cardiac function at baseline and 6 weeks
post-injections was evaluated in control and HMW-AGEs injected animals.
Conventional echocardiographic characteristics of both groups are summarized
in Table 3.1.
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Figure 3.2 Effect of 6 weeks HMW-AGEs injection on circulating glucose, total
AGEs and CML levels. Plasma glucose (A), plasma AGEs (B) and serum
carboxylmethyllysine (CML) (C) in HMW-AGEs injected animals compared to control
animals after 6 weeks injections. Data are shown as median, 75" percentile, 25%

percentile, minimum and maximum. * denotes p < 0.05.

After 6 weeks of injections, HMW-AGEs animals displayed a change in LV
morphology with signs of hypertrophy (AWT and PWT increased by 40%)
associated with increased LV diameters within the same range. LV volumes, EDV
and ESV, were significantly higher in HMW-AGEs injected animals compared to
baseline (respectively, 192[357;182] ul vs 158[166;129] ul and 56[127;40] pl
vs 38[46;27] ul, p<0.05).
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Table 3.1 Conventional echocardiographic characteristics.

Control HMW-AGEs
Parameters Baseline 6 weeks Baseline 6 weeks
HR (bpm) 425[452;409] 403[420;394] 401[413;396] 398[406;373]
LVEDD (mm) 4.9[5.3;4.7] 5.4[6.1;4.8] 5.0[5.3;4.6] 5.9[7.5;5.8]"
LVESD (mm) 3.2[3.4;3.1] 3.6[4.0,3.1] 2.9[3.1;2.5] 3.5[4.9;3.1]"
AWT (mm) 1.38[1.41;1.34] 1.53[1.58;1.46] 1.26[1.29;1.25] 1.85[1.94;1.74]"
PWT (mm) 1.55[1.59;1.53] 1.69[1.79:1.58] 1.52[1.63;1.47] 2.03[2.09;1.85]"
EDV (pL) 153[170;136] 202[271;146] 158[166;129] 192[357;182]"
ESV (uL) 51[54;49] 69[88;53] 38[46;27] 56[127;40]"
SV (pL) 101[122;82] 133[184;93] 110[120;90] 153[211;135]"
CO (mL/min) 42[52;35] 55[73;41] 43[47:36] 57[85;56]"
SI 0.19[0.20;0.17] 0.18[0.20;0.16] 0.18[0.19;0.16] 0.30[0.34;0.26]"
EF (%) 65[71;60] 67[68;66] 74[76;70] 70[77;66]

HR, heart rate; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; AWT, anterior wall thickness;

PWT, posterior wall thickness; EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; CO, cardiac output; SI, sphericity

index; EF, left ventricular ejection fraction in HMW-AGEs injected and control animals. Data are presented as median [75" percentile, 25%

percentile]. " denotes p<0.05 vs Control. T denotes p<0.05 vs corresponding baseline.
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Furthermore, SI, as a measure of heart geometry, was significantly higher in the
treated animals compared to baseline (0.30[0.34;0.26] vs 0.18[0.19;0.16],
p<0.05). However, no changes were observed for EF for both groups over the

course of the study.
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Figure 3.3 STI-derived deformation parameters at baseline and 6 weeks post-
injection. Circumferential strain (Scr) (A), circumferential strain rate (SR.r) (B)
measured at baseline and after 6 weeks of injections in the control group and HMW-AGEs
injected animals. Data are shown as median, 75" percentile, 25™ percentile, minimum and

maximum. * denotes p < 0.05.

After 6 weeks injections, deformation parameters such as S (Figure 3.3A) and
SR (Figure 3.3B) were significantly decreased in the AGEs group but not in
control animals (respectively, -16[-15;-18]% vs -22[-20;-24]% and -4.6[-4;-
5.5] 1/s vs -6.7[-6.3;-6.8] 1/s, p<0.05).
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3.4.2 Cardiac dysfunction induced by HMW-AGEs is not mediated
through RAGE activation

Figure 3.4A is an example of Western blot for RAGE and B-actin from LV
samples. Full length RAGE protein level was not different in both groups (Figure
3.4B, left panel). This result was confirmed by the unchanged gene expression

for RAGE, as shown in Figure 3.4B, right panel.
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Figure 3.4 Expression of RAGE, TNF-a and IL-6. (A) Representative Western blot for
RAGE and B-actin in the control animals and the HMW-AGEs injected animals. (B)
Quantitative analysis of RAGE protein expression normalized to B-actin and RAGE mRNA
expression. (C) Gene expression of TNF-a and IL-6 in HMW-AGEs injected and control
animals. Data are shown as median, 75" percentile, 25" percentile, minimum and

maximum in both groups.
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Gene expression of the downstream effectors of RAGE were also evaluated. As
shown in Figure 3.4C, gene expression of TNF-a and IL-6 were comparable in

both groups, confirming the absence of activation of RAGE signaling pathway.
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Figure 3.5 Expression of AGEs and increased plasma sRAGE levels which
correlates with strain. (A) Representative Western blot for AGEs and B-actin in the
control animals and the HMW-AGEs injected animals. Quantitative analysis of AGEs tissue
expression normalized to B-actin. (B) Plasma levels of sRAGE in HMW-AGEs injected
animals and in control animals. (C) Circumferential strain (Sqr) expressed as a function of
SRAGE levels. Data are shown as median, 75" percentile, 25" percentile, minimum and

maximum. * denotes p < 0.05.

As shown in Figure 3.5A, AGEs levels in LV tissue samples were comparable in
both groups, indicating no specific accumulation of glycated products in cardiac
tissue. Interestingly, plasma sRAGE levels, the circulating form of RAGE, were
significantly higher in the HMW-AGEs injected animals compared to control
(Figure 3.5B), and inversely correlated with Sg (r=0.61, p<0.05, Figure 3.5C).
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3.4.3 HMW-AGEs induce prominent fibrosis

Representative examples of the myocardial fibrosis in LV sections from both
groups are shown in Figure 3.6A. After 6 weeks of injections, the HMW-AGEs
group displayed a significantly larger myocardial collagen deposition compared
to control animals (Figure 3.6B). This increase was accompanied with a higher
LOX expression in the HMW-AGEs injected group (Figure 3.6C). In addition, the
increase in collagen content correlated with changes in SI (r=0.78, p<0.05; Fig
3.6D left panel) and S (r=0.72, p<0.05, Fig 3.6D right panel), as measures of

ventricular morphology and function.
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Figure 3.6 HMW-AGEs lead to myocardial fibrosis. (A) Typical Masson trichrome

staining in transverse sections of LV taken at the level of the papillary levels. Arrows

display typical interstitial myocardial fibrosis. (B) Quantification of total collagen from the

sections in HMW-AGEs injected animals and control animals. (C) Quantitative Western blot

of LOX expression normalized to B-actin. (D) Sphericity index (SI) and circumferential

strain (Sarc) expressed as a function of total collagen in both groups. Data are shown as

median, 75" percentile, 25" percentile, minimum and maximum. * denotes p<0.05.
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3.5 Discussion

In this study, we show that HMW-AGEs have an important causative role in the
pathophysiology of cardiac dysfunction, independent of other confounding
factors such as diabetes or other cardiovascular pathologies. In addition, we
show that the nature of the dysfunction is likely to be attributed to collagen

cross-linking rather than activation of the receptor RAGE.

3.5.1 Increased circulating AGEs level is a cause for cardiac dysfunction
From studies conducted in diabetic patients or animal models, it remains unclear
whether the increase in AGEs levels is a cause or a consequence of the
dysfunction, independent or not to diabetes. Most studies examining AGEs have
been conducted in patients or animal models with high circulating glucose %>
213 Despite daily injections of glycated products, signs of hyperglycaemia were
not observed in our study. Recent studies confirm our results and demonstrate
that increased AGEs levels are not necessarily correlated to diabetes 2% 2% 215,
Accordingly, the implication of AGEs and the binding to their receptor RAGE in
non-diabetic HF patients as well as in animal models with increased oxidative
stress, ischemia-reperfusion or myocardial infarction has been recently
emphasized 2% 8% 214 In this study, we demonstrate that elevated circulating
AGEs levels are responsible for cardiac dysfunction, characterized by wall
hypertrophy and increased SI. However, interestingly, no changes in EF were
observed, while deformation parameters were significantly decreased. In that
context, growing evidence shows that changes in conventional
echocardiographic systolic parameters, such as EF, occur later in the disease
process and may not be sensitive enough to unmask subtle changes in LV
structure and global function. In addition, it has been previously demonstrated
that strain and strain rate are more robust measures of contractility which are
less influenced by changes in cardiac load and structure and accurately reflect
(regional) myocardial contractility in rodents 2!®, Our data indicate that the use
of deformation parameters for early detection of subtle cardiac remodeling is a

reliable tool to be used in animal models and in the clinical setting.
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3.5.2 HMW-AGEsSs are as deleterious as the well characterized LMW-AGEs
Due to methodological issues, a limited nhumber of AGEs have been examined
and reported 2*”. LMW-AGEs (e.g. CML and pentosidine) are the most frequently
measured AGEs and as a consequence, are associated to the severity of various
cardiovascular disease phenotypes 2% 217, However, there is raising evidence that
not only LMW-AGEs but also HMW-AGEs have important physiological effects 1%°.
Many studies have shown that CML levels indeed correlate with the severity of
the phenotype in diabetic as well as in non-diabetic chronic HF patients 40 141, 1t
is commonly admitted that CML, and LMW-AGEs in general, contribute to
abnormal Ca?* handling, contractile protein alterations and altered energy
metabolism *2, In our study, however, changes at the cardiomyocyte level and
potential alterations of Ca?* handling were not explored and further experiments
need to be conducted for a better understanding of the cellular mechanisms
involved (see chapter 3). Concerning the involvement of AGEs in cardiac
stiffness, electron microscopy studies failed to demonstrate the association of

CML with collagen fibrils remodeling *?

. Because CML is not a cross-linking
structure, it is therefore unlikely to induce cardiac stiffness, suggesting the
involvement of other members of the AGEs family in the development of cardiac
dysfunction %3, Therefore, distinguishing LMW-AGEs from HMW-AGEs may be
essential in understanding the role of AGEs in the pathogenesis of cardiac
stiffness and cardiovascular diseases in general. Takeushi et al. have
demonstrated that both HMW-AGEs and LMW-AGEs coexist in sera of diabetic
patients *3. They report that in fact, total AGEs, but not CML, correlate with the
severity of the diabetic phenotype or with the different stages of diabetic
complications '*°. As a consequence, examining CML levels might not be the
best marker to predict the worse outcome in diabetes, myocardial infarction or
ischemia-reperfusion. In that context, our data suggest that HMW-AGEs might

be of importance and should be taken into account in the clinical setting.

3.5.3 Mechanism of action of HMW-AGEs

From previous studies, the mechanism of action of AGEs and of LMW-AGEs in
particular, is believed to be either through the activation of the receptor for
AGEs (i.e. RAGE) or through an increased protein cross-linking. In our study, we
demonstrate that HMW-AGEs do not alter RAGE expression neither at the
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protein nor at the mRNA level. Because no change in expression does not
necessarily mean an unchanged function, we also checked a potential activation
of downstream effectors of RAGE. No activation of the downstream effectors of
the RAGE pathway such as TNF-a and IL-6 was observed. From our data, there
is no evidence for activation of the RAGE signaling pathway, indicating that the
effect of HMW-AGEs is unlikely to be mediated through the activation of the
receptor. Additionally, we show that myocardial fibrosis is significantly increased
in the HMW-AGEs group and is associated with changes in global cardiac
architecture and function. These changes are comparable to what is observed in
diabetes where the increase in circulating AGEs is associated with diastolic
dysfunction, also via increased myocardial fibrosis and stiffness 78, In addition,
we observe a significant increase in protein levels of LOX. LOX is a protein
involved in the cross-linking of collagen fibrils. The role of LOX has been
demonstrated previously in animals and patients with enhanced myocardial
stiffness 9% 218 21° | ¢pez et al. reported a correlation between LOX and collagen
cross-linking and between cross-linking and LV stiffness in chronic HF patients %
220 Authors also suggest that LOX plays a role in the adverse structural
remodeling in remote myocardial infarction, which contributes to HF of ischemic
origin %°. Our data indicate that the observed increased stiffness is a
consequence of the elevated HMW-AGEs level that is associated with increased
fibrosis and LOX expression. In this study, however, the direct measure of
collagen cross-linking (such as soluble/insoluble collagen ratios) was not
performed. Nevertheless, our data strongly suggest that the observed cardiac
dysfunction is likely to be caused by an increased collagen cross-linking
mediated through LOX.

3.5.4 Limitations

There are several limitations that should be noted. Hemodynamic measurements
in order to assess LV pressure, were not performed. However, the current study
demonstrates that HMW-AGEs per se lead to cardiac dysfunction in non-
pathological settings, as evidenced by higher LV volumes, reduced contractility
and significant myocardial collagen accumulation. In addition, strain and strain
rate deformation parameters were measured only in the circumferential

direction. Radial strain components could theoretically be assessed from the
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acquired parasternal short-axis images. However, several studies have
demonstrated that radial strain assessment by speckle tracking is less accurate
and reproducible, probably due to the smaller area and hence the total number
of speckles available for analysis. Similarly, no longitudinal strain data have
been obtained in the current study, since the anatomical position of the rodent
heart impedes acquiring data from an apical view. Moreover, the additional
value of measuring longitudinal function in rodents may be questioned as it has
been previously demonstrated that the long-axis contribution to heart function is
relatively small in these animals.

No identification of the chemical structure of HMW-AGEs has been performed. To
date, because of the diversity of the several classes of AGEs, there are still no
established methods to identify AGEs but in the context of targeted therapy in
patients, a better knowledge of the nature of the HMW-AGEs would be useful
and requires further investigation. Finally, in our study, the total levels of
circulating sRAGE were measured by ELISA. However, circulating sRAGE could
be generated from cleavage of cell-surface RAGE (cRAGE) or novel splice
variants of RAGE (esRAGE), which are known to have a different physiological

function.

In conclusion, our data demonstrate that rather than via activation of
AGEs/RAGE signaling pathway, the deleterious effects of HMW-AGEs are likely
mediated via an increased collagen cross-linking responsible for the observed
cardiac dysfunction. In addition, the prominent cardiac fibrosis is associated with

an increased LOX expression.
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4.1 Abstract

Background. High molecular weight advanced glycation end products (HMW-
AGEs) are known to play a key role in the development of cardiac dysfunction
(Chapter 3). However whether the dysfunction is driven by remodeling at the
cellular level remains unknown.

Methods. Adult rats were randomly assigned to daily intraperitoneal injection for
6 weeks with either HMW-AGEs (20 mg/kg/day, n=25) or a control solution
(n=19). Echocardiographic and hemodynamic measurements were performed at
sacrifice. Single cardiomyocytes from the left ventricle were obtained by
enzymatic dissociation through retrograde perfusion of the aorta. Unloaded cell
shortening, time to peak and time to 50% relaxation were measured during field
stimulation and normalized to diastolic length. L-type Ca?* current density (Ica.)
and steady-state inactivation of I, were measured during whole-cell ruptured
patch clamp. Protein expression was determined using Western blot. Finally,
myofilament functional properties were measured in membrane-permeabilized
cardiomyocytes.

