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3 Zusammenfassung

Adipositas und Typ-2-Diabetes mellitus (T2DM) sind allgemein bekannte Risikofaktoren
far kardiovaskuldre Erkrankungen welche von leichter diastolischer Dysfunktion, bis zu
Herzversagen (HF) reichen konnen. Tiermodelle flir Adipositas und T2DM werden haufig
zur Untersuchung der diastolischen Dysfunktion verwendet, aber nicht zur Untersuchung
der Entwicklung von Atherosklerose. Um auch Atherosklerose zu untersuchen, braucht es
ein Tiermodell mit einer hierfiir pradisponierenden Mutation. So ist es moglich, den
Beitrag der Atherosklerose und der vaskuldaren Dysfunktion zu untersuchen, die
Menschen mit T2DM normalerweise ebenso entwickeln. Ziel dieser Studie war es, die
Auswirkungen von Fettleibigkeit und T2DM auf die Herzfunktion und -struktur in einem
Mausmodell zu untersuchen, das auch Atherosklerose entwickelt.

In unserer Studie wurden LdIr/- M&use 16 Wochen lang mit normalem Futter (n=10) oder
mit sogenannter ,westlicher Diat” (WD; n=10) gefiittert, wobei Kérpergewicht, Nahrungs-
und Wasseraufnahme wochentlich gemessen wurden. Nach 8 und 16 Wochen Futter bzw.
oder WD-Erndhrung wurden Glukosetoleranztests durchgefiihrt. Zur Messung der
Herzfunktion und -struktur wurde eine Echokardiographie durchgefiihrt. Die GrofRe der
Kardiomyozyten wurde mit der WGA-Farbung und der Anteil der kardialen Fibrose mit der
Masson-Trichrom-Farbung bestimmt.

WD verursachte eine Zunahme des Korpergewichts im Verlauf der Studie und fiihrte zu
erhohten Serumglukosewerten nach intravendser Glukosegabe. Das HW/TL-Verhaltnis
war bei Mausen, die mit WD gefiittert wurden, signifikant niedriger, was auf eine
geringere HerzgroRe trotz erhdhten Korpergewichts hindeutet. Die Kardiomyozytengrofie
unterschied sich nicht zwischen den Gruppen. Bei der Echokardiographie war die Ejection
Fraction zwischen den Gruppen nicht unterschiedlich. Der diastolische Durchmesser und
das diastolische Volumen waren vermindert, aber bei Normalisierung auf Herzgewicht
waren diese Werte nicht mehr unterschiedlich. Im Gegensatz dazu war die Wanddicke
zwischen den Gruppen unverandert, aber bei Normalisierung auf das Herzgewicht ergab
sich eine deutlich erhohte Wanddicke, was auf eine kardiale Hypertrophie hindeutet. Die
E/A- und E/E'-Werte, die auf eine diastolische Dysfunktion hinweisen, wiesen niedrigere
Mittelwerte auf, die jedoch statistisch nicht signifikant waren. Das auf das Kérpergewicht
normalisierte Herzzeitvolumen war bei mit WD gefiitterten Mausen deutlich niedriger.
Bemerkenswert ist, dass die histologische Analyse des LV-Myokards trotz der erhdohten
Wanddicke keinen wesentlichen Unterschied im Kollagengehalt des Herzens bei Mausen,
die mit WD geflittert wurden, erkennen liels.

