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Summary

Background: Advanced glycation end products (AGEs) are compounds formed by the irreversible
glycation of proteins. Growing evidence supports their contribution to cardiovascular disease, the
leading cause of death worldwide. Our group has recently demonstrated that high-molecular-weight
AGEs (HMW-AGESs) impair cardiac function in healthy rats. Preliminary data indicate that this adverse
cardiac phenotype is related to altered functional properties of cardiomyocytes. However, the exact
mechanism by which HMW-AGEs mediate these adverse cellular changes and the effect of HMW-
AGEs on vascular function remain unclear. Therefore, the aim of this project is to 1) examine the
effect of HMW-AGEs on vascular function and 2) investigate whether previously observed cardiac
dysfunction is due to ultrastructural abnormalities in cardiomyocytes.

Materials and methods: Male Sprague Dawley rats were randomly assigned to daily intraperitoneal
(IP) injection with either HMW-AGEs (20 mg/kg/day, N=12) or an equal volume of control solution
(5.5 mg/kg/day, N=12) for six weeks. At week 6, plasma AGEs levels were quantified and left
ventricular (LV) hemodynamic measurements were performed. After sacrifice, aortae were isolated.
Vascular relaxation in response to cumulative doses of acetylcholine (ACh, 10-19-10-> M) or sodium
nitroprusside (SNP, 10-19-10-® M) was evaluated in rat aortic rings precontracted with phenylephrine
(PE, 107 M). Relaxation responses to ACh were also assessed in the presence of N(w)-nitro-L-
arginine methyl ester (L-NAME, 10% M), superoxide dismutase (SOD, 150 kU) or
indomethacin (INDO, 10> M). LV tissue was processed for light microscopic (LM) examination of the
mitochondrial area in cardiomyocytes. Finally, morphometric analysis of ultrastructural
cardiomyocyte organization was performed with electron microscopy (EM). Statistical analysis was

performed by t-test or two-way ANOVA corrected for multiple comparisons.

Results: HMW-AGEs injections in rats significantly increased circulating AGEs levels. Moreover,
HMW-AGEs animals displayed cardiac dysfunction characterized by a significant increase in LV
pressure. In addition, HMW-AGEs enhanced aortic contraction in response to a single dose of PE.
The vasorelaxation response to ACh but not to SNP was significantly impaired in HMW-AGEs animals,
as shown by reduced maximal relaxation (Emax) and a trend towards higher dose necessary to obtain
half-maximal response (ECsp). SOD fully restored relaxation in aortic rings from HMW-AGEs animals,
as demonstrated by increased Emax and reduced ECsp values. Relaxation of aortic rings from HMW-
AGEs and control animals was blocked by L-NAME, yet the extent of inhibition was not different
between both groups. The inhibitory effect of INDO was less pronounced in HMW-AGEs animals.
Finally, HMW-AGEs increase cytoplasmic fraction and reduce mitochondrial area and number in

cardiomyocytes.

Conclusion: Our data indicate that HMW-AGEs disturb the vasomotor balance in rat aortic rings
through endothelial dysfunction and superoxide formation. In addition, we show that HMW-AGEs
cause ultrastructural remodeling in cardiomyocytes. By elucidating the impact of HMW-AGEs on
ultrastructural cardiomyocyte organization and demonstrating a direct link between HMW-AGEs and
vascular dysfunction, we provide more insight into their role in cardiovascular disease.
This research opens new opportunities for future experiments in the context of HMW-AGEs-induced

cardiovascular dysfunction.
Keywords: advanced glycation end products — vasorelaxation — aorta — superoxide - mitochondria
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Samenvatting

Achtergrond: Er is groeiend bewijs dat advanced glycation end products (AGEs) of versuikerde
eiwitten bijdragen aan het ontstaan van cardiovasculaire aandoeningen, de voornaamste
doodsoorzaak wereldwijd. Onze onderzoeksgroep heeft onlangs aangetoond dat AGEs met een hoog
moleculair gewicht (HMW-AGEs) de hartfunctie verstoren in gezonde ratten. Voorlopige gegevens
wijzen erop dat dit ongunstige cardiale fenotype gerelateerd is aan veranderde functionele
eigenschappen van hartspiercellen. Het exacte mechanisme waarbij HMW-AGEs deze ongunstige
cellulaire veranderingen mediéren blijft echter onduidelijk, net als hun effect op de vasculaire functie.
Bijgevolg is het doel van dit project om 1) het effect van HMW-AGEs op vasculaire functie te
onderzoeken en 2) na te gaan of ultrastructurele afwijkingen in hartspiercellen de eerder

waargenomen hartdisfunctie veroorzaken.

Materiaal en methoden: Mannelijke ratten werden dagelijks intraperitoneaal (IP) geinjecteerd met
HMW-AGEs (20 mg/kg/dag, N=12) of een controle oplossing (5.5 mg/kg/dag, N=12) gedurende
zes weken. Op het einde van week 6 werd de hoeveelheid AGEs in het bloed gemeten en werden
hemodynamische metingen van de linkerventrikel (LV) uitgevoerd. Geisoleerde aortaringen werden
samengetrokken met een enkele dosis fenylefrine (PE, 107 M) voordat de vasculaire relaxatie als
reactie op toenemende dosissen van acetylcholine (ACh, 10-19-10-3 M) of natriumnitroprusside (SNP,
1010-10¢ M) werd gemeten. De relaxatierespons op ACh werd ook bepaald in aanwezigheid van
N(w)-nitro-L-arginine methyl ester (L-NAME, 10* M), superoxidedismutase (SOD, 150 kU) of
indometacine (INDO, 10> M). De mitochondriale opperviakte werd gemeten na
lichtmicroscopisch (LM) onderzoek van LV-hartweefsel. Ten slotte werd de ultrastructurele
organisatie van hartspiercellen beoordeeld met elektronenmicroscopie (EM). Statistische analyse

werd uitgevoerd met een t-test of tweeweg ANOVA.

Resultaten: HMW-AGEs injecties in ratten verhoogden de circulerende AGEs concentraties.
Daarnaast vertoonden HMW-AGEs dieren hartdisfunctie, gekarakteriseerd door een significante
stijging van de drukken in het LV. HMW-AGEs versterkten ook de contractie van aortaringen als
reactie op een enkele dosis PE. Bovendien was de relaxatierespons op ACh, maar niet op SNP,
significant verzwakt in HMW-AGEs dieren zoals blijkt uit een verlaagde maximale relaxatie (Emax) €n
een trend richting een hogere dosis die nodig is om een half maximale reactie te induceren (ECso).
SOD herstelde de relaxatiecapaciteit in aortaringen van HMW-AGEs dieren, aangetoond door een
verhoging van Emax €n een verlaging van ECso waarden. De relaxatie in aortaringen van HMW-AGEs
en controle dieren werd geblokkeerd door L-NAME, maar de mate van remming was niet verschillend
tussen beide groepen. Het inhiberende effect van INDO was minder uitgesproken in HMW-AGEs
dieren. Ten slotte verhoogden HMW-AGEs de cytoplasmatische fractie in hartspiercellen en

verminderden ze de mitochondriale oppervlakte net als het aantal mitochondrién.

Conclusie: Onze data tonen aan dat HMW-AGEs de vasomotor balans in rat aortaringen verstoren
als gevolg van endotheeldisfunctie en superoxidevorming. Bovendien geven we aan dat HMW-AGEs
zorgen voor de ultrastructurele vervorming van hartspiercellen. Hierbij bieden we meer inzicht in de
rol van HMW-AGEs in cardiovasculaire aandoeningen en is dit project de aanzet voor toekomstig

onderzoek in de context van cardiovasculaire disfunctie.
Trefwoorden: versuikerde eiwitten — vasculaire relaxatie — aorta - superoxide — mitochondrién
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1 Introduction

1.1 Advanced glycation end products

In the early 1900s, the French scientist Louis Camille Maillard (1878-1936) incubated proteins in a
glucose solution as part of his research on nutritional properties. After heat treatment, he observed
a brownish pigment known today as advanced glycation end products (AGEs) (1). This ‘browning’
effect or advanced glycation involves a series of non-enzymatic reactions recognized as the Maillard
reaction, a tribute to its founder. Later, it has been found that this reaction also occurs inside the
human body during the normal aging process. However, the accumulation of AGEs accelerates in the
presence of high glucose levels, as seen in diabetic patients (2). Since this discovery, the formation

of AGEs and their impact on public health has been a major topic in cardiovascular research.