Results. After 6 weeks of HMW-AGEs injection, rats displayed in vivo cardiac
dysfunction. At the cellular level, single cardiomyocytes were significantly wider.
Unloaded cell shortening was significantly reduced in HMW-AGEs and was
associated with slower kinetics. Peak I, density was significantly decreased in
HMW-AGEs and L-type Ca?' channel inactivation was significantly shifted
towards more negative potentials. Finally, HMW-AGEs altered intrinsic properties
of the myofilaments.

Conclusion. Rats subjected to high circulating HMW-AGEs display in vivo as well
as in vitro structural and functional remodeling. In that context, our data
indicate that HMW-AGEs induce changes observed at the organ level that are

related to cellular structural and functional remodeling.

52



Cellular effects of HMW-AGEs

4.2 Introduction

One of the most common diseases experienced by our ageing Western
population are cardiovascular diseases (CVDs). Heart failure (HF) is the final
stage of many cardiovascular diseases characterized by the inability of the
heart to pump blood to meet the energy demand of the body. The
development of HF is a complex process related to a series of physiological and
molecular factors, characterized by structural and functional disorders that still
remain incompletely understood 3. Advanced glycation end products (AGEs)
are important components of our western diet that might contribute to CVDs
development and progression. Over the past few year, there is more evidence
that advanced glycation end products (AGEs) contribute to the development

and progression of cardiovascular dysfunction 33 221

. In Chapter 3, we have
shown that high molecular weight AGEs (HMW-AGEs), as opposed to the well-
characterized low molecular weight AGEs (LMW-AGEs) are responsible for
cardiac dysfunction. While the majority of the studies available focus on the
LMW-AGEs, very little is reported on HMW-AGEs. However, their importance in
cardiac pathophysiology is rising %22, Whether the cardiac dysfunction seen in
vivo is the result of profound remodeling at the cellular level remains to date
unknown. Therefore the goal of this project was to investigate cardiomyocyte
properties in the setting of chronic exposure to HMW-AGEs. We hypothesize
that HMW-AGEs chronically induce changes in the contractile properties of
adult rat cardiomyocytes. In depth, we will investigate whether altered
myofilament properties, alterations in the excitation-contraction coupling
(ECC), increased oxidative stress or decreased Ca’* influx contribute to

changes in contractile properties.
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4.3 Materials and Methods

4.3.1 Animal model

Male Sprague Dawley rats (Charles River Laboratories, Lyon, France) of £150
grams were used. The animal protocol was approved by the Local Ethical
Committee (Ethische Commissie Dierproeven, UHasselt, Diepenbeek, Belgium).
The animals were daily injected intraperitoneal (i.p.) for 6 weeks with HMW-
AGEs (20 mg/kg/day) (n=25) or a control solution (n=19). HMW-AGEs were
prepared as described in chapter 3 ®. All animals were maintained in a
controlled environmental condition of temperature and humidity, were fed a
standard pellet diet and had water available ad /libitum. Blood samples and
echocardiographic measurements after 6 weeks of injections were obtained in
both groups. After 6 weeks of daily injection, invasive hemodynamic
measurements were performed. Finally, the heart was harvested and adult

single cardiomyocytes were isolated.

4.3.2 Conventional echocardiographic measurements

Transthoracic echocardiography was performed under 2% isoflurane in all
animals at baseline and at 6 weeks post-injection with a Vivid/ ultrasound
machine (GE Vingmed Ultrasound) using a 10 MHz linear array transducer. A
standard parasternal long axis image and short-axis views at mid-ventricular
level were acquired at a temporal resolution of = 200 frames per second.
Conventional echocardiographic parameters (e.g. LV end-diastolic diameter
(LVEDD), LV end-systolic diameter (LVESD), posterior wall thicknesses (PWT)
and anterior wall thicknesses (AWT)) were obtained from the B-mode images at
midpapillary level in the parasternal short-axis view. End-systolic volumes (ESV)
and end-diastolic volumes 2°° were calculated by n*Dy?*B/6, where Dy indicates
the systolic/diastolic diameter of the ventricle in mid-ventricular short-axis view
and B is LV length on parasternal long-axis image. Subsequently, ejection
fraction (EF) was measured as (EDV-ESV)/EDV, and expressed in %. The end-
diastolic sphericity index (SI) was calculated by dividing the EDV by the volume
of a sphere whose diameter was equal to the major end-diastolic LV long axis.
The LV long axis was obtained from the 2D dataset as the longest distance

between the center of the mitral annulus and the endocardial apex.
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4.3.3 Hemodynamic measurements

At sacrifice, hemodynamic measurements were conducted in anesthetized rats
with 3% isoflurane supplemented by oxygen. Functional cardiac parameters
were measured via the right carotid artery into the LV. Left ventricular pressure
(LVP) and peak time derivatives maximum dP/dt and minimum dP/dt were
measured with the SPR 320 Rat Pressure Catheter (AD Instruments, Germany)
during 10 minutes to ensure stability of the results. Left ventricular end diastolic
pressure (LVEDP), left ventricular end systolic pressure (LVESP) and time
constant of LV pressure decay during isovolumetric relaxation period (Tau) was

calculated with LabChart 7 software (AD instruments, Germany).

4.3.4 Cardiomyocyte isolation

After 6 weeks of injection, rats were injected with heparin (1000 u/kg i.p.) and
sacrificed with an overdose of Dolethal (150 mg/kg i.p.). Hearts were dissected
and weighted. Single adult cardiomyocytes from the LV were obtained by
enzymatic dissociation through retrograde perfusion of the aorta. The hearts
were perfused with normal Tyrode (NT) (in mM: NaCl 137, KCI 5.4, MgCl, 0.5,
CaCl, 1, Na-HEPES 11.8, glucose 10 and taurine 20, pH 7.35) on a Langendorff
setup at 37°C. After perfusion with a Ca®* free solution (in mM: NaCl 130, KCI
5.4, KH,PO, 1.2, MgSO, 1.2, Hepes 6, glucose 20, pH 7.2), the tissue was
perfused with an enzyme solution (Ca®* free solution, collagenase type II (1.5
g/l; Worthington, Lakewood, USA) and protease type XIV (0.06 g/l; Sigma,
Diegem, Belgium)), followed by a low Ca?* solution (0.1 mM). The digested LV
tissue was minced and subsequently filtered with a mesh of 300 um. Part of the
freshly isolated cells were used to assess fractional cell shortening or
electrophysiology measurements. Experiments were performed at room
temperature within 6 hours of cell isolation. Remaining cells were stored at -
80°C and used for protein expression and experiments on the myofilaments

function.

4.3.5 Unloaded cell shortening
Isolated cardiomyocytes were placed into a perfusion chamber with NT, on the
stage of an inverted microscope (Nikon Diaphot). Cardiomyocyte length and

width were measured in £ 25 cells per animal. Unloaded cell shortening of intact
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cardiomyocytes was measured with a video-edge detector (Crescent Electronics,
USA). Field stimulation was done with pulses of constant voltage, using platinum
electrodes. Steady-state stimuli were applied at frequencies of 1, 2 and 4 Hz.
Unloaded cell shortening was normalized to diastolic cell length (L/L;) and
presented as % (i.e. fractional shortening). Time to peak of contraction (TTP,
ms) and time to half-relaxation (RTsy, ms) were measured to assess kinetics of
cell shortening. Fractional cell shortening was also measured before and after

isoproterenol (ISO; 300 nM) or N-acetyl-L-cysteine (NAC; 5 mM) application.

4.3.6 Electrophysiological measurements

The L-type Ca®* current (Ic,) was measured during whole-cell voltage-clamp
and was normalized to cell capacitance, as a measure of cell surface. Patch
pipettes (2-3 MOhm) were filled with a pipette solution containing (in mM: 120
KAsp, 20 KCI, 10 HEPES, 5 MgATP, 10 EGTA, 10 NaCl, pH 7.2). Ic, was
measured by a single depolarizing step of 150 ms from -70 mV to +10 mV. To
assess the rate of inactivation of I, voltage inactivation component was
derived by using biexponential fitting of I, inactivation. Current-voltage
relationship of I, was measured during 10 mV depolarisation steps ranging
from -40 mV to +60 mV. The voltage-dependence of the steady-state
inactivation and activation were determined with a classical two-steps protocol
223 In brief, inactivating pre-pulses of 400 ms were applied from a holding
potential of -70 mV to various potentials. The amplitudes of the peak inward
current during the test pulse (I) at 0 mV were normalized to their respective
maximum value (I,h.x) and were plotted as a function of the inactivating
potential. Steady-state activation plot was generated by dividing peak Ic,
measured at a given potential by the difference between measured and reversal
potential. The amplitudes of the channel conductance during the test pulse (G)
were normalized to their respective maximum value (Gax) and were plotted as
a function of the activating potential. Steady-state kinetic parameters were
determined by fitting steady-state activation and inactivation data to Boltzmann
equations (curves were fitted between 0 and 1) to calculate the half-activating

and half-inactiving potential (V50) as decribed by Vornanen et al 2?4
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4.3.7 Myocyte skinning and measurement of isometric force

Single skinnend myocytes were prepared from the frozen cell pellets. The pellet
was first thawed in a Ca®*-free relaxing solution containing (in mM: 6 Na,ATP, 6
MgCl,, 2 EGTA, 140 KCI, 10 imidazole, pH 7.0). The thawed cardiomyocytes
were incubated for 5 minutes in the same solution with 0.5% Triton X-100 to
permeabilize and remove lipid membranes. Isometric force was measured in the
skinned cardiomyocytes fixed between a piezoelectric motor and a force
transducer at 15°C. Absolute forces were normalized to the cross-sectional area
of the cardiomyocytes and expressed as developed tension (in kN/m?). The
passive force (F,.ss) was measured at different sarcomere length in Ca?*-
containing relaxing solution (in mM: 5.89 Na,ATP, 6.48 MgCl, 4.76 Kprop, 100
BES, 7 Ca?*EGTA and 14.5 creatininephosphate) by slackening the myocyte by
30% of its length. Active tension (F,) was calculated as Fat = Fiotal = Fpass- Rate
of force redevelopment (ki) was determined using a slack-re-stretch. In brief,
after steady state force was reached, cardiomyocytes were allowed to shorten to
30% of their original length and then were re-stretched to the original length. Ky,

was derived from a single exponential fitting of force redevelopment.

4.3.8 Protein expression

BCA protein kit (Thermo Fisher, Erembodegem, Belgium) was used to assess
protein concentrations of LV cells of both groups. By using a 12% SDS-PAGE gel
with a mini protean 3 electrophoresis system (Bio-rad Laboratories, Temse,
Belgium), equal amounts of proteins were separated. Gels were transferred to a
polyvinylidene fluoride (PVDF) membrane. Blocking was performed during 2
hours with 5% milk in Tris-buffered solution containing 0,1% Tween-20 (TBS-T).
Membranes were incubated overnight at 4°C in the presence of specific primary
antibodies (SERCA, 1/4000, mouse anti-rat IgG, Santa Cruz, sc-376235,
Heidelberg, Germany; PLN, 1/1000, goat anti-rat IgG, Santa Cruz, C-21923,
Heidelberg, Germany; NCX, 1/1000, rabbit anti-rat IgG, Santa Cruz, sc-32881,
Heidelberg, Germany; PLN S16, 1/1000, rabbit anti-rat IgG; Badrilla, A010-12,
Leeds, UK; PLN T17, 1/1000, rabbit anti-rat IgG, Badrilla, A010-12AP, Leeds,
UK; CS, 1/4000, rabbit anti-rat IgG, Abcam, ab129095, Cambridge, UK). All
primary antibodies were diluted in 5% milk-TBS-T. Horseradish peroxidase-
conjugated secondary antibodies were used and diluted 1/2000 in 5% milk-TBS-
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T. Proteins were visualized with the enhanced chemiluminscence (ECL)
technique using Pierce ECL Plus Western blotting Substrate (Thermo Fisher,
Erembodegem, Belgium). Data were normalized to B-actin protein expression
(1/1000, mouse anti-rat IgG, Santa Cruz, sc-47778, Heidelberg, Germany).
Densitometry of the protein bands was quantified via the ImageQuant TL

software.

4.3.9 Citrate synthase activity

Protein extract samples from frozen cardiomyocytes were used to assess citrate
synthase (CS) activity. CS was measured according to the manufacturer’s
protocol (Citrate Synthase assay kit, CS0720, Sigma-Aldrich, Diegem, Belgium).
CS activity, as evaluated by absorbance value monitored at wavelengths of 412
nm at 20 seconds intervals for a period of 3 minutes was assessed by using a
plate reader (FLUOstar OPTIMA Microplate Reader, BMG LABTECH, Belgium). CS
activity was normalized to baseline CS activity, measured without the
component oxaloacetic acid (OAA). Data are reported in units (umol/ml/min).

4.3.10 Statistical analysis

Statistical analysis was performed with Prism (Graphpad software, USA). All data
are expressed as mean * standard error of the mean (SEM). The parametric
tests which were used to compare the HMW-AGEs and control group are
unpaired t-tests. Paired t-tests were used to evaluate both groups before and
after application of ISO and NAC. In addition, two-way ANOVA test was used
when appropriate. A value of P<0.05 was considered statistically significant.
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4.4 Results

4.4.1 HMW-AGEs alter global LV function in vivo

Hemodynamic parameters are summarized in Table 4.1. Peak rate of pressure
rise (dP/dtmnax), Used as a measure of ventricular contractility, was significantly
decreased while ventricular relaxation, as assessed by peak rate of pressure
decline (dP/dt.;,) was significantly increased after 6 weeks HMW-AGEs injection
(P<0.05). Other parameters such as EDP, mean pressure and Tau remained

comparable between the groups (Table 4.1).

Table 4.1 Characteristics of hemodynamic measurements.

Parameters 6 weeks post-injections

Control HMW-AGEs
HR (BPM) 367.08 £ 6.38 363.62 £9.07
Max pressure (mmHg) 94.72 +3.29 89.42 +3.41
EDP (mmHg) 3.57+1.69 5.35+2.69
Mean pressure (mmHg) 36.49 +2.09 37.03+2.72
dp/dt ., (mmHg/s) 7356.10 + 405.93 6282.96 + 286.02 *
dP/dt ., (mmHg/s) -6387.12 + 266.26 -5426.406 + 262.89 *
Tau (s) 0.064 £ 0.015 0.046 £ 0.015

Max pressure, maximal LV pressure; EDP, end-diastolic pressure; dP/dtmax , maximum
peak time of pressure rise; dP/dtmin, minimum peak time pressure decline; Tau, time
constant of LV pressure decay during isovolumetric relaxation period. LV pressure
measurement parameters were evaluated 6 weeks post-injections in control (n=12) and
HMW-AGEs (n=10) injected animals. Data are presented as mean * SEM. * denotes
P<0.05.

4.4.2 HMW-AGEs induce morphological remodeling

As shown in Figure 4.1, HW/BW and HW/TL ratios were significantly increased in
HMW-AGEs animals indicating increased heart mass. This increase was further
confirmed by the increased AWT and PWT assessed by conventional

echocardiographic and previously described in chapter 3.
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Figure 4.1 Effect of 6 weeks HMW-AGEs injection on heart weight. Heart
weight/body weight (HW/BW; mg/g) (left) and HW/tibia length (HW/TL; mg/cm) (right) in
control (n=16) and HMW-AGEs (n=17). Data are expressed as mean £ SEM. ** denotes

P<0.01 and * denotes P<0.05.