Wir kommen zum Schluss, dass WD bei LdIr’- Mausen charakteristische Merkmale des
metabolischen Syndroms wie Fettleibigkeit und Insulinresistenz hervorruft. In diesem
Tiermodel welche eine Schwachung der Herzfunktion durch Didt und Gewichtszunahme
bedingt, kann WD ein hypertrophes kardiales Remodeling und méglicherweise eine
diastolische Dysfunktion hervorrufen. Eine geringere HerzgroRe kann die Herzleistung von
fettleibigen LdIr/- Mausen einschrianken. Somit zeigt dieses zur Atherosklerose neigende
Modell von Adipositas und T2DM Merkmale der diabetischen Kardiomyopathie, die auch
in anderen Tiermodellen ohne Atherosklerose beobachtet wurden.
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4 Abstract

4.1 Background

Obesity and Type 2 diabetes mellitus (T2DM) increase the risk for heart failure (HF),
including diastolic dysfunction. While animal models of obesity and T2DM used for
mechanistic research display diastolic dysfunction, these models usually lack development
of atherosclerosis unless an atherosclerosis predisposing mutation has been included.
Thus, these animal models do not allow to estimate the additional contribution of
atherosclerosis and vascular dysfunction which however commonly develop in humans
with T2DM. Thus, the aim of the current study was to investigate the effects of obesity and
T2DM on cardiac function and structure in a mouse model that also develops
atherosclerosis.

4.2 Methods

LdIr’- mice were fed either normal chow (n=10) or a western diet (WD; n=10) for 16 weeks.
Body weight, food and water intake were measured on a weekly basis. Glucose tolerance
tests were performed after 8 and 16 weeks of chow or WD feeding. Echocardiography was
performed to measure cardiac function and structure. Cardiomyocyte size was evaluated
using WGA staining, and fibrosis was evaluated using Masson’s trichrome stain.

4.3 Results

WD led to a continuous increase in body weight over time and resulted in increased serum
glucose values following intravenous glucose challenge. The mean values of HW/TL ratios
were significantly lower in WD fed mice, indicating smaller heart size despite increased
body weight. There was no difference in cardiomyocyte size between groups.
Echocardiography revealed no difference in ejection fraction between groups. Diastolic
diameter and volume were decreased, however when normalizing to HW, these values
were not different anymore. Wall thickness remained unchanged between groups, but
normalization to HW resulted in significantly increased wall thickness, indicative of cardiac
hypertrophy. E/A and E/E' values indicative of diastolic dysfunction showed lower mean
values although not quite statistically significant. Cardiac output normalized to BW was
markedly lower in WD fed mice. Histological analysis of LV myocardium did not reveal any
major difference in cardiac collagen content despite increased wall thickness in WD fed
mice.

4.4 Conclusion

WD induced characteristic traits of the metabolic syndrome such as obesity and insulin
resistance in LdIr’- mice. Nevertheless, in this model, body weight-driven gain of heart
weight may be attenuated whereas WD may induce hypertrophic cardiac remodeling and
potentially diastolic dysfunction. Smaller heart size may limit cardiac output of obese
LdIr’- mice. Thus, this atherosclerosis prone model of obesity and T2DM exhibits features
of diabetic cardiomyopathy similar to those observed in other animal models that do not
have atherosclerosis.
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10 Diabetic Cardiomyopathy

10.1 Clinical perspective

Diabetic Cardiomyopathy is a rising disease worldwide with over 37.3 million adults that
are diagnosed with diabetes mellitus only in the USA. Some studies claim more than 10%
of patients diagnosed with diabetes mellitus also present with DbCM (Segar, et al., 2021)
although the prevalence varies depending on the criteria used to classify this disease. The
association of a connection between diabetes mellitus and increased heart disease, was
confirmed by numerous epidemiological studies, most recently the Framingham Heart
Study (Rutter et al.). However, what all epidemiological studies agree is that DbCM is more
than a comorbidity to heart failure - in fact, a diagnosed diabetes mellitus is a known risk
factor and a prerequisite for the diagnosis DbCM. (Dandamudi S, 2014)

This rising prevalence of DbCM may also be attributed to the development of enhanced
diagnostic algorithms. Moreover, there is an increased clinical awareness of the crucial
significance of heart failure especially with an enhanced focus on diastolic function as a
disease. All these facts considered, the diagnostic progress in DbCM allows patients with
diabetes mellitus to start treatment before symptoms of heart failure occur and modulate
the disease to an acceptable level. (Ritchie & Dale, 2020)