1.1.1 Formation of AGEs: the importance of heating and oxygen

AGEs is a collective term for the heterogeneous group of compounds formed by the irreversible
glycation of proteins (3). In the initial step of the Maillard reaction, carbonyl groups of reducing
sugars (e.g. glucose) react with amino groups of proteins to form unstable compounds known as
Schiff bases (Figure 1) (4). This reaction is fast, reversible and depends on the availability of sugar
substrates. The thermodynamically unfavored state forces Schiff bases to rearrange. This
rearrangement is slower and yields more stable glycated proteins named Amadori products.
Subsequent to Amadori rearrangement, structural modification (e.g. fragmentation and oxidation) of
these products initiates the irreversible formation of AGEs (4). Especially oxidative modification is
crucial in this last step as the rate of AGEs formation depends on the extent of oxidation. During
increased oxidative stress, AGEs formation increases (5). In addition, AGEs enhance reactive oxygen
species (ROS) production through their interaction with receptors, favoring their own production.
Besides the direct contribution of aberrant oxidation to AGEs formation, AGEs also accumulate
through autoxidation of glucose, lipids and proteins. This results in the production of carbonyl species
(i.e. methylglyoxal, 3-deoxyglucosone and glycolaldehyde), the buildup of which refers to
‘carbonyl stress’ (Figure 1). Nowadays, these highly reactive carbonyl compounds, also formed
during the degradation of Schiff bases and Amadori products, are recognized as key mediators in
AGEs formation (6).

Maillard reaction

unstable, _____ __ » Highly stable,
early stage late stage
spontaneous rearrangement OXIdatIOI’l
Amadorl Advanced
omdatlve products

stress (e.g. CML)

- \ ﬂ degradation /“oi\ ammoguanldlne,
aUto % o 202 pyridoxamine T
"0, ?10,7 [ Reactive carbonyl } &€ I

Yoy, compounds exercise
(e.g. glycolaldehyde)

Figure 1: Internal formation of AGEs through the Maillard reaction. The interaction between proteins and
sugars leads to spontaneous formation of Schiff bases, rearrangement to Amadori products, and irreversible
formation of AGEs through oxidative modification. Oxidative stress stimulates AGEs formation, while
aminoguanidine, pyridoxamine and exercise prevent this process. CML = N-carboxymethyllysine.



In addition to their internal formation, AGEs also derive from exogenous sources of which the modern
Western diet stands out. The food industry currently uses AGEs to produce a pleasing flavor, color
and texture of foods, of which fatty products (e.g. butter) and processed animal meat (e.g. beef)
contain the highest AGEs content (7). The type of food distinguishes low- from high-AGEs diets
(fats > proteins > carbohydrates), while the processing of food determines the rate of AGEs
formation. Overall, a long cooking time combined with intense heating (e.g. frying, grilling or
roasting) creates the highest AGEs content (7). The intestines absorb about 10% of food-derived
AGEs, of which two-thirds enters the circulation via passive diffusion (free AGEs) or active transport
(peptide-bound AGEs). The kidneys excrete the remaining one-third of the absorbed AGEs (8). The
intake of a high-AGEs diet increases circulating AGEs levels and, consequently, predestines their
accumulation in cardiovascular tissue (9). Besides food and food processing, tobacco smoke is
another exogenous source of AGEs (10). This emphasizes that lifestyle and AGEs formation are

inseparable in this era of fast food and cigarettes.

1.1.2 Classification of AGEs: more than just one compound

AGEs are very heterogeneous in both structure and function. Therefore, proper classification is
essential to accurately detect these different entities. AGEs are usually categorized into three
subgroups based on their autofluorescence properties and ability to form protein cross-links (11).
The first subgroup consists of autofluorescent molecules that form protein cross-links in
cardiovascular tissue, of which pentosidine is the typical example. The characteristic fluorescence
pattern distinguishes this type of molecules from the second subgroup, the non-fluorescent cross-
linking AGEs (i.e. imidazolium and glucosepane). The best-characterized AGEs compound, N-

carboxymethyllysine (CML), belongs to the third subgroup or non-cross-linking AGEs (11).

AGEs can also be classified into low-molecular-weight (LMW-AGEs) and high-molecular-weight AGEs
(HMW-AGEs) and detected accordingly by mass spectrometry (12). Low-molecular-weight AGEs
(<12 kDa) are free proteins, while high-molecular-weight AGEs (>12 kDa) are protein-bound cross-
linking compounds (13). Most researchers consider the level of LMW-AGEs, mainly CML, as a
surrogate for total AGEs and correlate this class with the adverse cardiac phenotype. However, non-
CML AGEs correlate better with the severity of microvascular complications in diabetic patients,
suggesting a pivotal role for HMW-AGEs in this pathology (14). Moreover, Deluyker et al. (2016)
have recently demonstrated that HMW-AGEs increase anterior and posterior wall thickness, typical
signs of cardiac hypertrophy, and enhance the formation of cardiac fibrosis (15).
Hence, distinguishing AGEs compounds according to their molecular weight is essential to understand

their distinct role in cardiovascular diseases.

1.1.3 Actions of AGEs: cross-linking versus RAGE activation

In general, AGEs act by two mechanisms: damaging intra- and extracellular molecules or impairing
cellular function after receptor activation (3). Firstly, AGEs alter the structural and mechanical
properties of proteins by the process of cross-linking. Because AGEs formation takes multiple weeks,
advanced glycation usually affects stable and long-lived proteins of the extracellular matrix (16).
Especially collagen, the main structural component of connective tissue in the myocardium and vessel
wall, is susceptible to glycation because of its slow turnover rate. Pathological cross-linking of AGEs

with collagen fibrils renders them less distensible and more resistant to proteolytic breakdown.



In other words, normal tissue remodeling is impaired, which promotes stiffening of structurally
inadequate fibrils in the myocardium and vessel wall (15, 17). AGEs modification of proteins naturally
occurs during aging but accelerates with excessive blood glucose levels, as observed in diabetic
patients (16). At the cardiomyocyte level, AGEs can cross-link intracellular proteins involved in the
excitation-contraction coupling, including domains of the ryanodine receptor (18) and sarcoplasmic

reticulum ATPase (SERCA) (19), leading to impaired calcium handling and altered cardiac relaxation.

The second way by which AGEs mediate their effects is through receptor activation. Several AGEs
receptors have been described, of which the receptor for advanced glycation end products (RAGE)
mediates most biological effects of AGEs (20). RAGE is a cell-surface receptor that belongs to the
immunoglobulin superfamily. The receptor has three extracellular domains, a single transmembrane
domain and a cytosolic tail that is essential to mediate intracellular signaling (21). Alternative splicing
of the RAGE gene generates two isoforms next to the full-length RAGE receptor, named dominant-
negative RAGE and soluble RAGE (sRAGE). Because they lack a cytosolic tail, these RAGE isoforms
act as a decoy receptor by competitively binding AGEs, facilitating their removal instead of evoking
intracellular signaling (21). RAGE is predominantly expressed in lung tissue, while cardiovascular
tissue cells such as endothelial cells, vascular smooth muscle cells and cardiomyocytes express RAGE
at a lower level. However, cardiac RAGE expression becomes upregulated with impaired heart
function during aging and in pathological situations such as diabetes, myocardial infarction and
ischemia-reperfusion (22). In this regard, stressed and damaged cells release AGEs ligands that
interact with RAGE, thereby initiating key intracellular signaling pathways. These signaling cascades
then trigger activation of the downstream effector nuclear factor kappa B (NF-kB), which induces the
transcription of numerous adhesion molecules, growth factors, pro-coagulant factors and pro-
inflammatory cytokines (23). However, Deluyker et al. (2016) have shown that HMW-AGEs neither
alter RAGE expression nor change the expression of NF-kB inflammatory target genes including
tumor necrosis factor alfa (TNF-o) and interleukin 6 (IL-6) (15). This indicates that activation of the
RAGE-signaling pathway depends on the molecular weight of the AGEs compounds. A key
consequence of AGEs-RAGE binding is the production of ROS by nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, thereby increasing oxidative stress (24). Moreover, NF-kB upregulates
the expression of RAGE itself, strengthening maintenance and amplification of the pro-inflammatory

and pro-oxidant signal after RAGE activation (25).

1.2 The implication of AGEs in vascular dysfunction

The accumulation of AGEs leads to impaired vascular function by influencing large central arteries
(e.g. aorta) both intra- and extracellularly (Figure 2). First, they directly cross-link extracellular
collagen proteins thereby inducing vascular stiffening (16). Second, AGEs interact with RAGE
expressed on cells implicated in vascular homeostasis, like platelets, immune cells, vascular smooth
muscle cells and endothelial cells (22). Subsequently, AGEs indirectly affect endothelial function and
vascular permeability through RAGE-mediated intracellular signaling (26). These vascular effects
have been extensively described in diabetes, atherosclerosis and renal failure (3). In diabetic
patients, serum AGEs levels inversely correlate with the extent of endothelial dysfunction measured

by high-resolution ultrasound (27).



1.2.1 Receptor-independent effect: vascular stiffening

Stiffening of central elastic arteries such as the aorta is a characteristic physiological change during
aging (28). However, this process accelerates in diabetic patients with high circulating AGEs levels,
demonstrating a firm link between AGEs formation and vascular dysfunction (29). This link is of
relevance because AGEs accumulate in the aortic vessel wall and increase collagen deposition
between the endothelium and vascular smooth muscle, which contributes to aortic stiffening (26).
Indeed, the degree of aortic stiffness positively correlates with AGEs tissue content, as shown by
histological examination of human aortas (30). In addition, AGEs stimulate vascular smooth muscle
cell proliferation and alter the activity of matrix metalloproteinases, further contributing to adverse
tissue remodeling (31, 32). Aortic stiffening diminishes normal arterial elasticity and compliance.
This clinically manifests as increased systolic blood pressure or isolated systolic hypertension.
Accordingly, due to an increase in cardiac afterload, patients display left ventricular (LV) hypertrophy
and delayed LV diastolic filling (33). Vascular compliance, as an indicator of arterial health, predicts
the prognosis of the patient since reduced arterial compliance is associated with increased
cardiovascular and all-cause mortality (33). This emphasizes the importance of anti-AGEs strategies

to improve cardiovascular outcome, as will be explained later.