Figure 4.2A are representative pictures of isolated cardiomyocytes from both
groups. As summarized in Figure 4.2B and Figure 4.2C, there were no obvious
differences in appearance of the sarcomeres of the myocytes from both groups.
While cell length was not increased, cell width was significantly increased in
HMW-AGEs (25.4 £ 0.4 um vs 24.7 £ 0.6 pym in control, P<0.05; Figure 4.2B).
Distribution of cell width and length is shown in Figure 4.2C.
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Figure 4.2 Morphology of isolated LV cardiomyocytes. (A) Representative
transmitted light image of a single LV cardiomyocyte isolated from control (left) or HMW-
AGEs (right) injected animals. (B) Analysis of cardiomyocyte width (um) and length (pm)
in control (nNcais= 203) and HMW-AGEs (ncas= 436). (C) Frequency distribution of
cardiomyocyte width and length in both groups. Data are expressed as mean + SEM. *
denotes P<0.05.

61



CHAPTER 4

4.4.3 HMW-AGEs cause contractile impairment

A representative example of fractional cell shortening during field stimulation at
1 Hz in both groups is shown in Figure 4.3A. Unloaded fractional cell shortening
at 1 Hz was significantly reduced in the HMW-AGEs group (Figure 4.3B).
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Figure 4.3 Cell shortening during field stimulation. (A) Representative example of
unloaded cell shortening during field stimulation at 1 Hz in control and HMW-AGEs
cardiomyocytes. (B) Fractional cell shortening normalized to cell length (L/Lo, %), (C) time
to peak of contraction (TTP, sec) and (D) time to half-relaxation (Time to RTsy, sec) in
cardiomyocytes derived from control (Ncs=64) or HMW-AGEs (ncis=104) injected

animals. Data are expressed as mean £ SEM. * denotes P<0.05.

TTP and time to RTsy at 1 Hz were both significantly increased in HMW-AGEs
compared with control (P<0.05; Figure 4.3C and 4.3D) indicating a reduced
contraction associated with slower kinetics. Smaller and slower contractions

were also seen at higher frequencies, i.e. 2 and 4 Hz (Figure 4.4).
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Figure 4.4 Frequency dependency of cell shortening during field stimulation. (A)
Frequency dependency of fractional cell shortening normalized to cell length (L/Lo, %)
(left), (B) time to peak of contraction (TTP, sec) (middle) and (C) time to half-relaxation
(Time to RTsg, sec) (right) at 1, 2 and 4 Hz in cardiomyocytes derived from control
(Ncenis=64) or HMW-AGEs (ncis=104) animals. Data are expressed as mean * SEM.
*denotes P<0.05.

To test for a possible altered contractile reserve, unloaded cell shortening was
measured before and after application of 300 nM ISO. ISO is a full agonist of B-
adrenergic receptors (f-AR) and is structurally similar to adrenaline. In normal
cardiomyocytes, binding of ISO to B-AR activates a stress signal which causes
increased and faster contractions. If the B-adrenergic response is altered, ISO
will not have effects on contractility and contractile reserve is affected 2%°. As
shown in Figure 4.5A and as expected, ISO application increased fractional cell
shortening at 1 Hz in control cells. The related increased shortening observed
with ISO was comparable in both groups, indicating an unaltered contractile
reserve in HMW-AGEs treated animals.

Kinetics of contraction after ISO application (i.e. TTP) significantly decrease in
both groups (Figure 4.5B). Additionally, RTso tended to decrease in both groups
but data did not reach significance (Figure 4.5C). Altogether, data indicate that
adrenergic response in single cells was not altered by HMW-AGEs.
Cardiomyocytes did not response different to stress situations after application
to HMW-AGEs.
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Figure 4.5 Effect of isoproterenol on unloaded cell shortening at 1 Hz. (A) Relative
change in fractional cell shortening normalized to cell length (L/Lo, %), (B) time to peak of
contraction (TTP, sec) and (C) time to half-relaxation (time to RTsy, sec) at 1 Hz before
and after isoproterenol (ISO) application in cardiomyocytes derived from control (Nceis=13)
or HMW-AGEs (ncas=18) injected animals. Data are expressed as mean £ SEM. - ISO =
before ISO, + ISO = after ISO. * denotes P<0.05.

To further unravel underlying mechanisms resulting in impaired cardiomyocyte
relaxation, we examined protein levels of SERCA, PLN and NCX. As shown in
Figure 4.6, protein levels of SERCA, PLN or NCX were comparable between
groups. In addition, phosphorylated forms of phospholamban (PLN) j.e. PLN
serine 16 (PLN S16) and PLN threonine 17 (PLN T17) were not altered. The ratio
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Figure 4.6 Expression of proteins involved in the excitation-contraction coupling. (A) Representative Western blot for different
excitation-contraction coupling (ECC) proteins in control (CTRL) and HMW-AGEs. (B) Quantitative analysis of different ECC proteins
normalized to B-actin in control (n=7) and HMW-AGEs (n=11) injected animals. SR Ca?* ATPase (SERCA), phospholamban (PLN), Na*/Ca**

exchanger (NCX), phosphorylated isoform of PLN on serine 16 (PLN S16) and phosphorylated isoform of PLN on threonine 17 (PLN T17).
Data are expressed as mean + SEM.
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SERCA/PLN, an important determinant for cell relaxation, was also not changed
(data not shown).

To further investigate the reduced contractile function seen in cardiomyocytes,
we examined intrinsic properties of the myofilaments in skinned myocytes.

As shown in Figure 4.7A, passive force was significantly reduced in HMW-AGEs
compared to control at all sarcomere lengths. Maximal Ca2*-activated active
force tended to be reduced in HMW-AGEs (17.97+1.98 kN/m2 in control vs
13.28 £1.38 kN/m=2 in HMW-AGEs, p = 0.06, Figure 4.7B). Finally, rate of force
redevelopment (K;) was significantly decreased in HMW-AGEs (Figure 4.7C).
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Figure 4.7 Force development in skinned single myocytes. (A) Passive force at
different sarcomere lengths normalized to cross-sectional area in control and HMW-AGEs.
(B) Active force developed per cross-sectional area at sarcomere length 2.2 um in control
and HMW-AGEs. (C) The rate of force redevelopment, K in control and HMW-AGEs. Data
are expressed as mean £ SEM in nes=25 in control and ncas=24 in HMW-AGEs. * denotes
P<0.05.

4.4.4 HMW-AGEs alter L-type Ca?* channel properties

A representative current recording elicited by a depolarizing step to +10 mV is
shown in Figure 4.8A. The peak I, density was significantly smaller in HMW-
AGEs cells compared to control. Changes in slow inactivation of Ca?* current

(voltage-dependent, Tqow) Were not statistically different (Figure 4.8B). As

summarized in Figure 4.8C, voltage-dependence of Ic, remained bell-shaped
with HMW-AGEs and peak L-type Ca?* current density (Ic,) was significantly
smaller in HMW-AGEs.
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Figure 4.8 L-type Ca?* current density. (A) Representative example of L-type Ca®*
current (Ica) density elicited by a depolarizing step to +10 mV in control (ncs=26) and
HMW-AGEs (Ncis=20) cardiomyocytes. (B) Slow time (ts0n, Ms) constant in control
(Ncens=21) and HMW-AGEs (ncis=24) derived cardiomyocytes. (C) Voltage-dependence of
IcaLin both groups. Data are expressed as mean £ SEM. * denotes P<0.05.

To further investigate potential changes in the intrinsic properties of L-type Ca?*
channels, steady-state inactivation and steady-state activation of Ic, were
evaluated (Figure 4.9). The voltage protocol for measuring steady-state
activation and inactivation of I, and a representative current recording is
shown in Figure 4.9A en B respectively.
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Figure 4.9 Steady-state inactivation and activation curves of the L-type Ca?*
current. (A) Voltage protocol used to measure steady-state activation and inactivation.
(B) Representative current recording from a ventricular cardiomyocyte subjected to the
voltage protocol given in A. (C) Steady-state activation and inactivation of the L-type Ca?*
current (Ica) in control (nes=12) cardiomyocytes. Amplitudes of the peak inward current
during the test pulse (I) were normalized to their respective maximum value (Imax) and are
plotted as a function of the inactivating potential. The activation window is indicated in
color. (D) Steady-state activation and inactivation of I, in HMW-AGEs (Ncs=8) derived
cardiomyocytes. Amplitudes of channel conductance during the test pulse (G) were
normalized to their respective maximum value (Gmax) and are plotted as a function of the
activating potential. The activation window is indicated in color. Data are expressed as
mean + SEM. * denotes P<0.05.

As shown in Figure 4.9C and D, HMW-AGEs led to a shift towards more negative
potentials of steady-state inactivation of I, , a measure of channel availability.
Steady-state activation of I, a measure of channel conductance was not
significantly different between the groups. Activation of I, was half maximal
(V50) at -18.7+0.5 mV in control cells compared to -21.6+0.7 mv in treated
cells. Inactivation of I, was half maximal (V50) at -29.6+0.5 mV in control
cells compared to -34.2+0.5 mV in treated cells. These data indicate that
inactivation properties of Ca?* channels are impaired. As a result of overlap

between activation and inactivation curves, the activation window was smaller in
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the HMW-AGEs cardiomyocytes compared to the activation window of the control
cells.

4.4.5 Action potential duration tended to be prolonged in HMW-AGEs
Action potential duration (APD) was measured during whole-cell current-clamp
mode (Figure 4.10). Resting membrane potential (V,,) was comparable in both
cell types. AP duration at 50% (APDsg) and at 90% (APDgg) repolarization tended
to be increased in the HMW-AGEs group compared with the control group.
However, data did not reach statistical significance, probably due to the low

number of cells.
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Figure 4.10 Action potential characteristics. (A) Representative example of an action
potential at 1 Hz (B) Resting membrane potential (V) and (C) action potential duration at
50% (APDsp) and at 90% (APDyy) repolarization in control (ncs=5) and HMW-AGEs

(ncens=9) derived cardiomyocytes. Data are expressed as mean = SEM.

4.4.6 Changes in mitochondrial activity do not seem to be involved in
altered excitation-contraction coupling

Alterations in mitochondrial properties could be a cause for altered ECC and
contraction. As a measure for mitochondrial mass, neither CS protein expression
(Figure 4.11A and B) nor CS activity (Figure 4.11C) were different in control and

HMW-AGEs samples, suggesting unaltered mitochondria mass.
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Figure 4.11 Protein expression of citrate synthase and citrate synthase activity.
(A) Representative Western blot for citrate synthase (CS). (B) Quantitative analysis of CS
protein expression in control (n=7) and HMW-AGEs (n=12) injected animals. (C)
Quantitative analysis of citrate synthase activity in control (n=7) and HMW-AGEs (n=12)
injected animals. Data are expressed as mean £ SEM.

In cardiomyocytes NADPH-dependent ROS production is a substantial source of
ROS. To test for potential increased ROS levels in HMW-AGEs responsible for the
reduced contraction, unloaded cell shortening was assessed in the presence of a
ROS scavenger NAC (5 mM). As summarized in Figure 4.12, amplitude and
kinetics of contraction in both groups were comparable after NAC application.
Data suggest that the reduced cardiomyocyte contractile properties are unlikely

to be mediated through increased ROS levels.
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Figure 4.12 Effect of N-acetyl-L-cysteine (NAC) on unloaded cell shortening at 1
Hz during field stimulation. (A) Fractional cell shortening normalized to cell length
(L/Lo, %), (B) time to peak of contraction (TTP, ms) and (C) time to half-relaxation (time
to RTso) at 1 Hz before and after N-acetyl-L-cysteine (NAC) application in control (Nceis=7)
or HMW-AGEs (nceis=8) cardiomyocytes. Data are expressed as mean = SEM. - NAC =
before NAC, + NAC = after NAC application.
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4.5 Discussion

In this study, we show that cardiac dysfunction in vivo, induced by HMW-AGEs is
the result of profound cardiomyocyte remodeling, including cell hypertrophy,
reduced contractile and myofilament properties associated with altered Ca®*
handling.

4.5.1 Morphological remodeling and cardiomyocyte hypertrophy

As for Chapter 3, in vivo hypertrophy was observed in HMW-AGEs injected
animals as shown by increased AWT and PWT. The increase in heart mass was
confirmed by the increase in HW/BW ratio and HW/TL ratio. In addition, at the
cellular level, cardiomyocytes undergoing high levels of HMW-AGEs were

6, our model displayed concentric

significantly wider. As shown also by others %2
hypertrophy, characterized by an increase in wall thickness and cardiac mass,
with a small reduction in chamber volume. In our study, isolated cardiomyocytes
were wider, indicating hypertrophy at the cellular level. Such LV remodeling at
the cardiomyocyte level was also shown by Gerdes et al ??’. They reported that
concentric hypertrophy is characterized by cardiomyocytes that only grow in a
transverse direction while keeping cell length constant, which is in line with our

results.

A potential trigger for the altered cell hypertrophy in our study could be the
increase in mechanical load. Cross-linking of extracellular matrix (ECM)
components by AGEs are known to cause alterations in tissue stiffness, tissue
mechanical properties and ultimately increased mechanical load subjected to
cardiomyocytes 172, In addition, increased mechanical load, due to cross-linking
in our study, can activate collagen and ECM protein synthesis in fibroblasts to
induce fibrosis. As shown in Chapter 3, an increased interstitial myocardial
fibrosis is observed in our animal model. Additionally, in response to mechanical
load, cardiomyocytes are subjected to many factors such as angiontensin II
(Ang II), endothelin 1 (ET-1), insulin-like growth factor 1 (IGF1) which will
activate intracellular signaling pathways leading to cell growth 2?8, In our study,
however, potential additional changes in circulating ANgII, ET-1 and IGF-1 were

not investigated but would require further attention. Signaling cascades and
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proteins responsible for cardiac growth and hypertrophy are complex and are

summarized in Figure 4.13.
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cardiac hypertrophy. **®

4.5.2 Altered contractile properties are related to altered myofilament
properties and reduced Ca?* current

We observed in vivo no changes in CO and EF, however as already discussed in
chapter 3, CO and EF are global parameters and are not sensitive enough to
detect small changes. Nevertheless, at cellular level a profound remodeling was
observed, characterized by decreased unloaded shortening of intact
cardiomyocytes associated with slower kinetics. The observed changes at the
cellular level corroborate data in vivo where a significant altered dP/dt.., was
observed, indicating reduced ventricular contractility in the rats treated with
HMW-AGEs. One possible cause for the reduced contraction could be a reduced
Ca’* influx through L-type Ca’* channels. Indeed, during ECC, Ca®" is
transported into the cytosol via L-type Ca?* channels which are located in the
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transverse tubules (T-tubules). This Ca®* influx through Ic, causes Ca’*-
induced-Ca?*-release (CICR). High levels of Ca%* are transported out of the SR
into the cytosol to activate myofilaments and cause activation of the ECC
resulting in cardiomyocyte contraction 8. A reduced Ic, will result in a reduced
CICR and smaller induced contraction ?%°. In our model as for other studies for

diabetes 230233

, cardiomyocytes isolated from treated animals displayed lower
Ical, suggesting that the reduced Ca?* influx could be one cause for the reduced
contractile function. The reduced Ca®' influx could be related to altered
structural morphology. Indeed, several animal and human studies have shown
alterations in the T-tubule network characterized by decreased T-tubule density
or disruption of the structure 234238, These changes are a cause for altered Ca®*
influx via Ic,.. T-tubules have a high density of LTCC, which was confirmed by
Brette et al.. They reported that £ 75% of the L-type Ca?* current flows across
the T-tubules 23% 24°, A |oss of T-tubules would disproportionately decrease Ic,
density. In our study, we do observe hypertrophy and reduced Ic,.. Whether this
is the result of reduced T-tubules high density or disorganization remains to be
elucidated. In addition, our data indicate that the intrinsic properties of the LTCC
were altered by HMW-AGEs. Steady-state inactivation of the L-type Ca®*
channel, as a measure for channel availability, was significantly decreased in
HMW-AGEs cells indicating that the LTCCs in HMW-AGEs animals are less
available and inactivated more rapidly, compared to controls. Therefore, less
Ca®* can be transported in the cytosol resulting in a reduced Ic,.. In line with our
results, LTCC inactivation is also shown to be reduced in a diabetic setting 2*!.
However, the exact underlying mechanism on HMW-AGEs induced Ca%*-channel
properties changes remains currently unexplained. Whether the change in LTCC
properties is mediated through RAGE activation is unlikely. Indeed, as previously
mentioned and further confirmed in chapter 3, we have shown that HMW-AGEs