Finally, it needs to be mentioned that, the European Society for Cardiology does not
recognize the existence of DbCM in their guidelines in 2019. They explain this by saying that
evidence that supports its existence mostly comes from experimental work and small
observational studies. The guidelines do acknowledge, however, that the bidirectional
relationship between heart failure and diabetes mellitus must be investigated further in
studies. (Consentino, 2020) The American College of Cardiologists and the American Heart
Association just recognize diabetes mellitus as a major risk factor for heart failure but do
not mention DbCM as its own clinical entity. (Stewart, et al., 2020)

Diabetic Cardiomyopathy is a multifactorial disease that was first proposed by Lundbaek in
1954 (Lundbaek, 1954). He suggested that the myocardial dysfunction in his diabetes
mellitus (DM) patients should be seen as a new clinical entity of a specific diabetes mellitus
— related cardiomyopathy. (Seferovié¢, 2015) In 1972 this was confirmed by Rubler who
autopsied four cased with diabetic glomerulosclerosis and no known heart failure.
(Rubler, 1972) Today the typical definition of DbCM consists of the structural and functional
abnormalities of the myocardium in diabetic patients that have no coronary artery disease
nor hypertension. (Miki, 2013) In other words, the characteristics of DbCM are the joint
presence of diabetes mellitus, cardiac hypertrophy, and myocardial stiffness without
hypertension, atherosclerosis, and coronary artery disease (CAD). (Aneja, 2008)

A problem facing clinicians today is that there are no guidelines for making the diagnosis of
DbCM. The reason for that is a lack of universal consensus on an unanimous accepted
definition of what pathologies DbCM consists. If defined most basically as heart failure with
an existing diabetes mellitus it raises the question of when a is heart failing or how diabetes
mellitus is defined. It is known that the progression of DbCM often begins with left
ventricular (LV) diastolic dysfunction which mostly occurs long before clinically relevant LV
systolic dysfunction affects a patient’s daily life thus long before a heart is failing. As said,
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diastolic dysfunction has an immense role in the progression of cardiac function in DbCM.
The progression of clinical possibilities, made it possible to assess the diastolic function in
all patients in a routine clinical examination. This was not usual practice up until recently.
This shift is attributed to advanced imaging techniques e.g. echocardiography with better
ultrasound machines. The graduation of DbCM can be done according to the degree of
diastolic dysfunction assessed in echocardiography. However, up until today there is also
no conscensus on an unanimous definition of diastolic heart failure that is universly
accepted in the medical community. If DbCM stages are based on the degree of diastolic
dysfunction the graduation is impossible if one cannot agree on a definition for diastolic
dysfunction on its own. (Galderisi, 2005) The gold standard for diagnosing DbCM, however,
still is cardiac magnetic resonance imaging. (Ritchie & Dale, 2020)

Most clinicians would see the diagnosis of DbCM as a combination of symptoms of heart
failure, different clinical evaluations and tests. (Gazewood, 2017) At the moment the best
way to in fact make the diagnosis DbCM is to detect functional and structural changes and
exclude the possibility of other heart disease. (Miki, 2013)

In one of their reviews Miki et. al identify some of these diagnostic clues:
Table 2 Diagnostic Clues for DbCM

Structural changes:

LV hypertrophy assessed by two dimensional echocardiography or cardiac magnetic
resonance imaging

Increased integrated backscatter in the LV (septal and posterior wall)

Late Gadolinium-enhancement of the myocardium in cardiac magnetic resonance
imaging
Functional changes:

LV diastolic dysfunction assessed by pulsed Doppler echocardiography and tissue
Doppler imaging

LV systolic dysfunction demonstrated by tissue Doppler imaging/strain imaging

Limited systolic and/or diastolic functional reserve assessed by exercise tissue Doppler
imaging
Metabolic changes:

Reduced cardiac PCr/ATP detected by 31P-magnetic resonance spectroscopy

Elevated myocardial triglyceride content detected by 1H-magnetic resonance
spectroscopy

They state that functional changes such as a left ventricular diastolic dysfunction detected
by tissue Doppler imaging may be the earliest sign of a diabetes — induced left ventricular
dysfunction. Furthermore, they propose the assessment of interstitial fibrosis by
Gadolinium enhancement of cardiac MRI although it is not yet well established. Finally,
they suggest a novel approach to the diagnosis by characterizing metabolic myocardial
changes. This can be done by a special protocol of magnetic resonance spectroscopy by
which reduced cardiac PCr/ATP can be detected by 31P-magnetic resonance spectroscopy.
PCr/ATP ratio is an index of energy charge that seems to be reduced in the myocardium of
diabetic patients. This is debated to be a clue for the development of DbCM. (Miki, 2013)
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1H-magnetic resonance spectroscopy is a new diagnostic idea that targets the increase of
myocardial triglyceride conctent, thus basically is myocardial steatosis. This again, is said to
be associated with left ventricular dysfunction in diabetic patients. (McGavock, 2007)

Many basic research publications agree that systolic and diastolic dysfunction have been
routed with changes in cardiac morphology that are unique to this disease. Hence,
Ghanghong et al. suggest that DbCM should be based on pathophysiological not clinical
changes. They propose, there should be an early, intermittent, and late stage of DbCM. This
would confirm our clinical experience, as the difference between mild, moderate and
severe DbCM patients can be huge. Symptoms can go on a spectrum from asymptomatic
to severe. (Ghuanghong, 2015)

Summing up, what is missing however, are easy diagnostic criteria for everyday daily clinical
use. Interestingly, there are hardly any discussed in guidelines or in the literature. Only
Seferovi¢ et al. recently proposed some (Figure 1). (Seferovic, 2015)

DIAGNOSTIC CRITERIA FOR DIABETIC CARDIOMYOPATHY (DMCMP)

DMCMP DMCMP
Restrictive/HFPEF Phenotype Dilated/HFREF Phenotype

1) Presence of DM 1) Presence of DM

2) Exclusion of CAD, valvular or 2) Exclusion of CAD, valvular or
congenital heart disease congenital heart disease

3) Exclusion of hypertensive heart 3) Exclusion of hypertensive heart
disease (=DBP<90mmHg) disease (=DBP<90mmHg)

4) Exclusion of infiltrative heart 4) Exclusion of viral myocarditis by
disease by endomyocardial biopsy endomyocardial biopsy

5) LVEF=50%; LVEDVI<97ml/m? 5) IVEF<50%; LVEDVI=97ml/m?

6) E/E'>150r
8<E/E'<15+LAVI=40mi/m? or
8<E/E'<15+BNP>200pg/ml or
8<E/E'<15+atrial fibrillation or
8<E/E'<15+LVH (LVMIY >122g/m?;
LVMIZ>149g/m?)

Figure 1: Diagnostic Criteria for Diabetic Cardiomyopathy

In the end stage, DbCM normally results in heart failure with preserved ejection fraction
(HFpEF). However, some authors even argue that DbCM may result in systolic heart failure
(HFrEF) which there is no evidence from prospective studies yet. (Holscher, 2016)

10.2 Molecular Mechanisms

DbCM is a complex multi-aspect disease that is influenced by many molecular pathways. In
a review trying to line out these molecular influences Tan et al. (Tan, 2020) claimed that
the origin of the disease is impaired glucose and lipid metabolism, thereby increasing
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cellular oxidative stress. ROS are then responsible for the activation of multiple
inflammatory pathways. This way, micro and macro pathognomonic changes in DbCM such
as cellular and extracellular injury, cardiac remodeling, and diastolic and systolic
dysfunction occur.