Besides their influence on vascular structure, AGEs also have direct effects on the main vascular
function, that is regulating vasomotor tone (34). AGEs inactivate nitric oxide (NO), the most
important vasorelaxant factor produced by endothelial cells. Pre-formed AGEs, as well as reactive
intermediates such as methylglyoxal, quench NO, thereby reducing its bioavailability and activity
(34). Furthermore, AGEs also interfere with NO formation mediated by endothelial NO synthase
(eNOS). In concrete terms, culturing endothelial cells with AGEs downregulates eNOS expression
through mRNA degradation and attenuates serine phosphorylation in this enzyme, eventually
suppressing its activity (24).

1.2.2 Receptor-dependent effect: endothelial dysfunction

Pioneering work by the group of David M. Stern led to the identification of RAGE as a signal
transduction receptor for AGEs in endothelial cells (20, 22). AGEs modulate endothelial cell properties
through intracellular RAGE signaling. This implies disturbing the balanced secretion of relaxing and
contracting factors that regulate vasomotor tone and perturbing endothelial barrier function (26).
In this process, excessive generation of ROS plays a crucial role as endothelial RAGE signaling
stimulates NADPH oxidase to generate superoxide, eventually reducing NO bioavailability (35).
More specifically, superoxide radicals react with vascular NO to form peroxynitrite, a highly cytotoxic
oxidant known to damage lipids through peroxidation (36). Peroxynitrite can oxidize and diminish
the levels of tetrahydrobiopterin (BH4), the cofactor essential for eNOS to produce NO, leading to a
phenomenon referred to as ‘eNOS uncoupling’ (37). This state favors the synthesis of superoxide
rather than NO, thus causing a vicious circle of NO depletion. In other words, the otherwise protective
enzyme participating in the regulation of vasomotor tone turns into a ROS producer that contributes
to AGEs-induced endothelial dysfunction (37). In addition, endothelial cells treated with increasing
concentrations of AGEs produce less prostacyclin (PGI;), another important vasorelaxant factor
secreted by the endothelium, also via RAGE activation (38). AGEs-RAGE interaction on the
endothelium and subsequent upregulation of NF-kB increases the expression of the vasoconstrictor

endothelin 1 (ET-1), thereby stimulating vasocontraction in addition to impairing vasorelaxation (39).
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Besides the inability to maintain normal vasomotor tone, endothelial dysfunction also manifests as a
loss of barrier integrity by disrupting the vascular endothelial cadherin complex (40). The induction
of vascular hyperpermeability is yet another RAGE-dependent effect of AGEs sustained by ROS
production, facilitating monocyte adhesion to the endothelium and migration into the vascular intima.
This results in a chronic inflammatory response and formation of foam cells, consequently promoting

the development of atherosclerotic lesions (41).
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Figure 2: Intra- and extracellular effects of AGEs on vascular function and therapeutic targets.
Intracellular: AGEs bind to endothelial RAGE, thereby inducing ROS production (i.e. superoxide) and activating
intracellular signaling pathways. ROS accumulation inactivates NO and activates transcription factor NF-kB.
Target genes include vasoconstrictors (e.g. ET-1), pro-inflammatory cytokines (e.g. TNF-a) and adhesion
molecules (e.g. VCAM-1), leading to vasomotor imbalance and endothelial hyperpermeability. Extracellular: AGEs
accumulate in the vessel wall, which results in increased collagen production, intima-media thickening and AGEs-
collagen crosslinking, all of these effects contributing to vascular stiffening. AGEs also directly reduce eNOS
activity and directly quench NO. Dietary AGEs restriction reduces AGEs intake, ALT-711 breaks pre-existing AGEs-
protein cross-links and sRAGE acts as decoy receptor. AGEs = advanced glycation end products, RAGE = receptor
for advanced glycation end products, SRAGE = soluble RAGE, ALT-711 = alagebrium, MAPK = mitogen-activated
protein kinase, NADPH oxidase = nicotinamide adenine dinucleotide phosphate oxidase, NO = nitric oxide,
ONOO- = peroxynitrite, eNOS = endothelial NO synthase, ROS = reactive oxygen species, NF-kB = nuclear factor
kappa-light-chain-enhancer of activated B cells, ET-1 = endothelin 1, IL-6 = interleukin 6, IL-1a = interleukin 1
alfa, VCAM-1 = vascular cell adhesion molecule 1, ICAM-1 = intercellular adhesion molecule 1.



1.3 Anti-AGEs therapies to tackle vascular dysfunction

Bearing in mind the deleterious effects of AGEs on vascular function and their involvement in diverse
cardiovascular pathologies, it is of great interest to interfere in this process (Figure 1 and 2).
Therapeutic agents can be divided into 1) those that prevent AGEs-induced damage by inhibiting
their formation and 2) those that address existing damage by breaking AGEs-protein cross-links or
limiting RAGE activation (42). Furthermore, lifestyle modification can modulate AGEs intake from

exogenous sources like heated food and cigarette smoke (9).

1.3.1 Inhibiting the formation of AGEs: prevent damage from happening

In the mid-1980s, Ulrich and Cerami proposed the concept of therapeutically inhibiting AGEs
formation for the first time and evaluated the effect of the hydrazine compound aminoguanidine
(43). Aminoguanidine is successful in preventing the formation of AGEs in vitro and its administration
reverses diabetes-associated AGEs formation and collagen cross-linking in the aortic vessel wall (43).
This is accompanied by improved arterial distensibility and reduced vascular stiffness (44).
Moreover, aminoguanidine treatment prevents NO quenching by AGEs and thereby ameliorates
impaired aortic relaxation in diabetic rats (34). Later, it was found that aminoguanidine mediates
these positive effects by trapping highly reactive carbonyl intermediates of the Maillard reaction,

hence preventing their conversion into mature AGEs compounds (45).

A second AGEs formation inhibitor is the vitamin Be derivative pyridoxamine. Pyridoxamine scavenges
ROS, prevents the degradation of Amadori products to AGEs compounds, and neutralizes reactive
carbonyl species. Indeed, pyridoxamine treatment reduces the levels of both AGEs precursors
(e.g. methylglyoxal) and mature AGEs compounds (e.g. CML and pentosidine) (46).
Moreover, pyridoxamine attenuates aortic and myocardial stiffening by inhibiting the formation of
AGEs-mediated collagen cross-links (47, 48). Recently, Deluyker et al. (2017) have demonstrated
that pyridoxamine, administered to rats via the drinking water, decreases circulating AGEs levels and
thereby limits cardiovascular dysfunction after myocardial infarction. This positive outcome was due
to a reduction of myocardial collagen content and lysyl oxidase (LOX) expression, a protein involved
in collagen cross-linking (48).

1.3.2 Addressing the actions of AGEs: damage control

Alagebrium, also known as ALT-711, has the capacity to cleave existing cross-links thanks to its
thiazolium structure. ALT-711 has been extensively tested as therapeutic for cardiovascular diseases
in both preclinical- and clinical settings (49). In diabetic rats, ALT-711 treatment reversed diabetes-
related large artery stiffness as demonstrated by increased systemic arterial compliance and collagen
solubility, which is key to effective cross-link breaking (50). Vaitkevicius et al. (2001) have shown
similar findings after examining the effect of ALT-711 on arterial and LV properties in aged
nondiabetic rhesus monkeys (51). In parallel, clinical trials investigated vascular function in
nondiabetic hypertensive patients after eight weeks of ALT-711 treatment (52, 53). Kass et al. (2001)
have shown that ALT-711 improves arterial compliance in older individuals (>50 years) with age-
dependent vascular stiffness (52). As shown by the same research group, ALT-711 also improved
endothelial function, as reflected by increased flow-mediated dilation. Furthermore, flow-mediated
dilation was negatively correlated with markers of vascular fibrosis and tissue remodeling (53).



Although ALT-711 yields favorable results on restoring vascular function in cardiovascular disease

patients, evidence of its potential benefit to patient prognosis (e.g. survival rate) is lacking.