63, Besides

mechanism of action is not mediated through RAGE activation
changes in LTCC properties, a change in LTCC structure namely an increase in
LTCC cross-linking could be an explanation for the reduced I, . Indeed, others
have shown that cross-linking of Ca®* release channels (RyR) by AGEs was a
cause for altered channel function 74. Additional to reduced Ca?* influx, impaired
myofilament properties have been shown to be responsible for a reduced

unloaded cell shortening 2** 2*3, In our animal model, active force development
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tended to be reduced (p=0.06). As also shown by others, a reduced CICR
related to reduced Ca?' influx will be the primary cause for the impaired Ca%*

availability to bind on the myofilaments 24% 243

. Additionally, we observed a
reduced rate of tension activation characterized by a significant decrease in
maximal k. A possible mechanism for the observed decreased ki could be a
shift in myosin heavy chain (MHC) expression toward the slow B isoform in the
myofilaments in HMW-AGEs injected animals. The expression of MHC-a and
MHC-B, two functionally distinct cardiac MHC isoforms, is tightly controlled by
developmental and hormonal factors 2** 24>, The B-isoform is characterized by a
lower filament sliding velocity compared to the a-isoform and it is capable to
generate force with a higher economy of energy consumption. However,
decreased contractile function can promote disease progression and therefore
outweigh the benefits of preserved energy consumption 246, Such a change in
MHC-B levels has been observed during cardiac hypertrophy in a mice model
with a null mutation of a-MyHC 2*’. A shift in MHC-B isoform could be the
underlying molecular mechanism of the decreased k. observed in the HMW-
AGEs animals. However, it remains to be confirmed in our model.

Cardiomyocytes from HMW-AGEs displayed slower kinetics with slower
contraction and relaxation times. It is known from literature that AGEs can
cross-link SR Ca?* regulatory proteins (e.g. SERCA pump and RyR), therefore
altering their function 3°, In normal cardiomyocytes, SERCA pumps Ca?* back
into the SR to reduce the intracellular Ca?' concentration, causing

68 Reduced SERCA activity would lead to slower

cardiomyocyte relaxation
cardiomyocyte relaxation 2*®. A reduced activity of SERCA can be due to the

decreased SERCA, PLN and/or NCX expression.

In diabetic animal models, it is widely shown that SERCA expression is
decreased and PLN expression is increased causing arrhythmias and diabetic

249-251 while others failed to report these findings 2°2. Petrova et

cardiomyopathy
al. investigated specifically the effect of AGEs on SERCA, PLN and NCX protein
expression. Fetal mouse cardiomyocytes were exposed to AGEs for 24 hours.
Protein expression of these players involved in ECC were not affected by AGEs

%5, These data are in line with the results obtained in our experiments. In our
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study, SERCA, PLN and their phosphorylated forms (T17 and S16) and NCX
remained unchanged in HMW-AGEs treated animals.
Our data are somehow different from what others have previously described in

diabetes 24°: 2°0

. Whether the observed unchanged protein levels are true or
whether there is a trend, remains to be further elucidated. Another possible
explanation could be a reduced protein activity due to cross-linking. Indeed, as
shown by previous studies, an unchanged expression does not necessarily mean
an unchanged protein activity that could, in addition to altered ECC, contribute
to the altered contractile function. This specific aspect would require
experiments to identify whether not only protein expression but also protein
activity of SERCA, PLN and NCX are altered by HMW-AGEs and thereby also
contribute to impaired relaxation.

Finally, passive tension was determined in skinned cardiomyocytes.
Cardiomyocyte passive forces play an important role in cardiac muscle as it is
part of the diastolic wall tension that determines the extent of filling of the heart
253 In our study, we observed a significantly decreased passive force in
cardiomyocytes from the treated animals. This was also observed in humans
with chronic atrial fibrillation and patients with dilated cardiomyopathy (DCM)
where the decreased passive tension is explained by a switch in titin isoforms
254,255 1n cardiac tissue, two main isoforms of titin are known, e.g. N2B (3000
kDa) and N2BA (3200 to 3350 kDa). The different-length isoforms are a result
from alternative splicing. A switch towards more compliant titin-isoforms, seen
by an increased N2BA/N2B ratio, could cause an increased cellular compliance
that may help in cardiomyocyte survival, possibly in response to stiffening of the
heart by increased fibrosis 2°®. Whether this mechanism is also responsible for

the decreased passive force in our model, needs to be investigated.

4.5.3 Limitations

There are several limitations that should be noted. We did not investigate the
amount and structure of T-tubuli and the localization of LTCC. Measurements of
intracellular Ca®* in order to assess diastolic Ca®* handling, were not performed
but would require further investigation to determine the extent of Ca?'

disturbance. In addition, to explain the reduced active and passive forces,
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amount of contractile material per cross-sectional area in the cardiomyocytes
should be evaluated but are missing in this study.

An important aspect is the electrical remodeling, in particular changes in NCX
and K*-currents in the setting of high levels of HMW-AGEs that were not
investigated in this study but would require further evaluation.

Finally, despite negative preliminary data on changes in mitochondrial mass and
activity in our model, the potential deleterious role of ROS in the reduced Ic,,
altered SERCA2a activity, RyR carboxylation and nitrosylation, all contributing to
altered ECC, should be further investigated.

To conclude, rats subjected to high circulating HMW-AGEs display in vivo as well
as in vitro structural and functional remodeling. In that context, our data
indicate that HMW-AGEs induce changes observed at the organ level that are
related to cellular remodeling. As a consequence, our data suggest that
targeting the deleterious effects of HMW-AGEs could be the clue to improve

cardiac outcome.
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Acute exposure of HMW-AGEs reduces

cardiomyocyte contractile capacity

Under review in Experimental Physiology as short communication:
Acute exposure of HMW-AGEs reduces cardiomyocyte contractile capacity

Dorien Deluyker, Lize Evens and Virginie Bito
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5.1 Abstract

Background. Sustained elevated levels of high molecular weight advanced
glycation end products (HMW-AGEs) are known to promote cardiac dysfunction.
Recent data suggest that acutely elevated AGEs levels occur in situations of
increased oxidative stress. Whether this acute increase might have detrimental
effects on cardiac function remains unknown. In this study, we investigated
whether acute HMW-AGEs exposure affected cardiomyocyte function.

Methods. Single cardiomyocytes from the left ventricle of adult male rats were
obtained by enzymatic dissociation through retrograde perfusion of the aorta. L-
type Ca®* current density was evaluated during whole cell patch-clamp in the
presence or absence of HMW-AGEs (200 pg/ml). Expression of RAGE, janus
kinase (JNK) and phosphorylated JNK (pJNK) were assessed by Western blot.
Experiments were performed at room temperature. Data are expressed as
mean+SEM.

Results. After 4 minutes HMW-AGEs application, unloaded cell shortening was
significantly reduced. This impaired contractile function was related to reduced
Ca" current, i.e. I, Finally, effects on contraction and Ic, were not mediated
through RAGE signaling pathway activation.

Conclusion. Our study demonstrates that acute exposure to HMW-AGEs results

in irreversible cardiomyocyte dysfunction.
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5.2 Introduction

The deleterious effects of advanced glycation end products (AGEs) on cardiac
performance have been mainly attributed to indirect mechanisms mediated
through enhanced coronary artery disease, inflammation and increased fibrosis,
rather than a direct effect on cardiomyocyte function 2°!. In Chapter 3, we have
demonstrated that a sustained increase in circulating high molecular weight
AGEs (HMW-AGEs) levels is a cause and not only a consequence of cardiac

dysfunction in vivo 27

. Indeed, we have shown that a chronic increase in
circulating HMW-AGEs is a cause for prominent cardiac dysfunction,
characterized by wall hypertrophy, increased heart sphericity, reduced strain
and strain rate with preserved ejection fraction. In addition, animals treated with
HMW-AGEs displayed increased myocardial fibrosis but no signs of activation of
the receptor for advanced glycation end products (RAGE). In Chapter 4, we
investigated the effects of HMW-AGEs more in depth on the level of the
cardiomyocytes. We observed a profound remodeling on the cellular level seen
by cell hypertrophy, reduced contractile properties and myofilament properties
with altered Ca?* handling.

Acute effects of increased AGEs have been less intensively studied.
Nevertheless, few reports indicate that increased AGEs levels have deleterious
effects already in an acute setting. Indeed, in a small group of intensive care
unit patients, higher circulating AGEs levels were reported, possibly reflecting an
acute increase in oxidative stress 24, In addition, acute application of AGEs in
bovine endothelial cells led to Ca?* leak, possibly via IP; receptor activation,
resulting in overall reduced intracellular Ca?* levels within few minutes 2°%.
However, in that study, it is unclear whether LMW- or HMW-AGEs are the AGEs
responsible for the altered function observed in endothelial cells. Taken
together, sparse data indicate that AGEs could potentially alter excitation-
contraction coupling acutely and directly. In this project, we investigated how
cardiomyocyte function is affected after acute exposure to increased HMW-AGEs

levels.
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5.3 Materials and methods

5.3.1 Animal

Healthy male Sprague dawley rats (Charles River Laboratories, Lyon, France) of
+ 150 grams were used. This investigation conforms to the EU Directive
2010/63/EU for animal experiments and was approved by a local ethical
committee (Ethische Commissie Dierproeven, UHasselt, Diepenbeek, Belgium).
The animals for the in vitro experiments were sacrified with an overdose of
Dolethal (150 mg/kg).

5.3.2 Cardiomyocyte isolation

Single adult cardiomyocytes from the LV were obtained by enzymatic
dissociation through retrograde perfusion of the aorta. The hearts were perfused
with normal Tyrode (NT) (in mM: NaCl 137, KCI 5.4, MgCl, 0.5, CaCl, 1, Na-
HEPES 11.8, glucose 10 and taurine 20; pH 7.35) on a Langendorff setup at
37°C. After perfusion with a Ca®* free solution (in mM: NaCl 130, KCl 5.4,
KH,PO,4 1.2, MgS0, 1.2, Hepes 6, glucose 20, pH 7.2), the tissue was perfused
with an enzyme solution (Ca®* free solution, collagenase type II (1.5 g/l;
Worthington, Lakewood, USA) and protease type XIV (0.06 g/l; Sigma, Diegem,
Belgium)), followed by a low Ca?* solution (0.1 mM CaCl,). The digested LV
tissue was minced and subsequently filtered with a mesh of 300 um. Part of the
freshly isolated cells were used to assess fractional cell shortening or
electrophysiology measurements. Experiments were performed at room
temperature within 6 hours of cell isolation. Cells were incubated for 4 minutes
with either HMW-AGEs (200 pg/ml) or BSA (used as a control, 200 pg/ml).

Remaining cells were frozen -80°C and used for protein expression experiments.

5.3.3 Unloaded cell shortening

Unloaded cell shortening of intact cardiomyocytes was measured with a video-
edge detector, as previously described, at 1 Hz 2*? (Crescent Electronics, USA).
Cell shortening was normalized to diastolic cell length (L/Ly) and presented as %
(fractional cell shortening). Time to peak of contraction (TTP) and time to half
time relaxation (time to RTsy) were measured to assess kinetics of cell
shortening. Fractional cell shortening was measured before and after HMW-AGEs

(200 pg/ml) application for 4 minutes.
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5.3.4 Electrophysiological recordings

L-type Ca?* current (Ic,) was measured during whole-cell voltage-clamp and
was normalized to cell capacitance, as a measure of cell surface, before and
after HMW-AGEs (200 pg/ml) application. Patch pipettes (2-3 MOhm) were filled
with a pipette solution containing (in mM: 120 KAsp, 20 KCl, 10 HEPES, 5
MgATP, 10 EGTA, 10 NaCl, pH 7.2). I, was measured by a single depolarizing
step of 150 ms from -70 mV to +10 mV. Current-voltage relationship of I, was

measured during 10 mV steps ranging from -50 mV to +60 mV 2°°,

5.3.5 Western blot

BCA protein kit (Thermo Fisher, Erembodegem, Belgium) was used to assess
protein concentrations of LV cells of both groups. By using a 12% sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel with a mini
protean 3 electrophoresis system (Bio-rad Laboratories, Temse, Belgium), equal
amounts of proteins were separated. Gels were transferred to a polyvinylidene
fluoride (PVDF) membrane. Blocking was performed during 2 hours with 5%
milk in Tris-buffered solution containing 0,1% Tween-20 (TBS-T). Membranes
were incubated overnight at 4°C in the presence of specific primary antibodies
(RAGE, 1/1000, Santa Cruz, sc-8230, Heidelberg, Germany; janus kinase (JNK),
1/1000, 9295, Cell Signaling Technology, Danvers, USA; phosphorylated janus
kinase (pJNK), 1/1000, 9251, Cell Signaling Technology, Danvers, USA). All
primary antibodies were diluted in 5% milk-TBS-T. Horseradish peroxidase-
conjugated secondary antibodies were used and diluted 1/2000 in 5% milk-TBS-
T. Proteins were visualized with the enhanced chemiluminscence (ECL)
technique using Pierce ECL Plus Western blotting Substrate (Thermo Fisher,
Erembodegem, Belgium). Data were normalized to B-actin protein expression
(1/1000, mouse anti-rat IgG, Santa Cruz, sc-47778, Heidelberg, Germany).
Densitometry of the protein bands was quantified via the ImageQuant TL

software.
5.3.6 Statistical analysis

Statistical analysis was performed with Prism (Graphpad, software, USA). All

data are expressed as mean * standard error of the mean (SEM). Unpaired t-
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test, paired t-test or two-way ANOVA was used when appropriate. P<0.05 was

considered statistically significant.
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5.4 Results

5.4.1 Acute exposure of HMW-AGEs reduces Ca’* current resulting in a
reduced cell shortening

Figure 5.1A is a representative example of unloaded cardiomyocyte shortening
over time at baseline, HMW-AGEs exposure and during wash-out. As
summarized in Figure 5.1B (left panel), acute exposure to HMW-AGEs led to a
reduced unloaded cardiomyocyte shortening of 25%. Kinetics of contraction and
relaxation (respectively TTP and RTsq) remained unchanged (Figure 5.1B, middle
and right panel). Washout of HMW-AGEs for 10 minutes did not reverse the

decreased cardiomyocyte function.
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Figure 5.1 HMW-AGEs impair cardiomyocyte contractile properties. (A)
Representative example of unloaded cell shortening over time before and after HMW-AGEs
application. (B) Fractional cell shortening normalized to cell length (L/Lo, %) (left), time to
peak of contraction (TTP, ms) (middle) and time to half-relaxation (time to RTsg, ms)
(right) measured at baseline and after acute exposure to HMW-AGEs (nceis = 31). Data are

expressed as mean + SEM. * denotes p<0.05.