Increased levels of glucose and metabolites, an upregulation of advanced glycation end
products can affect cardiomyocytes and endothelial cells. (Brunvand, 2017) A metabolic
shift in cardiomyocytes which causes fatty acid intake and B-oxidation to increase due to a
lack of insulin or even insulin resistance in order to keep ATP production sufficiently. This
process cannot be maintained B-oxidation is not made to metabolize all incoming fatty
acid resulting in intracellular lipid accumulation and lipotoxicity. (Ramesh, 2022) This

results in mitochondrial dysfunction which causes the generation Of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) which enhance oxidative stress,
endoreticulum stress and inhibit autophagy. (Kenny, 2019)
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Figure 2: Mechanisms of Diabetic Cardiomyopathy

In Figure 2 one can see that cardiac oxidative stress is a central element in the
pathophysiological progression of DbCM. Per definition this is an imbalance of the
generation of free radicals and antioxidants. In DbCM it is reactive oxygen species (ROS)
and reactive nitrogen species (RNS) that promote oxidative stress. (Cai, 2001)

(Wilson, 2018) Furthermore, in the diabetic heart the antioxidants the body’s natural
protection are compromised thus also increase oxidative stress. (Nishikawa, 2000)

(Tan Y., 2011) Myocardial oxidative stress is promoted by the activation of cellular and
mitochondrial NOX, which lead to the generation of superoxide and hydrogen peroxide.
(Wilson, 2018) (Giacco, 2010) On the contrary it is the superoxide dismutases (SOD) that
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are the body’s defense by catalyzing the dismutation of superoxide radical into oxygen or
hydrogen peroxide. (Fukai T, 2011)

Metabolic impaired glucose levels and their association with increased ROS may
contribute to cardiomyocyte and endothelial cell apoptosis and necrosis in diabetic
hearts. This may be due to the activation of the renin-angiotensin system. Discussed to be
responsible for this apoptosis is the nuclear factor erythroid 2-related factor 2 (NRF2)
which has shown to be a major regulator of myocardial oxidative stress and apoptosis.
When knocked out in rodent studies apoptosis due to hyperglycemia ocurred more often.
(Xiaoquing, 2008) Moreover, angiotensin |l induced cardiomyopathy due to NRF2
deficiency happened more often in contrast to NRF2 overexpression where it declined
due to resistance. (Xin, 2018) (Gu, 2016) Furthermore, angiotensin Il also contributes to
increased interstitial fibrosis. (Boudina, 2007) (Frustaci, 2000)

Cardiac hypertrophy, primarily left ventricular hypertrophy (LVH), is characterized by
increased LV mass. LVH is usually caused by a complex interaction between several
factors, such as hypertension, diabetes, metabolic syndrome, obesity, gender, ethnicity,
and genetic and neurohumoral factors amongst others. A recent review by Murtaza et al.
studied the impact of cardiac hypertrophy on the development of diastolic dysfunction.
Reduced left ventricular compliance, impaired diastolic filling, and prolonged
isovolumetric relaxation are associated with cardiac hypertrophy. All of these lead to an
increase in left ventricular and left atrial filling pressures which makes them driving
factors for the development of diastolic dysfunction. (Oktay, 2020) (Murtaza, 2019)

Cytokines, chemokines and exosomes secreted by inflammatory cells can influence
cardiomyocyte hypertrophy and extra cellular matric (ECM) remodeling by promoting
some myocardial processes. Factors such as hyperlipidemia, elevated angiotensin Il levels
and inflammation. They are upregulated by proinflammatory macrophages and
lymphocytes which can secrete cytokines such as TNF, IL-6, IL-1B, interferon-y and TGFf
that can induce or exacerbate cardiac injury, leading to further adverse remodeling.
(Dinh, 2009) (Bajai, 2018). This hypothesis is supported by studies that inhibited the
formation of T cells in the hearts of diabetic mice and saw a stop in the progression of
cardiac fibrosis and LV dysfunction. (Laroumanie, 2014) (Nevers, 2015) Another
explanation for cardiac hypertrophy is due to enhanced presence of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) there is less nitric oxide (NO). Reduced
NO signaling in endothelial cells and cardiomyocytes increase cardiomyocyte hypertrophy
and stiffness by decreasing soluble guanylate cyclase (sGC) activity and cyclic GMP
(cGMP) content in the myocardium which is not protected by protein kinase G. This
results in myocardial stiffness and cardiac hypertrophy. (Cruz, 2017) (Sorop, 2018) (Csabe,
2016) In a way this is where pathophysiological mechanisms of cardiac hypertrophy and
cardiac fibrosis promote each other.