Another promising method to address the deleterious effects of AGEs is blocking their interaction
with RAGE. As already mentioned, sRAGE acts as a decoy receptor for AGEs, thereby preventing
RAGE activation and, accordingly, blocking intracellular signaling (21). The protective role of SRAGE
has been tested widely in animal models of atherosclerosis (54, 55). For example, Park et al. (1998)
have demonstrated a suppression of atherosclerosis development when diabetic mice developing
spontaneous atherosclerosis were treated with exogenous sRAGE (54). Moreover, sRAGE stabilized
the progression of the disease as shown by a reduction in the number and area of atherosclerotic
lesions (55), illustrating preventive as well as therapeutic activity of sRAGE. In addition,
administering sRAGE reverses the hypertension-related increase in aortic AGEs and collagen content,
aortic hypertrophy, and impairment of aortic relaxation (56). At the molecular level, sSRAGE treatment
reduces NF-kB signaling, inflammation, tissue remodeling and oxidative stress in rat aortae (55, 56).
In line with this observation, sRAGE reverses diabetes-induced vascular hyperpermeability in a dose-
dependent manner (57). Despite these optimistic results in a preclinical setting, human trials on
SRAGE intervention are necessary to translate this approach to clinical practice. Interestingly,
endogenous sRAGE has recently been found as a predictor of endothelial dysfunction and a marker

for cardiovascular disease and mortality risk (58).

1.3.3 Lifestyle modification: AGEs as modifiable risk factors

Non-pharmacologic options like dietary AGEs restriction, smoking cessation and exercise
intervention, together known as a healthy lifestyle, are also efficient to reduce circulating AGEs levels
(8, 10). Recently, Kellow et al. (2013) have published a systematic review with promising findings
of the effect of dietary AGEs restriction on circulating biomarkers of vascular function in healthy
subjects and diabetic patients (59). For example, in diabetic patients consuming a low-AGEs diet for
six weeks, the concentration of circulating AGEs (i.e. CML and methylglyoxal) and vascular disease
markers (e.g. TNF-a) were significantly decreased, whereas all parameters were increased after
consuming a high-AGEs diet (26). Acutely restricting AGEs intake yielded the same results,
accompanied by reduced oxidative stress and arterial stiffness, in a similar diabetic population (60).
Adjusting the diet not only implies restricting the intake of AGEs-rich food but also means changing

the way food is processed (7) and quit smoking (10).

The effect of dietary AGEs restriction can be enhanced when combined with moderate aerobic
exercise, which prevents the internal formation of AGEs (61). In addition, some studies have
investigated the effect of exercise interventions alone, including walking (62), Tai Chi (63) and
endurance training (64). Semba et al. (2010) have demonstrated that higher walking speed is
associated with lower CML concentrations and reduced risk of AGEs-related disease states like
diabetes or hypertension (62). Secondly, a Tai Chi program of at least two hours a week for 12
months reduced systolic blood pressure relative to baseline and decreased oxidative stress when
compared to the sedentary group, which can be attributed to a reduction in serum AGEs levels (63).
Lastly, Maessen et al. (2017) have shown that endurance athletes have lower concentrations of the
carbonyl species methylglyoxal and 3-deoxyglucosone. This was correlated with improved VO, peak,
a prognostic marker of cardiorespiratory fitness (64). Despite conclusive evidence on the benefit of



exercise to target AGEs accumulation and its consequences in humans, the most elucidating study
has been performed in a preclinical setting (65). In fact, Delbin et al. (2012) have examined the
effect of exercise training on AGEs levels and vascular function in diabetic rats. The induction of
diabetes led to increased CML levels and ROS production, decreased eNOS expression and NO
production, and impaired arterial vasodilation. Interestingly, the exercise intervention program

completely reversed these detrimental changes (65).

1.4 Aim of the study

Our research group has recently demonstrated that increased levels of circulating HMW-AGEs impair
cardiac function (i.e. myocardial hypertrophy and fibrosis) in healthy rats, independent of RAGE
activation (15). Preliminary data indicate that this adverse cardiac phenotype is related to altered
functional properties of cardiomyocytes (manuscript in preparation). However, the exact mechanism
by which HMW-AGEs mediate these adverse cellular changes and the effect of HMW-AGEs on vascular
function remain unclear. Therefore, in this project, we aim to 1) examine the impact of HMW-AGEs
on vascular function and 2) investigate whether previously observed cardiac dysfunction by HMW-
AGEs is due to ultrastructural abnormalities in cardiomyocytes. To address these goals, rats were
injected daily with either HMW-AGEs or control solution for six weeks. We hypothesize that chronic
exposure to HMW-AGEs disturbs the aortic vasomotor balance by increasing superoxide formation

and that HMW-AGEs alter ultrastructural cardiomyocyte organization.



2 Materials and methods

All animal experiments were performed according to the EU Directive 2010/63/EU for animal testing
and were approved by the local Ethical Committee on Animal Experiments (ECAE, UHasselt,
Diepenbeek, Belgium, ID 201858). Rats were group housed in standard cages with cage enrichment
at the conventional animal facility of UHasselt. Rats were maintained under controlled conditions
regarding temperature (22°C) and humidity (22-24%). Water and food (2018 Teklad global rodent
diet, Harlan, Belgium) were provided ad libitum and rats were handled daily to reduce stress.

2.1 Preparation of HMW-AGEs

HMW-AGEs were prepared according to the method described by Deluyker et al. (15). Briefly, bovine
serum albumin (BSA, 7 mg/ml) was incubated with glycolaldehyde dimers (90 mM; Sigma-Aldrich,
Diegem, Belgium) in sterile phosphate-buffered saline (PBS, pH 7.4) for five days at 37°C.
Dialysis cassettes were used to remove unreacted glycolaldehyde against PBS (3.5 kDa cut-off)
(Slide-A-Lyzer® G2 Dialysis Cassette, Thermo Fisher, Erembodegem, Belgium). The solution was
concentrated using Amicon® Ultra Centrifugal Filter Units (Merck, Overijse, Belgium) to obtain
glycated BSA of high molecular weight (BSA-derived HMW-AGEs; 50 kDa cut-off) and filtered to
remove pathogens (0.2 pm sterile filter, Sarstedt, Essen, Belgium). In parallel, BSA was dissolved in
PBS (7 mg/ml) and subjected to the same dialysis-, concentration-, and filtration procedures to serve
as a control solution (i.e. unmodified BSA). Protein concentrations of BSA-derived HMW-AGEs and
unmodified BSA were verified using the Pierce™ BCA Protein Assay kit (Thermo Fisher,

Erembodegem, Belgium). Both solutions were aliquoted and stored at -80°C.

2.2 Induction of the animal model

Healthy male Sprague Dawley rats (Charles River Laboratories, L'Arbresle, France) matched by age
(5-6 weeks) and weight (125-150 g) were randomly assigned to daily intraperitoneal (IP) injection
with 20 mg/kg/day BSA-derived AGEs (HMW-AGEs, N=12) or an equal volume of 5.5 mg/kg/day
unmodified BSA (Control, N=12) for six weeks. Blood sampling was performed at the end of week 6.
Just before sacrifice, invasive hemodynamic measurements were conducted to assess LV pressures.
After hemodynamic measurements, rats were injected with heparin (1000 u/kg IP) and sacrificed
with an overdose of Dolethal (150 mg/kg IP). Rat hearts and aortae were excised for histological

examination of LV tissue and evaluation of vascular function, respectively.

2.3 Quantification of plasma AGEs levels

Blood was taken via the rat tail artery and collected in plasma tubes (Multivette® 600 Z, Sarstedt,
NiUmbrecht, Germany) under 3% isoflurane anesthesia. Blood samples were centrifuged at 2000 rpm
for 10 min at 4°C (Micro Star 17R, VWR, Leuven, Belgium). Plasma was collected and stored at
- 20°C. Plasma AGEs levels were quantified using the OxiSelect™ AGE Competitive ELISA kit (Cell
Biolabs, Inc., Huissen, Netherlands), according to the manufacturer’s guidelines. Briefly, plasma
samples and AGE-BSA standards were added to an AGE conjugate-coated 96-well plate. Then, each
well was incubated consecutively with anti-AGE antibody (1/1000) and horseradish peroxidase
(HRP)-conjugated secondary antibody (1/1000). To determine unknown AGEs concentrations,
absorbance was measured on a microplate reader using 450 nm as the primary wavelength and was
compared with the AGE-BSA standard curve.



2.4 Hemodynamic measurements

Invasive LV hemodynamic measurements were performed in rats of both groups anesthetized with
3% isoflurane supplemented with oxygen. A pre-calibrated SPR-320 rat pressure catheter (AD
instruments, Spechbach, Germany) connected to a data acquisition system (PowerLab 4/25T, AD
Instruments, Spechbach, Germany) was inserted into the right carotid artery. Functional cardiac
parameters including maximum pressure, mean pressure and peak time derivatives characterizing
the rate of systolic contraction (Max dP/dt) and diastolic relaxation (Min dP/dt) were measured. End-
diastolic pressure (EDP), the time constant of LV pressure decay during isovolumetric relaxation
(Tau) and heart rate (HR) were calculated with LabChart 8 software (AD instruments, Spechbach,

Germany). Catheter measurements were continued for at least 10 min to ensure stable recordings.