Figure 5.2A is a representative example of I¢, density during whole-cell voltage-
clamp elicited by a depolarizing step to +10 mV before and after HMW-AGEs

exposure. The peak I, density was significantly smaller after HMW-AGEs
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(-5.2+0.6 pA/pF vs -7.8+1.1 pA/pF at baseline, p<0.05). As shown in the
current-voltage relationship summarized in Figure 5.2B, the reduced I, was

present at most membrane potentials.
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Figure 5.2 Electrophysiological properties of L-type Ca?' current. (A)
Representative example of L-type Ca?* current (Ico) density (pA/pF) recording elicited by
a single depolarizing step of 150 ms from -70 to + 10 mV. (B) Current-voltage relationship
of Ica. before and after HMW-AGEs (ncais = 12). Data are expressed as mean £ SEM.

5.4.2 The altered cardiomyocyte contractile properties are not mediated
through activation of RAGE signaling pathway

Figure 5.3A is a representative Western blot for RAGE, JNK/pJNK ratio and -
actin from cardiomyocytes incubated with or without HMW-AGEs. As shown in
Figure 5.3B, expression of RAGE did not differ with exposure to HMW-AGEs.
Furthermore, JNK, pJNK and JNK/pJNK ratio remained comparable in treated and
untreated cardiomyocytes.
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Figure 5.3 RAGE signaling activation is not responsible for the observed
contractile changes. (A) Representative Western blot of RAGE, janus kinase (INK),
phosphorylated janus kinase (pJNK) in control cell (not exposured to HMW-AGEs) and cells
exposured to HMW-AGEs. (B) Quantitative analysis of the protein expression normalized to

B-actin (n = 5 in each group). Data are expressed as mean = SEM.
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5.5 Discussion

In this study, we show that acute exposure of ventricular cardiomyocytes to
HMW-AGEs reduces Ig, resulting in reduced unloaded cell shortening,
independent of the activation of the AGEs/RAGE signaling pathway.

HMW-AGEs have been shown to be deleterious for cardiac function when
chronically elevated ®3. Whether an acute increase in HMW-AGEs would have
detrimental effects on cardiomyocyte function is currently unknown. However,
some studies report increased AGEs levels in a small group of patients
hospitalized in the intensive care unit. In order to offer optimal healthcare for
these patients, it is essential to understand the deleterious effect of acutely
elevated AGEs levels on cardiac function. The experiments were performed in
the presence or absence of HMW-AGEs (200 pg/ml). Serum AGEs levels
obtained from ELISA measurements reported to range between 1.6 pmol/l and
2.8 umol/l in heart failure patients 33. In our study, HMW-AGEs sample
concentration is 2.8 pmol/l, which corresponds to the concentration of 200
Hg/ml, therefore justifying the clinical relevance of the chosen concentration
used in our study.

A recent study by Yan et al. has reported a decreased Ca®" transient in neonatal
cardiomyocytes after 8 hours of AGEs exposure °’. This was further confirmed by
Petrova et al. who demonstrated an impaired SR Ca?* recycling after 24 hours
AGEs exposure of foetal cardiomyocytes °>, Our study demonstrates that acute
and short exposure (4 minutes) of adult cardiomyocytes to HMW-AGEs reduces
substantially their contractile capacities, due to a reduced Ca?* influx via L-type
Ca’* channels. In our experimental settings, it appeared that the decrease in
contractile and electrophysiological function occurred very rapidly (after already
2-3 minutes), was at steady-state after 4 minutes, remained unchanged up to 8
minutes (data not shown) and was not reversible. Such a rapid deleterious effect
was also reported by others. Indeed, Naser et al. have demonstrated a depletion
of Ca%* from the intracellular store in bovine aortic endothelial cells, resulting in
overall reduced intracellular Ca®* levels within 5 minutes exposure >°8. However,
it is unclear which subtype of AGEs (HMW-AGEs or their low molecular weight
counterparts LMW-AGEs) were responsible for the altered endothelial function.
In our study, application of HMW-AGEs led to reduced unloaded shortening

without affecting its kinetics. Such changes were previously reported by Ma et
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al. where a decrease in cell shortening in mice cardiomyocytes exposed for 2
hours with methylglyoxal-AGEs was observed. Additionally, they observed
significantly longer contractions with slower kinetics. In their study, these
alterations were counterbalanced by application of small interfering RNA for
RAGE or an anti-RAGE antibody, suggesting that AGEs/RAGE interaction was
essential for the observed deleterious effects °¢. In our study however, we could
not show changes in Ic, kinetics (data not shown), suggesting the involvement
of other possible pathways. It is known that JNK and pJNK are effector
molecules of the RAGE signaling pathway that are activated rapidly. Indeed,
treatment of human alveolar epithelial cells A549 with methylglyoxal-AGEs for 7
minutes cause an increased pJNK expression, confirming the activation of the
RAGE pathway 2%°. However, in our experiments, application of HMW-AGEs for 4
minutes did not activate pINK, suggesting a direct mechanism on
cardiomyocytes and Ca?" channels rather than RAGE-mediated deleterious
mechanisms. This result is in accordance with what was previously reported on
HMW-AGEs mechanism of action ®3. Furthermore, Yan et al. demonstrated that
blocking RAGE with anti-RAGE IgG was shown to be able to restore AGEs-
induced SR Ca?* content reduction and Ca?* transient amplitude. However,
exposure time in their study was a lot longer (8 hours) compared to our study (4
minutes) likely involving other signaling pathways and explaining this
discrepancy 7.

There are some limitations that should be stated. Whether HMW-AGEs indeed do
bind RAGE to activate such signaling pathway or whether exposure time was too
short to activate this pathway remains to be clarified. In addition, how HMW-
AGEs affect Ca®* channel properties is unknown and remains to be further
investigated.

In conclusion, our study demonstrates that acute exposure to HMW-AGEs leads

to irreversible cardiomyocyte dysfunction.
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6.1 Abstract

Background. Advanced glycation end products (AGEs) play a key role in the
progression of heart failure. Whether treatments limiting AGEs formation would
prevent adverse left ventricular remodeling after myocardial infarction (MI)
remain unknown. We investigated whether pyridoxamine (PM) could limit
adverse cardiac outcome in ML

Methods. Rats were divided into MI, MI+PM and Sham. Echocardiography and
hemodynamic parameters were used to assess cardiac function 8 weeks post-
surgery. Total interstitial collagen, collagen I and collagen III were quantified
using Sirius Red and polarized light microscopy.

Results. PM improved survival following left anterior descending (LAD) coronary
artery occlusion. Pre-treatment with PM significantly decreased the plasma AGEs
levels. MI rats treated with PM displayed reduced left ventricular end-diastolic
pressure and tau compared to untreated MI rats. Deformation parameters were
also improved with PM. The preserved diastolic function was related to the
reduced collagen content, in particular in the highly cross-linked collagen type I,
mainly in the peri-infarct region, although not via TGF-B1 pathway.

Conclusion. Our data indicate that PM treatment prevents the increase in AGEs
levels and reduces collagen levels in a rat model of MI, resulting in an improved
cardiac phenotype. As such, therapies targeting formation of AGEs might be
beneficial in the prevention and/or treatment of maladaptive remodeling

following MI.

92



Effects of pyridoxamine treatment

6.2 Introduction

Heart failure (HF) remains a leading cause of mortality and morbidity worldwide
and is defined as the inability of the heart to meet the energy demand of the
body. The development of HF is a complex process related to a series of
physiological and molecular factors, characterized by structural and functional
disorders that still remain incompletely understood 3. Despite successful acute
treatment strategy for coronary events, adverse left ventricular (LV) remodeling
following myocardial infarction (MI) often evolves into HF, resulting in cardiac

261 several clinical and

pump failure and development of lethal arrhythmias
experimental studies support the view that advanced glycation end products
(AGEs) might have a significant role in cardiac dysfunction 7+ 2!% 262, AGEs are
proteins and lipids that become non-enzymatically glycated and oxidized after
persistent contact with aldose sugar and/or a high degree of oxidative stress.
Increased circulating levels and tissue accumulation of AGEs have been
extensively reported in patients with diabetes and are associated with adverse
outcome and survival, suggesting a possible contribution of AGEs to the

7. Whether the increase in

increased prevalence of HF in these conditions
circulating AGEs levels is only a consequence of hyperglycemia remains unclear.
Recently, we have demonstrated that a marked elevation in circulating AGEs
levels in healthy rats occurs independently of circulating glucose levels. In that
setting, animals exhibit diastolic dysfunction with increased cardiac stiffness and

63, Recent studies corroborate the involvement of AGEs in

collagen deposition
other pathological conditions than diabetes, such as ischemia-reperfusion,
enhanced states of oxidative stress and MI 2% 253, Additionaly Blackburn et al.
reported that AGEs contribute to negative cardiac remodeling and dysfunction in
a mice model for MI 254,

AGEs-lowering therapies, targeting either the formation of AGEs and/or their
downstream effects such as protein cross-linking or activation of the receptor
for advanced glycation end products (RAGE), appear to be very promising.
Indeed, treatment of senescent or diabetic rats with pyridoxamine (PM, a
natural form of vitamin B6 that inhibits the formation of AGEs) or with ALT-711
(a cross-link breaker) reduced myocardial stiffness, decreased myocardial
171, 265-

collagen and limited oxidative stress, improving overall cardiac function

268 Some of these “anti-AGEs” therapies are currently undergoing clinical trials
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but results regarding their beneficial effects are still under debate or even not
addressed 5% 269 270 [ndeed, to date, little evidence provide a clear answer on
the potential effect of supplemental amounts of PM, alone or with other vitamin
supplements, to reduce the risk or severity of cardiovascular disease. In
particular, the effect of PM in the setting of MI is unknown. Therefore, the
purpose of this study was to investigate whether prevention of AGEs formation,
using PM, would limit adverse LV remodeling related to MI. Accordingly, rats
subjected to left anterior descending (LAD) coronary artery ligation were treated
or not with PM for 9 weeks. The effect of the PM treatment on cardiac function
was assessed, using conventional and speckle tracking echocardiography
complemented with hemodynamic measurements. Identification of the nature of

the remodeling was assessed by in vitro measurements using molecular tools.

94



Effects of pyridoxamine treatment

6.3 Materials and methods
This investigation conforms to the EU Directive 2010/63/EU for animal
experiments and was approved by the local Ethical Committee for Animal

Experiments of Hasselt University, Belgium.

6.3.1 Experimental protocol

35 Sprague-Dawley male rats (175-200 g) (Charles River Laboratories,
L'Arbresle, France) were randomly assigned into 3 groups (Sham, MI, MI+PM).
PM treatment (1g/L in drinking water) or placebo (drinking water alone) was
started 1-week prior to surgery. After 1 week, rats were subjected to LAD
ligation or Sham surgery. Additionally, 7 animals were pre-treated with PM and
underwent Sham-surgery. In brief, a left thoracotomy was performed in the
intercostal space between the third and fourth rib and the heart was exposed.
After opening the pericardium, the LAD was occluded with 6/0 Prolene suture.
Successful occlusion of the LAD was confirmed by observation of LV pallor
immediately post-ligation. The chest was closed, the lungs re-inflated and the
endotracheal tube was gently retracted after restoration of spontaneous
respiration. Sham-operated rats underwent identical surgery without LAD
ligation. All animals were maintained in a controlled environmental condition of
temperature and humidity, were fed a standard pellet diet and had water
available ad libitum. At the time of sacrifice (8 weeks post-surgery), non-
invasive echocardiographic and invasive hemodynamic measurements were
performed. Only animals showing clear myocardial dysfunction during
echocardiographic examination eight weeks post-surgery were further included
in the current study. Finally, the hearts were harvested and transversal sections
of the LV were fixed in 4% paraformaldehyde (PFA) overnight and embedded in
paraffin. Subsequently, 8 uym thick paraffin sections were cut and stored at
room temperature until staining. Residual tissue of the left ventricle was
crushed to a fine powder, immediately frozen in liquid nitrogen and stored at

-80°C for further protein or gene expression analysis.
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6.3.2 Echocardiography
Conventional echocardiographic measurements

As described previously ©3

, transthoracic echocardiography parameters were
assessed 8 weeks post-surgery with a Vividi ultrasound machine (GE Vingmed
Ultrasound) using a 10 MHz linear array transducer under 2% isoflurane
anesthesia. A standard parasternal long axis image and short-axis views at mid-
ventricular level were acquired at a temporal resolution of = 200 frames per
second. Conventional echocardiographic parameters (e.g. LV end-diastolic
diameter (LVEDD), LV end-systolic diameter (LVESD), posterior wall thicknesses
(PWT) and anterior wall thicknesses (AWT)) were obtained from the B-mode
images at midpapillary level in the parasternal short-axis view. End-systolic
volumes (ESV) and end-diastolic volumes (EDV) were calculated by n*Dy?*B/6,
where Dy indicates the systolic/diastolic diameter of the ventricle in mid-
ventricular short-axis view and B is LV length on parasternal long-axis image.
Subsequently, ejection fraction (EF) was measured as (EDV-ESV)/EDV, and
expressed in %. End-diastolic shericity index (SI) was calculated by dividing the
EDV by the volume of a sphere whose diameter was equal to the major end-
diastolic LV long axis. The LV long axis was obtained from the 2D dataset as the
longest distance between the center of the mitral annulus and the endocardial

apex.

Speckle tracking imaging echocardiography

STI data analysis was performed on an EchoPAC workstation (GE Vingmed
Ultrasound, version 7.0.1, Horten, Norway), as described previously 2!, Briefly,
measurements of radial and circumferential strain (S;aq, Scirc respectively)
together with radial and circumferential strain rate (SR,.q and SR respectively)
at midventricular level were performed on selected best-quality two-dimensional
images. The endocardium was manually traced in an optimal frame, from which
a speckle tracking region of interest was automatically selected. The region of
interest width was adjusted as needed to fit the wall thickness from
endocardium to epicardium. The software detected and tracked the speckle
pattern subsistent to the standard two-dimensional echocardiography after
segmenting the ventricular silhouette into 6 segments. The tracking quality was

then visually inspected, and, if satisfactorily for at least five segments, the
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tracing was accepted. End systole and end diastole were defined as the
minimum and maximum LV short-axis area, respectively. LV twist was defined
as the angular displacement of the LV around its central axis in the short-axis
image and was expressed in units of degrees (°). Counterclockwise LV rotation
as seen from the apex was expressed as a positive value. LV UR was expressed

in degrees per second (°/s).

6.3.3 Hemodynamic measurements

Pressure measurements were performed in all animals with a 2F microtip high-
fidelity (Millar Inc, Houston, USA) catheter advanced into the LV via the right
carotid artery. A quad-bridge amplifier and PowerlLab26T module (AD
Instruments, Oxford, United Kingdom) was used to transfer the pressure

transducer data to LabChart v7.3.7 software (AD Instruments).