2.5 Evaluation of vasorelaxation using the isolated aorta technique

After sacrifice, the descending thoracic aorta was immediately isolated and placed in ice-cold Krebs
solution (in mM: 118.3 NaCl, 4.7 KCl, 2.5 CaCl;, 1.2 MgS04, 1.2 KH,PO4, 25 NaHCO3, 0.026 EDTA,
5.5 glucose - pH 7.45). The aorta was cleaned of perivascular fat and connective tissue and cut into
3 mm rings, taking care not to damage the endothelium with overstretching. Aortic rings were
horizontally mounted between two steel hooks, one of which was fixed and the other connected with
a force transducer to record isometric tension. The hooks were placed in individual organ baths
containing 40 ml Krebs solution. The bathing solution was maintained at 37°C while being
continuously oxygenated throughout the experiment. Passive tension of 8 g was applied to induce
optimal stretching of the aortic rings, as determined in preliminary experiments. The rings were
allowed to equilibrate for 1 h. During this period, the tissue was washed every 20 min with Krebs
solution. Before starting the vasorelaxation experiments, all rings were precontracted with 107 M
phenylephrine (PE, Sigma-Aldrich, Diegem, Belgium) followed by the addition of 10-¢ M acetylcholine
(ACh, Sigma-Aldrich, Diegem, Belgium) to check vessel viability and endothelial integrity. Aortic rings
that failed to contract in response to PE or failed to relax in response to ACh were excluded for further
experiments. After testing vessel viability and integrity, the rings were washed three times with
Krebs solution at 10-min intervals and were ready for studying relaxation responsiveness.
Briefly, aortic rings with intact endothelium were precontracted by adding PE (10-7 M) to the organ
bath, and the contraction was allowed to reach a stable plateau phase. The relaxation responses to
cumulative doses of ACh (final bath concentrations: 10-1°-10> M) or sodium nitroprusside
(SNP, final bath concentrations: 101° to 10® M, Sigma-Aldrich, Diegem, Belgium) were tested to
assess endothelium-dependent and endothelium-independent relaxation of aortic rings, respectively.
In addition, ACh-induced relaxation was evaluated in the presence of either 104 M N(w)-nitro-L-
arginine methyl ester (L-NAME, Sigma-Aldrich, Diegem, Belgium), to assess eNOS activity, or 10> M
indomethacin (INDO, Sigma-Aldrich, Diegem, Belgium) dissolved in dimethyl sulfoxide (DMSO), to
investigate the role of cyclooxygenase (COX) in ACh-induced relaxation. Both inhibitors were added
30 min before precontraction with PE (10-7 M), followed by investigating the vasorelaxation response
to cumulative doses of ACh (final bath concentrations: 10719 to 10-> M). To determine the contribution
of superoxide radicals, a similar dose-response curve to ACh after PE-induced precontraction was
performed in the presence of superoxide dismutase (SOD, 150 kU, Sigma-Aldrich, Diegem, Belgium),
which was added 30 min before the addition of PE (10°7 M). All sets of experiments were conducted

in series so that each aortic ring was subjected to all conditions, separated by a 30-min washout.
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Tensions were measured by an isometric force transducer (MLT 050/A, AD Instruments, Spechbach,
Germany) connected to a data acquisition system (PowerLab 4/25T, AD Instruments, Germany).
Dose-response curves were recorded for 4 min after each addition of ACh or SNP and were analyzed
with LabChart software (v 8.1.13, AD instruments, Spechbach, Germany). Vasorelaxation responses
to ACh and SNP were expressed as the percentage of relaxation relative to PE-induced contraction.

2.6 Assessment of cardiomyocyte organization by histology and electron microscopy

LV tissue was processed for both light microscopic (LM) and electron microscopic (EM) examination
of cardiomyocyte organization. The tissues of control and HMW-AGEs animals were fixed overnight
with 2% glutaraldehyde in 0.05 M cacodylate buffer at 4°C, post-fixed in 2% osmium tetroxide and
stained with 2% uranyl acetate in 10% acetone. Samples were dehydrated in a graded series of
acetone and embedded in Araldite according to the pop-off method. Semi-thin sections were stained
with toluidine blue and adequately prepared LV tissue was randomly selected for LM examination.
Subsequently, ultra-thin sections were cut and mounted on formvar-coated grids, counterstained
with uranyl acetate and lead citrate, and were imaged in a Philips EM 208 transmission electron
microscope (Philips, Eindhoven, Netherlands). Random EM pictures of cardiomyocytes with a visible
nucleus were taken at 1800x magnification. In LM pictures, mitochondrial area (dark blue color) was
measured using the threshold tool in Image] and expressed as a percentage of total cell area (66).
In EM pictures, morphometric analysis of intracellular cardiomyocyte organization was performed.
Mitochondrial density was calculated as the ratio of the number of mitochondria to the total cell area.
Mitochondrial, myofilament, nuclear and cytoplasmic fractions were measured by grid-point analysis
in Imagel, counting every point (distance = 2 ym) at the intersection of horizontal and vertical lines
(66). Data are presented as the percentage of total grid points. All samples were coded and the

observer was blinded for group allocation during image analysis.

2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad software, version 5.01, San
Diego, CA, USA). All data are expressed as the mean * standard error of the mean (SEM).
Normal distribution of data was verified by the D'Agostino-Pearson normality test. All data sets
passed normality and were compared with the unpaired t-test. To analyze aortic vasorelaxation in
the HMW-AGEs group and control group, dose-response curves were fitted by nonlinear regression
and compared using two-way ANOVA with correction for multiple comparisons. From these curves,
the maximal response (Emax) to ACh or SNP and dose required to obtain half-maximal response (ECsp)
were calculated. The unpaired t-test was applied to compare the Emax and ECsp values of both groups.
The sample size is represented as ‘n’, indicating the number of aortic rings or cardiomyocytes, or ‘N’,

indicating the number of animals. A value of P<0.05 was considered significant.
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3 Results

3.1 HMW-AGEs injections increase circulating AGEs levels and intracardiac pressure
Blood samples were taken six weeks after the first injection with BSA-derived HMW-AGEs (HMW-
AGEs group) or unmodified BSA (control group). Plasma AGEs content was measured to validate the
animal model. The HMW-AGEs group showed a significant increase in total circulating AGEs levels
when compared to the control group (111 = 3 pg/ml vs. 84 £ 5 pg/ml respectively, P<0.001;
Figure 3).
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Figure 3: Total circulating AGEs levels. AGEs concentration (ug/ml) was measured in plasma samples from
control (N=10) and HMW-AGEs (N=12) animals by ELISA after six weeks of daily injections. Data are presented
as mean = SEM. ***P<0.001. AGEs = advanced glycation end products.

To examine cardiac function, in vivo LV hemodynamic measurements were performed just before
sacrifice. As shown in Table 1, maximum and mean LV pressures were significantly increased in
HMW-AGEs animals compared to control animals (P<0.05). Other parameters including HR, EDP,

Max dP/dt, Min dP/dt and time constant Tau were similar among both groups.

Table 1: LV hemodynamic parameters after six weeks of injections.

Hemodynamic parameters Week 6

Control HMW-AGEs
HR (bpm) 335+ 7 355 + 10
Max pressure (mmHg) 91 £ 3 100 £ 4*
Mean pressure (mmHg) 36 £ 2 41 £ 2%
EDP (mmHg) 4.8+ 1.6 6.3+1.2
Max dP/dt (mmHg/s) 6063 +268 6187 £ 377
Min dP/dt (mmHg/s) -6961 + 538 -6737 + 459
Tau (s) 0.011 + 0.001 0.014 + 0.003

LV measurements were performed using a pressure catheter inserted in the right carotid artery of control (N=10)
and HMW-AGEs (N=10) animals. Data are presented as mean * SEM. *P<0.05. LV = left ventricular, HR = heart
rate, EDP = end-diastolic pressure, Max dP/dt = maximum rate of pressure rise, Min dP/dt = minimum rate of
pressure decline, Tau = time constant of LV pressure decay during isovolumetric relaxation.
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3.2 HMW-AGEs enhance contraction and impair endothelium-dependent relaxation

After precontraction with PE, relaxation responses to cumulative doses of ACh and SNP were assessed
in aortic rings of both groups to investigate endothelium-dependent and endothelium-independent
relaxation, respectively. The contractile response to a single dose of PE, represented by tension
development, was significantly higher in the HMW-AGEs group compared to the control group
(2.059 £ 0.083 g vs. 1.354 £ 0.075 g respectively, P<0.0001), as shown in Figure 4.

2.5+ *kkok

2.0+

1.5

1.0

Tension (g)

0.5+

0.0

Control HMW-AGEs

Figure 4: Contractile response to a single dose of PE. Rat aortic rings of control (nrings=54) and HMW-AGEs
(Nrings=60) animals were precontracted with 10”7 M PE. The contractile response is expressed as the magnitude
of tension development in grams. Aortic rings were obtained from 9 control and 11 HMW-AGEs animals. Data are
presented as mean + SEM. ****P<0.0001. PE = phenylephrine.

ACh and SNP caused dose-dependent relaxation in aortic rings of both groups (Figure 5). In HMW-
AGEs rings, ACh-induced relaxation was impaired, demonstrating a significant rightward shift of the
dose-response curve at low doses compared to control rings (10° M P<0.01, 108 M P<0.0001 and
107 M P<0.05; Figure 5A).
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Figure 5: Endothelium-dependent and endothelium-independent relaxation. A. Relaxation response to
cumulative doses of ACh (final bath concentrations: 1071°-10-> M) in rat aortic rings from 10 control (Nrings=26)
and 9 HMW-AGEs (nings=32) animals. B. Relaxation response to cumulative doses of SNP
(final bath concentrations: 107°-10° M) in rat aortic rings of 11 control (Nrings=28) and 8 HMW-AGES (Nrings=28)
animals. The response is expressed as a percentage of PE-induced precontraction (107 M). Data points are
presented as mean = SEM. *P<0.05, **P<0.01, ****P<(0.0001. ACh = acetylcholine, SNP = sodium
nitroprusside. PE = phenylephrine.
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As summarized in Table 2, the HMW-AGEs group demonstrated a significant decline of Emax to ACh
compared with control (83.94 £ 2.80% vs. 91.65 £ 2.08% respectively, P<0.05). Moreover, the
ECso value tended to be higher in HMW-AGEs animals (-7.071 £ 0.089 M vs. -7.330 £ 0.139 M in
control group, P=0.0529). In contrast, no change of aorta responsiveness to SNP was observed
(Figure 5B). In addition, there was no statistical difference in Emax and ECso values for SNP between
both groups (Table 2).

Table 2: Emax and ECso values of ACh- and SNP-induced relaxation.

Groups Emax (%) LogEC50 (M)
ACh
Control 91.65 % 2.08 -7.330 £ 0.139
HMW-AGEs 83.94 £ 2.80 * -7.071 £ 0.089
Control + SOD 94.29 + 1.19 -7.532 £ 0.147
HMW-AGEs + SOD 92.31 £ 2.95 # -7.415 £ 0.116 #
SNP
Control 97.00 £ 0.95 -8.072 £ 0.112
HMW-AGEs 95.15 £ 1.04 -7.970 £ 0.107

Values of maximal relaxation (Emax) and the dose required to obtain half-maximal response (ECso) were derived
from dose-response curves generated by nonlinear regression analysis. Emax Was calculated as a percentage of
PE-induced contraction. ECso is expressed as the logarithm (LogECso) of molar concentration (M). Sample size
ACh condition: nrings control=26, nrings HMW-AGEs=32, nrings control+SOD=13, nrings HMW-AGEs+S0OD=22;
sample size SNP condition: nrings control=28, nrings HMW-AGEs=28. Data are presented as mean * SEM.
*P<0.05 vs. control, #P<0.05vs. HMW-AGEs. ACh = acetylcholine, SNP = sodium nitroprusside,
PE = phenylephrine, SOD = superoxide dismutase.
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3.3 SOD pretreatment reverses HMW-AGEs-induced impairment of relaxation

To examine the underlying mechanism of HMW-AGEs-induced impairment of relaxation, aortic rings
of HMW-AGEs and control animals were preincubated with the eNOS inhibitor L-NAME, the enzymatic
antioxidant SOD or the COX inhibitor INDO. Subsequently, dose-response curves to ACh were
obtained. As expected, L-NAME substantially blocked relaxation in both groups (control: 10° M,
P<0.05; 108-10> M, P<0.0001 and HMW-AGEs: 107-10> M, P<0.0001). However, there was no
statistical difference between the aortic rings of HMW-AGEs and control animals (Figure 6A and B).
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Figure 6: Effect of L-NAME on ACh-induced relaxation. Rat aortic rings from control (A) and HMW-AGEs
(B) animals were preincubated with 10* M L-NAME for 30 min (Nrings control=15 and Nrings HMW-AGEs=5) or left
untreated (nrings control=26 and nrings HMW-AGEs=32). The relaxation response to cumulative doses of ACh is
expressed as a percentage of PE-induced contraction. Aortic rings preincubated with L-NAME were obtained from
9 control and 4 HMW-AGEs animals. Data points are presented as mean + SEM. *P<0.05, ****P<(0.0001.
ACh = acetylcholine, PE = phenylephrine, L-NAME = N(w)-nitro-L-arginine methyl! ester.

While preincubation with SOD had no effect on ACh-induced relaxation of aortic rings from control
animals (Figure 7A), it restored relaxation in aortic rings from HMW-AGEs animals. More specifically,
a leftward shift of the dose-response curve can be observed at 108 M (P<0.05) and 107 M ACh
(P<0.001) (Figure 7B). In line with this finding, SOD pretreatment significantly reduced the ECsg
value of aortic rings from the HMW-AGEs group, as shown in Table 2 (-7.415 £ 0.116 Mvs. -7.071 £
0.089 M in the presence and absence of SOD respectively, P<0.05). In addition, Emax was significantly
increased in the presence of SOD (92.31 * 2.95% with SOD vs. 83.94 + 2.80% without SOD,
P<0.05).
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Figure 7: Effect of SOD on ACh-induced relaxation. Rat aortic rings from control (A) and HMW-AGEs (B)
animals were preincubated with 150 kU SOD for 30 min (nrings control=13 and nrings HMW-AGEs=22) or left
untreated (nrings control=26 and nrings HMW-AGEs=32). The relaxation response to cumulative doses of ACh is
expressed as a percentage of PE-induced contraction. Aortic rings preincubated with SOD were obtained from
5 control and 6 HMW-AGEs animals. Data points are presented as mean £ SEM. *P<0.05, ***P<0.001.
PE = phenylephrine, ACh = acetylcholine. SOD = superoxide dismutase.

After preincubation with INDO, significant inhibition of relaxation in response to high doses of ACh
was observed in aortic rings from the control group (10-7-10-> M, P<0.0001), as shown in Figure 8A.
In contrast, there was no difference in the HMW-AGEs group at these doses (Figure 8B). In response
to low doses of ACh, INDO-pretreated aortic rings of HMW-AGEs animals showed a significant
increase in relaxation (1071 M, P<0.05; 10° and 108 M, P<0.0001).

A Control B HMW-AGEs
0 0-
~—~ 20_ ~—~ 20_
D ; X ]
c 40+ c 404
9 *kkk 9
© | =] I
X 604 X 60+
Qo ©
() T 0] i
80+ £ god
|l I (-)INDO | T+ (-)INDO
1004 " (+)INDO 100d (+) INDO
[ T I T I T I T 1 [ T I T I T I T 1
-12 -10 -8 -6 -4 -12 -10 -8 -6 -4
log [ACh] (M) log [ACh] (M)

Figure 8: Effect of INDO on ACh-induced relaxation. Rat aortic rings from control (A) and HMW-AGEs (B)
animals were preincubated with 10> M INDO for 30 min (Nrings control=12 and nNrngs HMW-AGEs=13) or left
untreated (nrings control=26 and nrings HMW-AGEs=32). The relaxation response to cumulative doses of ACh is
expressed as a percentage of PE-induced contraction. Aortic rings preincubated with INDO were obtained from
5 control and 8 HMW-AGEs animals. Data points are presented as mean * SEM. *P<0.05, ****P<(0.0001.
ACh = acetylcholine, PE = phenylephrine, INDO = indomethacin.
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3.4 HMW-AGEs increase cytoplasmic fraction and reduce mitochondrial number
Morphometric analyses with LM and EM were performed on LV tissue from HMW-AGEs and control
animals to evaluate the ultrastructural organization of cardiomyocytes. LM examination of toluidine
blue-stained sections revealed that mitochondrial area was significantly reduced in cardiomyocytes
from HMW-AGEs animals compared to control animals (21 £ 0.3% vs. 24 * 0.5% respectively,
P<0.0001; Figure 9A and B).
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Figure 9: LM examination of mitochondrial area. A. Toluidine blue staining of LV cardiomyocytes from control
(left panel) and HMW-AGEs (right panel) animals showing mitochondria (dark blue) and myofilaments/cytoplasm
(light blue). B. Quantification of mitochondrial area in control (Nceis=90) and HMW-AGEs (Nceis=165)
cardiomyocytes was performed via thresholding in Imagel. Mitochondrial area is expressed as a percentage of
total cell area. Cells were obtained from 6 control and 6 HMW-AGEs animals. Data are presented as mean + SEM.
****p<(0.0001. Scale bars: 20 pm.