6.3.4 Sirius red staining and polarization microscopy

A Sirius red/Fast Green staining kit (Chondrex, USA) was used to detect total
interstitial collagen. After staining, sections were mounted in DPX mounting
medium. Images were acquired using a Zeiss Axioplan microscope with an
Axiocam HrC camera and 2 polarizing filters. Polarization microscopy was
performed to visualize collagen type I and III. The total amount of Sirius red
staining and collagen type I and III were quantified using the Axiovision
software analysis program. Quantification was averaged from 3-4 regions either
located next to the infarct (i.e. peri-infarct) or in the LV remote region. Blood
vessels were excluded. Data were normalized to global viable area and
expressed as percent collagen deposit. Data were analyzed by two independent

operators who were blinded for the analysis.

6.3.5 Western blot

Protein concentrations of the LV tissues were determined by the BCA protein
assay kit (Thermo Fisher, Erembodegem, Belgium). Proteins were separated on
a 12% sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gel with a mini protean 3 electrophoresis system (Bio-rad Laboratories, Temse,
Belgium), transferred to a polyvinylidene fluoride (PVDF) membrane. The

membranes were blocked for 2 hours with 5% milk in Tris-buffered solution
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containing 0.1% Tween-20 (TBS-T) followed by overnight incubation at 4°C with
a specific lysyl oxidase (LOX) antibody (1/1000, rabbit polyclonal IgG, Abcam,
ab31238, Cambridge, United Kingdom). Horseradish peroxidase-conjugated
secondary antibodies (DAKO, Belgium) at a dilution of 1/2000 were used. Both
primary and secondary antibodies were diluted in 2% milk-TBS-T. LOX was
visualized with the enhanced chemiluminescence (ECL) technique using the
Pierce ECL Plus Western blotting Substrate (Thermo Fisher, Erembodegem,

Belgium). Data were normalized to B-actin protein levels.

6.3.6 Real-time PCR

Total ribonucleic acid (RNA) was extracted from LV tissue using RNeasy fibrous
tissue kit (Qiagen, Antwerpen, Belgium) following the manufacturer’s guidelines.
The concentration and purity of RNA was assessed with the NanoDrop 2000
spectrophotometer (Isogen life science, Temse, Belgium). cDNA was
synthesized using high capacity cDNA reverse transcription kit (Invitrogen,
Merelbeke, Belgium). The expression of tumor necrosis factor a (TNF-a, forward
primer: GTC-TGT-GCC-TCA-GCC-TCT-TC, reverse primer: CCC-ATT-TGG-GAA-
CTT-CTC-CT), RAGE (forward primer: ATG-GAA-ACT-GAA-CAC-AGG-AAG-GA,
reverse primer: TCC-GAT-AGC-TGG-AAG-GAG-GA), interleukin-6 (IL-6, forward
primer: TAG-TCC-TTC-CTA-CCC-CAA-CTT-CC, reverse primer: TTG-GTC-CTT-
AGC-CAC-TCC-TTC) and transforming growth factor pB1 (TGF-B1, forward
primer: GTG-GAC-CGC-AAC-AAC-GCA-ATC-T, reverse primer: CGG-GAC-AGC-
AAT-GGG-GGT-TCT) were studied. Real-time PCR was carried out in an optical
96-well plate using the StepOnePlus (Applied Biosystems, Belgium). SYBR Green
(Invitrogen, Merelbeke, Belgium) chemistry-based qPCR was performed 2.
Gene expression data were analyzed with MIQE guidelines taken into account
212 The most stable reference genes, TATA Box Binding Protein (Tbp, forward
primer: TGG-GAT-TGT-ACC-ACA-GCT-CCA, reverse primer: CTC-ATG-ATG-ACT-
GCA-GCA-AAC-C) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta (YWAHZ, forward primer: GAT-GAA-GCC-ATT-GCT-GAA-
CTT-G, reverse primer: GTC-TCC-TTG-GGT-ATC-CGA-TGT-C) for this
experimental set-up were determined by geNorm analysis and normalization of
the data was performed using qBase software (Biogazelle, Zwijnaarde,

Belgium).
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6.3.7 Assessment of CML and AGEs levels
Plasma levels of total AGEs (MyBiosource, San Diego, CA, USA) and
carboxyethyllysine (CEL, MyBiosource, San Diego, CA, USA) were determined

using enzyme-linked immunosorbent assay (ELISA).

6.3.8 Statistical analysis

Values are expressed as median [75" percentile; 25" percentile]. Comparisons
were performed using non-parametric Mann-Whitney U test or Kruskal-Wallis
test with an additional Dunns post-hoc analysis when appropriate. Simple linear
regression models were applied to assess the relationship between different
parameters. Survival rate was analyzed using the Kaplan-Meier method and log-
rank test. Analyses were performed using GraphPad Prism (GraphPad Software,

San Diego, CA, USA). A value of p<0.05 was considered statistically significant.
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6.4 Results

6.4.1 Pyridoxamine pre-treatment improves survival following MI

Figure 6.1A summarizes survival in all groups. As shown in the Kaplan-Meier
plot, all 5 Sham-operated animals survived the surgery. Of the 16 animals
untreated that underwent LAD ligation, 7 survived, resulting in a survival rate of
44%. Pre-treatment with PM increased this survival rate to 78%. When
observed, mortality occurred within 24 hours after surgery. To evaluate whether
a change in circulating AGEs levels was responsible for the improved survival,
we checked total circulating AGEs one week after pre-treatment with PM, just
before performing the surgery, in the animals that survived the surgery. As
shown in Figure 6.1B, animals pre-treated with PM displayed significantly

reduced circulating AGEs levels compared to animals receiving placebo.
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Figure 6.1 Reduced total AGEs levels improves survival post-MI. (A) Kaplan-Meier
plot of survival rate in Sham-operated animals (Sham), animals undergoing LAD ligation
(MI) and animals undergoing LAD ligation pre-treated with pyridoxamine (MI+PM). N=5,
16 and 14 initially for Sham, MI and MI+PM respectively. (B) Total AGEs levels measured
just before surgery, after 1 week PM pre-treatment in Sham (N=5), MI (N=7) and MI+PM
(N=11). Data are shown as median [75" percentile; 25" percentile]. * denotes p<0.05 vs
Sham, * denotes p<0.05 vs MI.
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6.4.2 Pyridoxamine limits diastolic function in MI but does not prevent
hypertrophy

Animals with MI displayed an increased LV mass as demonstrated by the marked
increase in heart weight/body weight ratio (HW/BW, Figure 6.2A) and LV weight
to body weight ratio (Figure 6.2B). PM pre-treatment was unable to prevent this
increased LV mass. Conventional echocardiographic characteristics of the

animals are summarized in Table 6.1 Eight weeks post-surgery.
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Figure 6.2 Pyridoxamine does not limit increased LV mass. (A) Heart weight to body
weight ratio (HW/BW) and (B) LV weight to body weight ratio (LVW/BW). Data are shown
as median [75% percentile; 25™ percentile] in Sham (N=5), MI (N=5) and MI+PM (N=6). *

denotes p<0.05 vs Sham

EF, a parameter for global cardiac function, was significantly reduced after MI
but not improved in animals undergoing pre-treatment with PM. Furthermore,
MI animals displayed changes in LV morphology with signs of wall thinning
associated with increased LV diameters and volumes, typical for animals with
large MI. PM treatment did not significantly improve these parameters. Finally,
SI, a measure for heart geometry, was significantly higher in MI compared to
Sham and remained unchanged in the treated animals. However, it is worth
noticing that most values, particularly diastolic parameters show a trend
towards improved values, indicating a somehow beneficial effect of PM on

cardiac parameters.

101



CHAPTER 6

To identify more subtle changes in cardiac function, speckle tracking imaging
(STI)-derived deformation parameters were investigated. As summarized in
Table 6.2, strain and strain rate were significantly impaired with MI and
improved with PM treatment (Table 6.2). Furthermore, twist and untwist rate
(UR), early markers of respectively LV ejection and LV filling, were significantly
improved with PM (Table 6.2).
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Table 6.1 Effect of pyridoxamine on global conventional echocardiographic parameters.

Parameters Sham MI MI + PM

HR (bpm) 357[365;346] 365[365;342] 358[388;340]

LVEDD (mm) 6.5[6.6;6.4] 8.9[9.1;7.8]* 7.9[8.7;7.4]*

LVESD (mm) 4.2[4.2;4.1] 6.2[6.5,6.0]* 6.4[6.8;6.0]*
AWT (mm) 1.52[1.55;1.47] 0.98[0.98;0.93]* 1.02[1.06;0.98]*
PWT (mm) 1.69[1.74;1.61] 1.33[1.42;1.25]* 1.51[1.77;1.32]
EDV (pL) 288[311;269] 570[599;439]* 451[537;384%*]
ESV (pL) 94[100;91] 229[266;216]* 248[289;212]*
SI 0.25[0.26;0.25]  0.42[0.43;0.31]*  0.36[0.42;0.30]*

EF (%) 67[68;67] 48[60;39]* 46[47;45]*

HR, heart rate; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; AWT,

anterior wall thickness; PWT, posterior wall thickness; EDV, end diastolic volume; ESV, end systolic volume; SI,

sphericity index; EF, left ventricular ejection fraction;. Data are shown as median [75% percentile, 25" percentile] in

Sham (N=5), MI (N=5) and MI+PM (N=6). * denotes p<0.05 vs Sham.
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Table 6.2 Effect of pyridoxamine on cardiac deformation parameters.

Parameters Sham MI MI + PM
Siad (%) 42.1[42.2;31.3] 12.3[16.8;9.9]* 16.8[17.8;15.4]*
SRaq (1/5) 8.9[10.2;8.1] 3.8[4.0;3.3]* 4.7[4.8;4.41%#
Scirc (%) -23.5[-21.7;-23.9] -10.5[-7.5,-11.11* -10.2[-8.3;-12.3]*
SR (1/5) -6.7[-6.5;-6.7] -2.9[-2.8;-4.4]* -3.5[-2.9;-4.1]*
LV twist (°) 12.5[13.5;10.3] 5.1[6.5;4.6]* 8.7[9.5;6.8]1*#
UR (°/s) -244[-224;247] -111[-110;-122]*  -158[-151;-166]*#

Siad, radial strain; SR,.4, radial strain rate; S, circumferential strain; SR, circumferential strain rate. LV twist, left
ventricular twist; UR, untwist rate. Data are shown as median [75" percentile, 25" percentile] in Sham (N=5), MI (N=5)
and MI+PM (N=6). " denotes p<0.05 vs Sham, ¥ denotes p<0.05 vs MI.
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PM pre-treatment did not improve peak rates of pressure rise and decline
(dP/dtnax and dP/dt.,, respectively) (Figure 6.3A). Cardiac diastolic function,
evaluated with left ventricular end-diastolic pressure (LVEDP) (Figure 6.3B) and

relaxation time constant (i.e. tau) (Figure 6.3C), was improved with PM pre-

treatment.
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Figure 6.3 Pyridoxamine limits diastolic dysfunction. (A) Peak rate of pressure rise
(i.e. dP/dtmax, left panel) and decline (i.e. dP/dtmn, right panel). (B) LV end-diastolic
(LVEDP, left panel) and LV end-systolic (LVESP, right panel) pressure. (C) Relaxation time
constant (i.e. tau) and (D) correlation between relaxation time constant (i.e. tau) and

untwist rate (i.e. UR). Data are shown as median [75" percentile; 25" percentile] in Sham

(N=5), MI (N=5) and MI+PM (N=6). * denotes p<0.05 vs Sham, * denotes p<0.05 vs MI.
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Left ventricular end-systolic pressure (LVESP) remained however unchanged
with PM pre-treatment (Figure 6.3B). In addition, the correlation between tau
and untwist rate (UR), parameters obtained independently, further confirmed
the improvement of diastolic dysfunction observed in vivo with PM pre-
treatment (Figure 6.3D). Overall, data indicate an improvement of diastolic but

not systolic function in animals pre-treated with PM.

6.4.3 The reduced LOX expression is responsible for the improved
diastolic function

As shown in Figure 6.4A, LOX levels were significantly increased in MI. Pre-
treatment with PM normalized LOX levels to Sham levels. The increase in LOX
levels positively correlated with the increased tau values obtained in vivo
(Figure 6.4B), confirming the involvement of collagen cross-linking in the
stiffness of the LV in the setting of MI. Examination of mRNA levels of TGF-B1
revealed that the modulation of LOX levels was not mediated by TGF-B1
signaling pathway (Figure 6.5C).

To further identify the underlying mechanisms responsible for the dysfunction in
vivo, we examined collagen levels in the peri-infarct region in the 3 groups.
Typical examples of Sirius Red/Fast green staining together with their
corresponding pictures obtained with polarized light microscopy in the different
groups are shown in Figure 6.5A. As expected, total interstitial collagen was
significantly increased in MI, in particular in the peri-infarct area. Pre-treatment

with PM significantly reduced total collagen levels in this region (Figure 6.5B).

106



Effects of pyridoxamine treatment

A 0.154 *
Sham M| MI+PM __
LOX =
£ . & 5ok 3 0.10-
i | T
P-actin  —GGE———— /> D2 3
A #
X 0.0541
’ j
-
R —

0.00
B C Sham Mi MI+PM
20 ~ 2.0
v s
& -
154 a 154
— L
EP 2
2 5 104
? 1
1)
5+ S
R2=0.41 % 057
p<0.05 Q
0 T T 1 8
0.00 0.05 0.10 0.15 0.0

LOX (a.u.) Sham MI MI-PM

Figure 6.4 The decreased LOX protein expression correlates to the improved
relaxation. (A) Representative example and quantitative Western blot of LOX expression
normalized to B-actin. (B) Correlation between LOX levels and relaxation time constant
(i.e. tau). (C) mRNA levels of TGF-B1 in the 3 experimental groups. Data are shown as
median [75" percentile, 25" percentile] in Sham (N=5), MI (N=5) and MI+PM (N=6). *
denotes p<0.05 vs Sham, * denotes p<0.05 vs MI.

This reduction was associated with a decrease in highly cross-linked collagen
type I (Figure 6.5C, left panel) and a reduced immature collagen type III (Figure
6.5C, right panel). The same trend was observed in the remote region where
total interstitial collagen, collagen type I and collagen type III were increased in
MI and slightly reduced with PM (data not shown).
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Figure 6.5 Pyridoxamine reduces collagen content. (A, upper panel) Representative
images of interstitial collagen obtained with Sirius red/Fast Green in the peri-infarct area.
(A, lower panel) Representative images of collagen type I and type III, under polarized
light microscopy. The red color indicates the highly cross-linked collagen type I, the green
color indicates immature collagen type III. (B) Total interstitial collagen quantification in
the peri-infarct area. (C) Collagen type I (left panel) and collagen type III (right panel)
quantification in the peri-infarct region. Data are shown as median [75%" percentile; 25
percentile] in Sham (N=5), MI (N=5) and MI+PM (N=6). * denotes p<0.05 vs Sham, *
denotes p<0.05 vs MI.
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Finally, to gain further mechanistic insights in the improved survival and
improved phenotype, we examined levels of CEL and RAGE in the 3

experimental groups.
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Figure 6.6 RAGE and its downstream effectors are not modulated by
pyridoxamine. (A) Plasma N(epsilon)-(carboxyethyllysine (CEL) levels measured 8 weeks
post-surgery. Gene expression of RAGE (B), IL-6 (C), TNF-a (D) in the experimental
groups. Data are shown as median [75™ percentile; 25" percentile] in Sham (N=5), MI
(N=5) and MI+PM (N=6).