EM analysis of LV cardiomyocytes confirmed these findings, with Figure 10B demonstrating a
significant decrease of mitochondrial fraction in the HMW-AGEs group compared to control
(33 £ 0.9% vs. 36 £ 1.2% respectively, P<0.05). Representative EM pictures of cardiomyocytes
from control and HMW-AGEs animals are illustrated in Figure 10A. Cardiomyocytes from control
animals showed numerous mitochondria interspersed between regularly organized myofilaments.
The integrity of this network was altered in cardiomyocytes from HMW-AGEs animals, presenting
greater space between myofilaments. Moreover, a perinuclear halo could be observed, which was
rarely seen in the control group. This appearance was associated with a significant increase of
cytoplasmic fraction in cardiomyocytes of HMW-AGEs animals, defined as the area without
mitochondria or myofilaments (15 = 1.3% vs. 11 £ 0.6% in control, P<0.01; Figure 10C).
Quantification of myofilament fraction revealed that there was no statistically significant difference
between HMW-AGEs and control cardiomyocytes (Figure 10D). In addition, the nuclear fraction was
similar in both groups (Figure 10E). Mitochondrial density, calculated as the ratio of the number of
mitochondria to the total cell area, was measured to examine whether the reduction of the
mitochondrial area was due to a reduction in mitochondrial number. Figure 10F shows that
mitochondrial density was significantly decreased in cardiomyocytes from HMW-AGEs animals
compared to control (0.40 £ 0.1 a.u. vs. 0.46 £ 0.1 a.u. respectively, P<0.05).
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Figure 10: Morphometric analysis of cardiomyocyte organization by EM. A. Representative electron
micrographs of LV cardiomyocytes from control and HMW-AGEs animals. Cardiomyocytes of control animals
(left panel) showed typical intracellular organization of myofilaments (light grey), mitochondria (dark grey) and
cytoplasm (white). Cardiomyocytes from HMW-AGEs animals (right panel) displayed greater cytoplasmic space
between mitochondria and myofilaments (arrows), and a perinuclear halo (*). B-E. Quantification of
mitochondrial (B), cytoplasmic (C), myofilament (D) and nuclear (E) fractions in cardiomyocytes from
control (Nceis=23) and HMW-AGEs (nceis=30) animals using grid-point analysis in Imagel. Intracellular fractions
are expressed as a percentage of total grid points. F. Mitochondrial density calculated as the ratio of mitochondrial
number to total cell area. Cells were obtained from 6 control and 6 HMW-AGEs animals. Data are presented as
mean + SEM. *P<0.05, **P<0.01. Magnification: 1800x. Scale bars: 5 pm.
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4 Discussion

Distinguishing AGEs compounds according to molecular weight is essential to understand their
distinct role in cardiovascular dysfunction. In this study, we show that HMW-AGEs significantly
increase intracardiac pressure and impair NO-mediated endothelium-dependent relaxation in rat
aortic rings through superoxide formation. Furthermore, we indicate that ultrastructural changes and

reduced mitochondrial number in cardiomyocytes underlie HMW-AGEs-induced cellular remodeling.

4.1 Increased circulating HMW-AGEs levels lead to intracardiac pressure overload

This project is based on an animal model that mimics chronic HMW-AGEs exposure in vivo, as
described in our recently published study (15). For a period of six weeks, we daily injected HMW-
AGEs to healthy male Sprague-Dawley rats and compared this group with control rats receiving
unmodified BSA. As expected, circulating AGEs levels were significantly increased in HMW-AGEs
animals, which validates the animal model and ensures the reliability of all experiments performed
in this study. We have demonstrated a similar increase in AGEs levels before (15), indicating that
the induction of this animal model is part of routine practice in our lab. Exogenous administration of
AGEs has been performed in many other studies, although these did not focus on HMW-AGEs.
Vlassara et al. (1992) were the first to report that AGEs injections to healthy rats can be used as a
model for studying the pathogenicity of AGEs (26). Other models for AGEs research include those
administering AGEs via the drinking water (67) or via AGEs-enriched diets (68). However, oral AGEs
administration is associated with lower absorption and thus decreased plasma AGEs levels when

compared to AGEs injection (67).

Our research group has recently evaluated the impact of HMW-AGEs on cardiac structure and function
by conventional echocardiography. Elevated circulating HMW-AGEs levels result in increased LV wall
thickness and diameters, which are typical signs of wall hypertrophy and diastolic dysfunction (15).
In this study, we performed LV hemodynamic measurements to complement these echocardiographic
data. HMW-AGEs animals showed significantly increased maximum and mean LV pressures.
This pressure overload forces the heart to eject blood against a high LV afterload so that the cardiac
muscle becomes hypertrophic, which is in accordance with the previously observed increase in wall
thickness (15). In addition, Candido et al. (2003) have reported that diabetic rats with increased
AGEs content demonstrate higher systolic blood pressure compared to healthy controls (69), which
confirms the link between increased HMW-AGEs levels and pressure overload as observed in this

study.
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4.2 HMW-AGEs disturb the vasomotor balance in isolated rat aortae

The main function of the vascular endothelium is regulating the vasomotor tone through the balanced
secretion of relaxing and contracting factors that influence vascular smooth muscle cells (70).
In physiological conditions, the process of endothelium-dependent vascular relaxation is mainly
mediated by NO. The classic pathway of NO release starts with the interaction between ACh and its
G-protein coupled muscarinic M3 receptor on endothelial cells. This interaction leads to the activation
of phospholipase C, which facilitates the conversion of phosphatidylinositol 4,5-bisphosphate (PIP;)
into inositol trisphosphate (IP3) and diacylglycerol (DAG), and promotes calcium influx in endothelial
cells. The resultant increase of intracellular calcium stimulates eNOS to synthesize NO from the amino
acid L-arginine (71). NO compounds diffuse into vascular smooth muscle cells, where they stimulate
cyclic guanosine monophosphate (cGMP) production by guanylate cyclase. The subsequent reduction
of intracellular calcium forces vascular smooth muscles to relax (72). Although the impact of LMW-

AGEs on vasorelaxation has been well documented (73), the role of HMW-AGEs remains unclear.

In this study, we show that HMW-AGEs significantly reduce Emax and adversely shift the typical dose-
response curve of ACh. In addition, the ECso value, a measure for agonist potency, tend to be
increased in aortic rings from HMW-AGEs animals compared to control animals. This indicates that
the aortic sensitivity for ACh is likely to be attenuated by HMW-AGEs, although statistical significance
was not reached. To confirm the involvement of the endothelium, relaxation in response to SNP was
examined. SNP is a NO donor which mediates relaxation of vascular smooth muscle cells without the
contribution of endothelial cells. Our results demonstrate that SNP-induced relaxation is similar for
both groups, indicating that HMW-AGEs affect endothelial function but do not cause a generalized
reduction of vascular smooth muscle responsiveness. The observed data are in line with animal
studies examining the effect of LMW-AGEs on the relaxation capacity of isolated rat aortic rings.
Chen et al. (2008) have demonstrated that chronic injections with LMW-AGEs inhibit endothelium-
dependent but not endothelium-independent, as shown by reduced Emax and increased ECsp values
in response to ACh and not SNP (74). Similarly, acute exposure of aortic rings to LMW-AGEs for 24 h
decreased ACh-induced vasorelaxation in a dose-dependent manner, whereas the response to SNP
remained unchanged (75). LMW-AGEs not only impair vasorelaxation but also strengthen vascular
contraction in response to PE, as reported by Eid et al. (2018) (76). Furthermore, they increase the
expression of the potent vasoconstrictor ET-1 in aortic endothelial cells (39). Consistent with this
observation, we describe a 35% increase of maximal tension development in aortic rings from HMW -
AGEs animals compared to control animals. However, we must emphasize that contraction was
measured in response to a single dose of PE (i.e. 107 M). Hence, assessing relaxation in response to
cumulative doses of PE is necessary to strengthen this finding and draw conclusions on how HMW -
AGEs exaggerate vascular contraction; through changes in al adrenergic signaling or not.
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4.3 Superoxide formation is the underlying mechanism of impaired relaxation

Since NO is essential for the functionality of the endothelium, it is reasonable to think that HMW-
AGEs disturb the vasomotor balance by reducing NO bioavailability (34). Different mechanisms of
how AGEs reduce NO bioavailability have been suggested, such as lower NO production due to
decreased eNOS activity or NO inactivation secondary to the formation of superoxide radicals (24).
To investigate the mechanism by which HMW-AGEs mediate endothelial dysfunction, relaxation
responses were measured in the presence of the eNOS inhibitor L-NAME and antioxidant enzyme
SOD. Interestingly, SOD pretreatment fully restored endothelium-dependent relaxation in aortic
rings from HMW-AGEs animals, while this was not observed for control animals. In addition, we show
that the degree of inhibition of relaxation by L-NAME was not different between both groups. These
data confirm our hypothesis that HMW-AGEs does impair aortic vasorelaxation by increasing
superoxide formation, rather than by reducing eNOS activity. This suggests that HMW-AGEs

inactivate or degrade adequately-produced NO compounds.

Our finding is of particular interest since experiments performed in diabetic rats have demonstrated
that the aortic endothelium is extremely vulnerable for oxidative damage (77). Moreover, it has been
described that AGEs double the production of oxygen-derived free radicals in rat aortic tissue (67)
as well as in human endothelial cells (78). Superoxide radicals react with vascular NO, leading to the
formation of peroxynitrite and quenching of bioactive NO molecules (37, 79). Indeed, Su et al. (2013)
have demonstrated that acute exposure to AGEs decreases the aortic NO content due to increased
superoxide formation (75). As already mentioned, AGEs can promote ROS production through their
interaction with endothelial RAGE. It is assumed that subsequent activation of signaling cascades
inside the endothelium leads to superoxide formation by NADPH oxidases and eventually impaired
vasodilation (35, 80). However, our research group has recently demonstrated that RAGE does not
necessarily mediate the deleterious effects of HMW-AGEs. Whether HMW-AGEs impair vascular

function through endothelial RAGE activation remains to be determined in future experiments.

Besides NO, PGI, is another relaxing factor secreted by endothelial cells. PGI, compounds are
arachidonic acid metabolites formed by COX enzymes (81). It can be hypothesized that the inhibition
of endothelium-dependent relaxation by HMW-AGEs involves decreased PGI, production.
Therefore, ACh-induced vasorelaxation was assessed in the presence of the COX inhibitor INDO.
In this study, we show that INDO significantly reduces relaxation in aortic rings from control animals.
However, this effect was smaller than the reduction induced by L-NAME, which confirms that NO is
more important than PGI, for endothelium-dependent aortic relaxation in physiological
circumstances. Remarkably, the inhibitory effect of INDO on vasorelaxation was less pronounced in
aortic rings from HMW-AGEs animals at higher doses of ACh and was even increased at lower doses.
This observation can be explained by the fact that superoxide radicals stimulate COX enzymes to
produce PGI, (82, 83). This is consistent with our data indicating a key role for superoxide radicals
in the impairment of vasorelaxation induced by HMW-AGEs. Thus, in our study, the inhibitory effect
of INDO is blunted by increased PGI, production secondary to superoxide formation in aortic rings of
HMW-AGEs animals.

23



4.4 HMW-AGEs cause adverse ultrastructural remodeling in cardiomyocytes

The cardiac muscle has a unique ultrastructure consisting of myofilaments (e.g. actin and myosin)
to mediate contraction and cytoskeletal proteins (e.g. desmin) to maintain myofilament organization
(84). Their interaction is essential for proper cardiac function because cytoskeletal changes can lead
to contractile dysfunction of cardiomyocytes (85). Cardiomyocyte contraction depends on the
efficiency of excitation-contraction coupling. During this process, calcium enters cardiac cells through
L-type calcium channels located on the cell membrane in response to an action potential. This calcium
influx triggers massive calcium release from the ryanodine receptor, located on the membrane of the
sarcoplasmic reticulum, called calcium-induced calcium release. This increase of intracellular calcium

is essential to elicit contraction of the cardiomyocyte (86).

Our research group has recently demonstrated that HMW-AGEs cause reduced and slower unloaded
cell shortening and decrease L-type calcium current density, resulting in altered excitation-
contraction coupling (manuscript in preparation). However, the exact cause of cardiomyocyte
dysfunction induced by HMW-AGEs currently remains unexplained. In this study, we show that HMW-
AGEs significantly increase the cytoplasmic space, thereby disrupting the typical cardiomyocyte
ultrastructure. On the other hand, the myofilament fraction was similar in both groups, which
suggests that cardiomyocyte dysfunction induced by HMW-AGEs is more likely to be associated with
cytoskeletal changes rather than alterations in myofilament abundance. In this context,
Diguet et al. (2011) have demonstrated that LMW-AGEs disrupt the cytoskeletal network in
cardiomyocytes of mice with dilated cardiomyopathy by modifying desmin filaments (87).
Furthermore, desmin-null mice show loss of sarcomeric integrity and develop cardiac hypertrophy
(88), as also seen in HMW-AGEs-injected animals (15). Based on these results, it is tempting to
speculate that HMW-AGEs disrupt desmin organization, but this requires further investigation.
In addition, cytoskeletal changes have been shown to modulate L-type calcium channel activity,
which explains the decrease of calcium influx induced by HMW-AGEs, observed in previous

experiments performed by our research group.

Mitochondria are crucial for proper cardiomyocyte contraction through their production of adenosine
triphosphate (ATP) via oxidative phosphorylation (86). Interestingly, we show that mitochondrial
area is significantly decreased in cardiomyocytes from HMW-AGEs animals. This decrease is due to
a reduction in mitochondrial number rather than being a consequence of increased cytoplasmic area,
which indicates that HMW-AGEs stimulate mitophagy in cardiomyocytes. Mitophagy describes the
selective elimination of damaged mitochondria to maintain cellular homeostasis (89). The association
between AGEs and mitophagy has been reported before. Zha et al. (2018) have recently
demonstrated that in vitro LMW-AGEs treatment of neonatal rat cardiomyocytes increases the
expression of proteins involved in mitophagy through enhanced ROS production (90).
In addition, AGEs-induced RAGE signaling via the PI3K/AKT/mTOR pathway seems to be implicated
in the process of AGEs-induced mitophagy in cultured cardiomyocytes (91, 92). Taken together, our
results suggest that HMW-AGEs damage mitochondria, resulting in their degradation through
mitophagy. It can be hypothesized that the subsequent reduction in mitochondrial number leads to
functional changes (e.g. lower ATP production), thereby impairing cardiomyocyte contraction.

However, this hypothesis should be tested in future research.
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4.5 Limitations

There are several limitations that should be noted. Echocardiography was not performed in this study
due to practical constraints. Echocardiographic measurements would complement our hemodynamic
data to fully characterize cardiac function. However, our research group has already shown that
elevated circulating HMW-AGEs levels are associated with echocardiographic abnormalities, being

increased LV wall thickness and LV chamber volumes (15).

Second, the passive tension of 8 g to induce optimal baseline stretching of aortic rings was
determined in preliminary experiments on aortic rings from control rats, but not on aortic rings from
HMW-AGEs rats. However, each tissue has a length at which it responds best (93).
Therefore, the optimal passive tension could be different for aortic tissue from HMW-AGEs-injected
rats compared to control rats. In this study, vasorelaxation responses were expressed as the
percentage of relaxation relative to PE-induced contraction, which means that we have largely

addressed this limitation.

In addition, we did not examine the area or number of mitochondrial subpopulations (i.e. perinuclear,
intermyofibrillar and subsarcolemmal mitochondria). Analyzing these subpopulations in the future
would give a better understanding of the effect of HMW-AGEs on cardiomyocytes since mitochondrial

subpopulations differ in function (94).

A final limitation could be the clinical relevance of the HMW-AGEs solution, which was prepared by
incubating BSA with glycolaldehyde dimers at a concentration of 90 mM. This is about 90 times higher
than the concentration measured in humans (95). Finally, HMW-AGEs injections and the related
experiments are performed in rats, making the translation to the clinical situation rather difficult due

to interspecies differences.
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5 Conclusion

Over the last decades, growing evidence has been supporting the contribution of AGEs to
cardiovascular disease. Our research group has recently demonstrated that increased levels of
circulating HMW-AGEs impair cardiac function in healthy rats. Preliminary data indicate that HMW-
AGEs also alter cardiomyocyte structure and function. Therefore, the aim of this study was to
elucidate the exact mechanism by which HMW-AGEs mediate adverse cardiomyocyte changes and to
examine the impact of HMW-AGEs on vascular function.

The present study has revealed some interesting findings. We show that increased circulating HMW-
AGEs levels lead to intracardiac pressure overload. Moreover, this adverse cardiac phenotype is
related to a disturbance of the vasomotor balance in isolated rat aortae, illustrated by enhanced
contraction and impaired endothelium-dependent relaxation in HMW-AGEs animals.
Interestingly, SOD pretreatment completely reversed the impairment of endothelium-dependent
relaxation induced by HMW-AGEs, which indicates that this impairment can be attributed to
superoxide formation. Finally, we show that HMW-AGEs cause adverse ultrastructural remodeling in
cardiomyocytes, as demonstrated by an increase in cytoplasmic fraction and a reduction of the
mitochondrial number in cardiomyocytes from HMW-AGEs animals. These data strongly suggest that
ultrastructural remodeling is involved in HMW-AGEs-induced cardiomyocyte dysfunction.
Taken together, our study is the first to show that HMW-AGEs induce cardiovascular dysfunction in

a chronic non-pathological setting.

This project creates opportunities for future research in the context of HMW-AGEs and cardiovascular
dysfunction. However, the assessment of aortic fibrosis should be considered in future research. As
already mentioned, LMW-AGEs increase collagen deposition between the endothelium and vascular
smooth muscle, resulting in aortic stiffening. Aortic stiffening clinically manifests as hypertension and
LV hypertrophy. Our research group has recently demonstrated signs of LV hypertrophy in rats
injected with HMW-AGEs. Therefore, HMW-AGEs rats could also display aortic fibrosis, contributing
to vascular dysfunction. This assessment should be combined with measuring the aortic AGEs
content. Furthermore, we could elaborate more on the underlying mechanism of the HMW-AGEs-
induced vasomotor imbalance. More specifically, endothelial production of vasodilators (e.g. NO and
PGI;) and vasoconstrictors (e.g. ET-1) requires further investigation. In addition, superoxide and
peroxynitrite levels should be measured in aortic tissue to confirm the contribution of superoxide
radical formation and oxidative stress. Finally, the acute effect of HMW-AGEs on vascular function,
next to their chronic effect reported in this project, could be determined. In the long term, the results
of this study support the development of new treatment strategies to improve cardiovascular

outcome by targeting HMW-AGEs.
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