As shown in Figure 6.6A, CEL levels tended to be increased in MI, and
normalized to Sham levels with PM. mRNA levels of RAGE, a potential target for
CEL, remained comparable in the groups (Figure 6.6B). Unchanged levels of IL-
6 and TNF-a (Figure 6.6C and D), downstream effectors of RAGE, further
confirmed the activation of a RAGE-independent pathway by PM.
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6.4.4 Pre-treatment with PM has a minor impact on cardiac function in
Sham-operated animals

As expected, 9 weeks PM treatment in Sham-operated animals did not lead to
measurable physiological cardiac hypertrophy, nor to detectable changes in
cardiac function (Table 6.3). However, total interstitial collagen was significantly
reduced by 44% in Sham-operated treated animals (6.5 [9.6; 5.9] vs 4.3 [5.2;
3.6], p<0.05).
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Table 6.3 Effect of pyridoxamine on cardiac parameters in Sham-operated animals.

Parameters Sham Sham + PM
HR (bpm) 357[365;346] 365[403;355]
EF (%) 67[68;66] 72[74;67]
AWT (mm) 1.52[1.55;1.47] 1.59[1.67;1.54]
LVEDD (mm) 6.54[6.64;6.37] 6.41[6.69;6.26]
LVEDP (mmHG) 7.9[9.4;6.9] 8.3[9.5;7.4]
Tau (ms) 0.009[0.009;0.008] 0.009[0.009;0.008]
HW/BW (mg/g) 2.78[3.03;2.77] 3.09[3.36;2.91]

HR, heart rate; EF, left ventricular ejection fraction; AWT, anterior wall thickness; LVEDD, left ventricular end-diastolic
diameter; LVEDP, left ventricular end-diastolic pressure; Tau, relaxation time constant; HW/BW, heart weight to body

weight ratio. Data are shown as median [75" percentile, 25" percentile] in Sham (N=5) and Sham + PM (N=7).
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6.5 Discussion

In this study, we show that PM improves survival and limits the adverse cardiac
outcome related to MI. The associated improved diastolic function is attributed
to a reduced LOX expression resulting in lower level of highly cross-linked

collagen type I.

In our study, animals treated with PM displayed a better survival following LAD
occlusion compared to untreated littermates. This result is in accordance with
other studies examining the underlying mechanisms related to survival in a rat
model of diabetes, subjected ex vivo to ischemia-reperfusion. Indeed, in this
model, the improved survival was attributed to reduced CEL levels and
restoration of the signaling pathways counter-acting ischemia and apoptosis by
PM 27!, In our model, CEL levels tended to be higher in MI compared to Sham
and normalized in MI animals treated with PM. In that context, one would expect
that RAGE levels and their downstream effectors (e.g. IL-6 and TNF-a) would be
modulated by PM, resulting in a better survival and cardiac outcome, as they are
known to modulate the response to hypoxic injury, possibly via the activation of
JNK and Akt pathways 272

In our study, gene expression levels of RAGE, IL-6 and TNF-oa were comparable
in the different groups. These data suggest that in our model, the beneficial
effects of the PM treatment on survival are independent of RAGE pathway
activation. However, one cannot exclude any potential alterations of RAGE at the
protein level as only mRNA of RAGE levels were examined. In addition, IL-6 and
TNF-o are cytokines that are also regulated in a RAGE-independent manner.
Consequently, further studies are needed to clearly identify the role of RAGE and
the underlying pathways involved in this process, such a janus kinase (JNK) and
Akt pathways, their phosphorylation status and Bcl-2/Bax ratio as suggested by
others 7%,

In their study, Almeida et al. attribute the improved phenotype to the anti-
oxidant and scavenger properties of PM 27!, This hypothesis was also confirmed
by Muellenbach et al. where PM was shown to improve insulin-resistance in

273 In our study, however, the potential anti-

obese pre-diabetic Zucker rats
oxidant properties of PM were not investigated but would require further

attention to determine whether the beneficial effect of PM is limited to reduced
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infarct size and collagen content. Indeed, a possible explanation for the
improved survival rate with PM could be attributed to a decreased infarct size
and/or reduced incidence of lethal arrhythmias. Similar hypotheses were drawn
in a rat model of cardiac ischemia in which the animals were treated 2 days
prior to surgery with pyridoxal 5-phosphate (PLP), a downstream active
metabolite of PM 274 275>, In these studies, authors postulate that the beneficial
effect of PLP is mediated through a decreased SR calcium transport activity
defect and by a blockade of purinergic receptors. In our study, PM concentration
was somehow higher than the concentration used in the study of Dhalla et al.,
but comparable to others 27! 274, To date, a direct correlation between PM levels
and infarct size is lacking. In our study, infarct size was estimated from the
histological sections. We have seen that in treated animals, infarct size tended
to be smaller compared to the untreated counterparts (respectively, 22+4% vs
32+3% LV mass, p>0.05). In fact, these values are actually an underestimation
of the beneficial effect of PM on infarct size since animals with a large MI are
likely to be the ones that did not survive the surgery. It has been extensively
described that mechanical load is known to determine the extent of remodeling
in both peri-infarct and remote regions 2’°, In our model, AWT and PWT were
reduced in MI, indicating wall thinning, feature typical for a large MI. However,
wall thickness in the remote area (i.e. PWT) was preserved in the PM treated
animals. Our data suggest that mechanical load subjected to the remote area,
as a surrogate for infarct size, was reduced in the treated animals, suggesting a
somehow reduced infarct size with PM. However, a precise quantification of
infarct size using triphenyl tetrazolium chloride (TTC) staining in all animals
included in the study was not performed and would deserve further
confirmation. Despite this limitation, it is reasonable to think that PM could
contribute to an increased survival rate by restricting the infarct size and as a
consequence, reducing occurrence of lethal arrhythmias. Whether the increased
survival rate is directly correlated to the reduced incidence of arrhythmias or to

a blockade of purinergic receptors by PM as suggested by others?”®

, remains to
be elucidated.

Overall, cardiac diastolic function in rats treated with PM was better compared
to untreated animals. However, in our hands, most conventional

echocardiographic parameters remained comparable between treated and
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untreated MI animals. It is currently admitted that changes in conventional
echocardiographic parameters occur later in the disease process and may not be
sensitive enough to unravel changes in cardiac structure and function. In that
context, speckle tracking echocardiography has become a valuable tool to
evaluate early and/or subtle changes in cardiac function. Because this imaging
modality is less influenced by changes in load and structure, the evaluation of
strain, strain rate, twist and untwist rate were shown to accurately reflect
(regional) myocardial contractility in patients as well as in rodents 26 277-279,
Indeed, it has been previously shown that changes in LV rotation, (twist and
untwist rates) correlate to diastolic function 28°. In our model, changes in tau
correlated with changes in UR, further corroborating the altered diastolic
function. PM was able to improve tau and deformation parameters such as SR,
twist and untwist rates. Together with the improved LVEDP, our data indicate a

beneficial effect of PM on diastolic function in rats with severe cardiac failure.

Circulating AGEs levels are known to be elevated in patients after MI 281 282,
AGEs contribute to the development of cardiovascular dysfunction by 2 major
mechanisms: binding to their cell surface receptor RAGE or cross-linking of intra
and/or extracellular proteins 7 3°. As stated earlier, our data do not indicate the
activation of RAGE, meaning that despite the reduced circulating AGEs levels
with PM, the observed beneficial effects are not unlikely to be mediated through
the modulation of AGE-RAGE pathway. In the other hand, we observed an
increase in LOX protein expression after MI which was normalized to Sham
values with PM. The involvement of LOX in detrimental remodeling following MI
was also confirmed by others in a mouse model of MI 223 and in a rat model of
aortocaval fistula-induced volume overload %*. LOX is a protein involved in the
cross-linking of collagen fibrils which contributes to decreased vascular elasticity
and myocardial flexibility and hence promoting vascular and myocardial stiffness
99, 285-287 1n their study, Gonzales-Santamaria conclude that inhibiting LOX could
be a potential therapeutic strategy to limit post-MI injury %3, In our study, we
show that indeed, a decrease in LOX protein level correlates with the improved
tau measured in vivo. These data are also in agreement with studies conducted
in chronic HF patients as well as in rats with diastolic dysfunction demonstrating

a direct correlation between collagen cross-linking and cardiac stiffness %% 2%/,
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Accordingly, we also show that total interstitial collagen is increased in both the
peri-infarct and remote area °° 285, We attribute this increase to higher collagen
type I and collagen type III levels, mainly in the peri-infarct region, but also, to
a smaller extent, in the remote region. Remarkably, PM reduced, but not
completely normalized, collagen levels in the LV. The concomitant reduction in
collagen content and LOX expression suggests a reduced collagen cross-linking,
resulting in an increased tissue compliance and improved diastolic function. Our
data are in line with other studies conducted in animal models of diabetes or in
senescent rats 267 269 288, 289 | OX expression is regulated via TGF-B1 by either
the PI3K/Akt, Smad3 or mitogen-activated protein kinase (MAPK) signaling
pathway 2°°, Increased mRNA and protein expression of TGF-B1 has been shown
in 1 week old scar and within the peri-infarct region after MI and is associated
with increased synthesis of pro-collagen type I 2°!, This is due to the activation
of TGF-B-R1 which promotes fibroblast differentiation and pro-collagen type I,
III and LOX secretion 28 2°2, Once LOX has entered the extracellular matrix, it is
activated by periostin and/or osteopontin and leads to cross-linking of collagen
type I, stiffening of the myocardium and ultimately diastolic dysfunction 22% 293
294 Therefore, one could speculate that the beneficial effect of PM on LOX and
as a consequence on interstitial fibrosis, could be mediated via the TGF-B1
pathway. However, in our study, mRNA levels of TGF-B1 revealed no significant
difference between PM treated and non-treated groups indicating no marked
increase in TGF-B1 synthesis. However, the role of TGF-B1 should not be
excluded entirely since it is stored in the extracellular matrix of normal
myocardium as a latent protein complex. After activation, the latent binding
protein (LTBP) is sequestered from TGF-B1 switching it to a functional growth

295 Several

factor promoting fibroblast differentiation and LOX secretion
molecules could be held responsible for activation of latent TGF-f1 but the
mechanism is not well-known. Some studies report that increased ROS release
due to oxidative stress promotes latent TGF-B1 activation 2°. Since PM has been

shown to exhibit anti-oxidant effects 16> 2°7

, we hypothesize that PM decreases
LOX expression indirectly through reduction in ROS production and a
concomitant decrease in latent TGF-B1 activation. This would result in either a
decrease in fibroblast activation and reduction in collagen and LOX secretion. In

fact, changes in TGF-B1 are generally also associated with changes in pro-
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inflammatory markers, and as mentioned previously, IL-6 and TNF-a levels were
not changed in our study. Further investigation is therefore needed to unravel
this aspect, examining a broad range of potential candidates and alternative
pathways. For instance, it has been previously shown that LOX expression is
tightly regulated by the pro-fibrotic cytokine connective tissue growth (CTGF).
In addition, the small RhoGTPase Rac 1 is known to regulate CTGF expression in
cardiac fibroblasts 2°8. On the other hand, angiotensin II (Ang II) is known to be
upregulated in cardiac remodeling post-MI and has been shown to activate Rac.
How PM interferes in this signaling pathway remains unclear and would deserve
attention.

There is a specific limitation in our study that should be acknowledged, being
the lack of evaluation of cardiomyocyte remodeling in both peri-infarct and
remote area. Due to the beneficial remodeling of the extracellular matrix and
the trend towards the reduced infarct size, one would expect that the
mechanical load subjected to the viable myocardium would be reduced with PM,
leading to a somehow beneficial effect on cardiomyocyte function. In that
context, the impact of PM on cardiomyocyte contractility and intracellular

calcium handling requires therefore further evaluation.

To conclude, our data indicate that PM treatment reduces circulating AGEs and
tissue collagen levels in a rat model of MI, resulting in an improved cardiac
phenotype. PM might be a useful supplement to prevent and/or limit adverse

remodeling related to ischemic injury.
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Several clinical and experimental studies support the view that advanced
glycation end products (AGEs) might have a significant role in many pathological
situations, in particular in cardiac failure 3% 33 264 299 AGEs accumulation is a
normal process that occurs with aging, when the turnover rate of protein for
glycoxidation is reduced °®!. Increased circulating AGEs levels and tissue
accumulation have been reported to occur early in lifetime in patients with
diabetes and are associated with adverse outcome and survival. Additionally,
AGEs are also linked to play a role in cardiovascular diseases 3% 2°°, AGEs are
proteins or lipids that become glycated and oxidized after persistent contact with
reducing sugars or short-chain aldehydes % 2>, Based on their molecular weight,
AGEs can be categorized in two classes: low molecular weight AGEs (LMW-AGEs)
and high molecular weight AGEs (HMW-AGEs). There is growing evidence
reporting that HMW-AGEs contribute to the development and progression of
cardiovascular dysfunction in vivo. In this thesis, we aimed at characterizing the
cardiac dysfunction induced by HMW-AGEs. First, we focused on in vivo
characteristics by means of echocardiography and hemodynamic measurements
(Chapters 3 and 4). Thereafter, we went deeper to unravel the underlying
mechanisms and investigated the functional changes at the cellular level after
chronic HMW-AGEs application (Chapter 4). As an acute increase in AGEs levels
can occur in intensive care patients, we also assessed the effects of HMW-AGEs
acutely on cardiomyocyte function (Chapter 5). Finally, the effect of blocking
AGEs formation by pyridoxamine (PM) was investigated in a rat model of

myocardial infarction (MI) (Chapter 6).

7.1 The chronic effects of HMW-AGEs on cardiac function

In Chapter 3, we have demonstrated that animals displayed a sustained
increase in circulating total AGEs without hyperglycaemia. HMW-AGEs injections
induced cardiac dysfunction characterized by wall hypertrophy, increased heart
sphericity, reduced strain and strain rate with preserved ejection fraction. Rather
than via activation of AGEs/RAGE signaling pathway, the deleterious effects of
HMW-AGEs on heart function are likely mediated via an increased collagen
cross-linking. In addition, the prominent cardiac fibrosis is associated with an

increased LOX expression.
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In Chapter 4, we investigated the effects of HMW-AGEs on the cellular level. We
show that single cardiomyocytes were significantly wider. We also demonstrated
that unloaded cell shortening was significantly reduced in HMW-AGEs and was
associated with slower kinetics. Peak Ic, density was significantly decreased in
HMW-AGEs and LTCC inactivation was significantly shifted towards more
negative potentials, meaning that LTCCs are less available and inactivated more
rapidly, compared to controls. Therefore, less Ca%* can be transported in the
cytosol resulting in a reduced Ic, . However, the exact underlying mechanism of
HMW-AGEs induced Ca?*-channel properties changes remains currently
unexplained. Whether the change in LTCC properties is mediated through RAGE
activation is unlikely. Indeed, as previously mentioned and further confirmed in
Chapter 3, we have shown that HMW-AGEs mechanism of action is not
mediated through RAGE activation. Additional to reduced I, impaired
myofilament properties have been shown to be responsible for a reduced
unloaded cell shortening. Finally, passive tension was determined in skinned
cardiomyocytes. Cardiomyocyte passive forces play an important role in cardiac
muscle as it is part of the diastolic wall tension that determines the extent of
filling of the heart 2°3, In our study, we observed a significantly decreased
passive force in cardiomyocytes from the treated animals. However, the exact
mechanism how HMW-AGEs change the properties of the myofilaments are at
the moment unknown.

All these findings indicate that rats subjected to high circulating HMW-AGEs

display structural and functional remodeling.

7.2 Differences between acute and chronic effects of HMW-AGEs

Acutely, we observed that HMW-AGEs reduce Ca®*-current resulting in a reduced
cell shortening, independent of the activation of the AGEs/RAGE signaling
pathway (Chapter 5). One uncertainty relies on the fact that we are not sure
whether HMW-AGEs can interact with RAGE within 4 minutes incubation. Co-
immunoprecipitation experiments, with different incubation times, are needed to
answer this question. However, previous functional data in a more chronic
setting indicate that the RAGE pathway is not activated in the presence of HMW-
AGEs suggesting that the effect of HMW-AGEs is not mediated through a direct
binding of HMW-AGEs to RAGE. As opposed to our data, Chen et al. have shown
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in rat kidney fibroblasts that 200 pug/ml LMW-AGEs led to RAGE activation as

300 In our

shown by the increased JNK phosphorylation within few minutes
current data, JNK and JNK phosphorylation levels were not increased after 4
minutes HMW-AGEs, suggesting that RAGE signaling was not activated after
HMW-AGEs application. The fact that after 4 minutes, I, was reduced and that
the effect remained stable and irreversible further suggests that HMW-AGEs bind
on L-type Ca?* channels with a high affinity. Additional data demonstrated no
changes in intrinsic properties of Ca®" channels (e.g. voltage-dependence
inactivation of Ic; ). Consequently, we hypothesize that the observed decreased
Ica in our study could be caused by a decreased amount of Ca®* ions that could
pass the channel pore, through binding of HMW-AGEs to L-type Ca?* channels.
Upon binding HMW-AGEs would block the channel pore. To further confirm this
hypothesis, co-immunoprecipitation experiments between HMW-AGEs and DHP-

receptor a-subunit should be performed in future studies.

In the chronic setting, we show that cardiac dysfunction in vivo, induced by
HMW-AGEs, is the result of profound cardiomyocyte remodeling, including cell
hypertrophy, reduced contractile and myofilament properties associated with
altered Ca?* current without any sign of AGEs/RAGE activation (Chapter 3).

In Chapter 4, at the cellular level a remodeling was observed characterized by
decreased unloaded shortening of intact cardiomyocytes associated with slower
kinetics, which may be caused by a reduced Ca?* influx through L-type Ca?*
channels. These findings are already discussed in point 7.1.

To conclude, it is difficult to compare the results obtained from the acute study
with the chronic study since one is an in vitro study and the other an in vivo.
Further studies with other experimental designs should be performed in order to

answer this question.

7.3 Effect of PM as pre-treatment in myocardial infarction

In chapter 6, we show that PM improves survival and limits the adverse cardiac
outcome related to MI. The associated improved diastolic function is attributed
to a reduced LOX expression resulting in lower levels of highly cross-linked

collagen type I.
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PM was able to improve tau and deformation parameters such as SR, twist and
untwist rates. Together with the improved LVEDP, our data indicate a beneficial
effect of PM on diastolic function in rats with severe cardiac failure. We also
observed an increase in LOX protein expression after MI which was normalized
to Sham values with PM. The involvement of LOX in detrimental remodeling
following MI was also confirmed by others in a mouse model of MI 2%3 and in a
rat model of aortocaval fistula-induced volume overload %%, LOX is a protein
involved in the cross-linking of collagen fibrils which contributes to decreased
vascular elasticity and myocardial flexibility and hence promoting vascular and
myocardial stiffness °% 285287 In Chapter 6, we show that indeed, a decrease in
LOX protein level correlates with the improved Tau measured in vivo. These data
are also in agreement with studies conducted in chronic HF patients as well as in
rats with diastolic dysfunction demonstrating a direct correlation between

collagen cross-linking and cardiac stiffness % 2°7,

7.4 Limitations of this work
The limitations of each chapter are already discussed. However, there are some

general limitations that should be added.

7.4.1 Physiological relevance of our HMW-AGEs

We injected healthy animals with HMW-AGEs prepared by incubating bovine
serum albumin (BSA) with glycolaldehyde. Glycolaldehyde formed either as a
fragmentation product in the Maillard reaction or as a result of the
myeloperoxidase-hydrogen peroxide-chloride (MPO) reaction can also react with
proteins which result in the formation of AGEs.** The reaction between
glycolaldhyde and amino acids can lead to the formation of AGEs such as CML
and glycolaldehyde-pyridine (GA-pyridine) 6. Several reports showed increased
levels of these AGEs in diabetes patients and therefore indicating a role for
modification of proteins with aldehydes in a diabetic setting >¢ >°' ¢, Additionally,
the presence of GA-pyridine has been found in human atherosclerotic fibrotic
lesions and in glomerular mesangium in renal diseases, indicating their
involvement in pathological situations 3% 3°2, However, until now, no data have
been available on the effect of glycolaldehyde-derived AGEs in the human heart

in vivo as well as in vitro. Furthermore, Takeuchi et al. developed non-
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carboxymethyllysine anti-AGE antibodies that recognize serum proteins modified
by short chain sugars or aldehydes (e.g. glyceraldehyde and glycolaldehyde)
and dicarbonyl compounds (e.g. methylglyoxal and glyoxal). They show in their
study that glycolaldehyde derived AGEs are present in serum from diabetic
patients 3°3, These results confirm the physiological relevance of glycolaldehyde-
derived AGEs. Finally, immunoblotting of serum protein samples from diabetic
patients with glycolaldehyde-derived AGEs antibodies showed a high
immunoreactivity around 200 kDA, indicating the presence of HMW

glycolaldehyde-derived AGEs in diabetic patients 3%,

However, we did not
perform these experiments on our own HMW-AGEs in order to proof their

physiological relevance.

In our study, we valilated our sample by comparing it with a commercial
available glycolaldehyde-derived AGEs sample by means of fluorescence
spectroscopy and coomassie blue staining (Chapter 3). These data
demonstrated the presence of fluorescent AGEs and AGEs with a high molecular
weight. Finally, we measured also some AGEs molecules with ultra-performance
liquid chromatography tandem mass spectrometry (UP-LC/MS/MS) and found
131 pmol/l N-carboxymethyllysine (CML), 6.1 pmol/l carboxyethyllysine (CEL)
and 7.2 pmol/l methylglyoxal-derived hydroimidazoline (MG-H1) in our sample
304-307  However, these molecules only respresent a small fraction of total AGEs
present in our sample. Furthermore, we do not know the degree of cross-linking.
However, the presence of high molecular weight proteins in the SDS-PAGE gel

gives an indication of high degree of cross-linking.

Regarding HMW-AGEs, we do not know the exact composition of the
glycolaldehyde-derived AGEs samples we used. Despite this limitation, data
indicate that (1) the AGEs have a HMW, (2) UP-LC/MS/MS can detect CML, CEL
and MG-H1, (3) fluorescent AGEs are present in our sample and (4) the used
ELISA kit (see material and methods chapter 2) commercially available was able
to detect our HMW-AGEs. Additionally, future experiments are necessary to
proof their physiological relevance in humans.
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7.4.2 General limitations

It is important to keep in mind that the work presented in this thesis was
conducted in rats and translation to humans is not always easy. However, the
use of a rodent animal models has provided a valuable insight into the human
cardiac physiology and disease. Small rodents are easier to handle and house,
have a shorter gestation time and have lower maintenance cost than larger
animals models 3%, These characteristics make small rodent models logistically
and economically the most used model for cardiac physiology. Additionally, it is
possible to link in vivo cardiac parameters (such as echocardiography, pressure-
volume loops, etc) with in vitro and ex vivo functional studies 3°% 310,

The overall anatomical structure in rodents and humans is comparable.
However, at the physiological level there are important differences that translate
into different underlying mechanisms, the most important to mention is the very
high heart rate in rats compared to humans. In rats, a rapid systolic contraction
and diastolic filling is necessary for maintaining their cardiac output. As a
consequence, the action potential duration in rodents is much shorter compared
with humans 311313, Additionally, during relaxation Sarcoplasmic reticulum Ca%*
ATPase (SERCA) is responsible for resequestration of 90-92% of calcium in rats
while in humans it accounts for 76% 22° 314 315 In other words, the contribution
of Na*/Ca?* exchanger (NCX) in the removal of calcium during diastole is much
larger in humans compared to rodents and has been shown to be further

increased in pathological situations 316,

7.5 Future perspectives
Future experiments are already discussed in each research chapter. However,

there are some general future perpectives that should be stated.

7.5.1 Effect of HMW-AGEs on the vasculature

This thesis focuses only on the acute and chronic effects of HMW-AGEs on the
global heart function and more in depth on the cardiomyocytes. However, as
already mentionned, AGEs have also deleterious effects on the vasculature
leading to decreased vascular elasticity and promotion of vascular stiffness. To
date, there is no data available on the effect of HMW-AGEs specific on the
vasculature. A broader knowledge on the effects of HMW-AGEs on the
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vasculature would be interesting to get a broader view of the deleterious effects

of HMW-AGEs on cardiovascular function.

7.5.2 Involvement of PM in neutralizing HMW-AGEs

In this thesis, we evaluate the effects of PM treatment on global AGEs levels,
without making a distinction between LMW-AGEs and HMW-AGEs. Whether PM
targets specifically HMW-AGEs remains unknown. Therefore, combining pre-
treatment of PM with injections of HMW-AGEs would give more insights in the
involvement of PM in neutralizihng HMW-AGEs and the therapeutic strategy
targeting HMW-AGEs.

7.5.3 Is there a role for HMW-AGEs in chemotherapy-related
cardiotoxicity?

Heart failure and cancer are the two leading causes of mortality worldwide,
accounting for 46.1 % of deaths 3'7 318, Improved oncologic treatments have
contributed to increased survival in cancer patients. However, chemotherapy-
related cardiotoxicity are a major cause of mortality in people living with or

surviving cancer 319 320

. Despite successful progresses in the understanding of
molecular and cellular mechanisms behind chemotherapy-related cardiotoxicity,
the treatments for these patients are still suboptimal 32 322, It is known that
the generation of reactive oxygen species (ROS) and oxygen free radicals play

an important role in chemotherapy-related cardiotoxicity 32! 323

. As already
stated in the introduction, AGEs can be formed in situations of increased
oxidative stress. Although there is no evidence in literature about the role of
AGEs in chemotherapy-related cardiotoxicity, increased AGEs levels in these
patients are expected but remain to be further confirmed. In this context, pre-
treatment of cancer patients with for example PM could possible attenuate
chemotherapy-related cardiotoxicity. However, this remains speculative and

future experiments are necessary to proof this hypothesis.
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Hartfalen is wereldwijd de voornaamste doodsoorzaak. Het hart is niet meer in
staat om voldoende bloed rond te pompen om aan de energiebehoeftes van het
lichaam te voldoen. De ontwikkeling van hartfalen is een complex proces
gekenmerkt door zowel structurele als functionele veranderingen. De laatste
jaren komen er steeds meer aanwijzingen dat advanced glycation end products
(AGEs) een rol spelen in de ontwikkeling van hartfalen. AGEs zijn eiwitten
gemodificeerd met suikergroepen. In normale fysiologische omstandigheden
stapelen AGEs zich op in het lichaam naarmate men ouder wordt. Dit proces
wordt echter versneld in pathologische omstandigheden zoals hartfalen.

AGEs kunnen in vivo en in vitro gevormd worden via verschillende pathways.
Aangezien verscheidene routes kunnen leiden tot de vorming van AGEs, zijn er
diverse AGEs moleculen in vivo aanwezig. Op basis van hun moleculaire grootte
kunnen ze worden onderverdeeld in twee groepen: AGEs met een hoog
moleculair gewicht (HMW-AGEs) en AGEs met een laag moleculair gewicht
(LMW-AGEs). Tot nu toe focuste het wetenschappelijk onderzoek zich
voornamelijk op LMW-AGEs. Recent onderzoek heeft aangetoond dat HMW-AGEs

even belangrijk zijn als LMW-AGEs zijn in een pathologische setting.

Deze doctoraatsdissertatie focust zich op de rol van HMW-AGEs binnen cardiale
dysfunctie. Dit werk kaart meer specifiek de volgende vragen aan: Kunnen
HMW-AGEs leiden tot cardiale dysfunctie in gezonde dieren? Kan chronische
blootstelling aan HMW-AGEs leiden tot structurele en morfologische verandering
op cellulair niveau? Spelen HMW-AGEs een rol in acute omstandigheden? Kan
behandeling met pyridoxamine, een vitamine dat de vorming van AGEs

voorkomt, leiden tot een verbeterde cardiale functie na een myocardinfarct?

De resultaten gepresenteerd in deze dissertatie tonen aan dat HMW-AGEs in
vivo kunnen leiden tot verdikking van de anterior en posterior wand van de
ventrikels. Deze hypertrofie gaat samen met een verhoogde myocardiale fibrose
(hoofdstuk 3). Op cellulair niveau wordt er eveneens hypertrofie
waargenomen. Chronisch HMW-AGEs toediening leidt tot een verstoorde
calciumhuishouding, aangetoond door verminderde calciuminstroom en een

veranderde beschikbaarheid van de calciumkanalen. Meer in detail werd ook
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gezien dat de eigenschappen van de myofilamenten veranderen (hoofdstuk 4).
Acute toediening van HMW-AGEs aan cardiomyocyten in vitro veroorzaakt een
verminderde contractiliteit en verminderde calcium instroom via de L-type
calcium kanalen (hoofdstuk 5). Ten slotte geeft dit werk aan dat de
behandeling van een myocardinfarcc met pyridoxamine leidt tot een
verminderde mortaliteit in vergelijking met dieren die geen behandeling kregen.
Verder leidt behandeling met pyridoxamine tot verlaagde AGEs levels en

verminderde hoeveelheid myocardiale fibrose (hoofdstuk 6).

Uit deze dissertatie kunnen de volgende conclusies getrokken worden. (1) HMW-
AGEs leiden tot cardiale dysfunctie. (2) HMW-AGEs veroorzaken zowel
structurele als functionele veranderingen op cellulair niveau. (3) HMW-AGEs
spelen een rol in acute omstandigheden. (4) Pyridoxamine verlaagt de

mortaliteit en vermindert de cardiale dysfunctie na een myocardinfarct.
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Dankwoord

Dankwoord

Er bestaat geen protocol voor het doorlopen van een doctoraat maar er zijn wel
een aantal voorwaarden, die nodig zijn om een doctoraat succesvol af te ronden.
Zo is het essentieel om lieve, zotte en behulpzame mensen rond je te hebben
zodat je zelfs de zwaarste bergetappes tijdens je doctoraat kan overleven.
Daarom schrijven mensen op het einde van hun doctoraat meestal een
dankwoord om deze mensen te bedanken. Maar de kans bestaat ook dat je
onbewust iemand vergeet en om dit te voorkomen heb ik een schema gemaakt.

Waren we
collega's?

Ben je &&n van mijn
promotoren?

Nee |

la
| Fﬁin we vrienden?
a

la

—
Was je lid van mijn
PhD jury enfof

commissie?

L

Heb je me
begeleid?

Wat is onze relatie
dan wel?

Nee

Ben je een co-
auteur van één
van mijn papers?

—
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