On a genetic level, there are many hypotheses on what is responsible for cardiac
hypertrophy. One of them is, that it is due to altered miRNAs. miRNAs are short chains of
21-23 nucleotides, that have significant effects on the regulation of gene expression. In
one of their publications, Tan et al. suggested that the suspected miRNA responsible for
cardiac hypertrophy could be miR133a. They showed that miR133a is downregulated in
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DbCM mice but its regulators MEF2A and MEF2C were increased in rodent models.
MEF2A and MEF2C are modulated by serine/threonine — protein kinase 1 SGK1 and
insulin growth factor 1 receptor IGF1R. Hence, they claim, it is SGK1 and IGF1R that are
responsible for the hypertrophic effects. (Feng, 2010)

Increased fibrosis is often observed in DbCM. ECM homeostasis is normally regulated by
two key factors metalloproteinases (MMPS) and tissue inhibitors of metalloproteinases
(TIMPS) (Mishra, 2013) (Horn, 2015) For T2DM however, the situation is different.
Advanced glycation end products (AGE) which result of proteins and lipids that are
exposed to high glucose levels too long, crosslink ECM proteins and disturb the ECM
degradation by MMPs. (Heerebeek, 2007) Specifically, a systematic review by Bugger &
Abel points out that the role of MMP-2 a sub group of MMPS, which reduced expression
might be of particular interest in understanding the development of cardiac fibrosis. It
causes an increased expression of the TGF 3 and connective tissue growth factor (CTGF)
transcription factors are responsible for increased cardiac fibrosis. (Bugger, 2014)
Crosslinks increases cardiac stiffness and manifests as early diastolic dysfunction.
Furthermore, AGEs can enhance the differentiation of fibroblasts into myofibroblasts
which induce ECM dyshomeostasis. Furthermore, as Bugger et. al. proposed it is TGF B,
tumour necrosis factor (TNF), angiotensin Il and various interleukins which cause
fibroblasts and myofibroblasts to respond to disturbed cardiac mechanics.

(Souders, 2009) TGF B signalling in myofibroblasts increases the formation of structural
ECM proteins and matricellular macromolecules. (Heerebeek, 2007) (Van Linthout, 2008)
Another explanation for the formation of cardiac fibrosis than fibroblasts and
myofibroblasts are endothelial and epicardial cells which can develop to mesenchymal
and myofibroblasts. (Travers, 2016) (Smith C., 2011) Activated endothelial cells might
also be responsible for myocardial stiffness and hence diastolic dysfunction due to the
increased uncoupling of endothelial nitric oxide synthase (NOS) to generate superoxide,
hydrogen peroxide and peroxynitrite, resulting in diminished nitric oxide (NO) levels.
(Franssen, 2016) Reduced NO signaling in endothelial cells and cardiomyocytes increase
cardiomyocyte hypertrophy and stiffness as mentioned before.

One other aspect that also contributes to increased fibrotic scarring that even causes
contractile dysfunction then arrhythmia, heart failure and often death is disrupted Ca2+
cycling. (Kury, 2018) Intracellular Ca2+ in cardiac cells is maintained through L-type Ca2+
channels for influx respectively natrium calcium exchanger for efflux (Hattori, 2000) but
also through Ca2+ release via the ryanodine receptors and uptake by sarcoplasmic
reticulum (SR) and mitochondria. (Dhalla, 1978) Changes in SR Ca2+ uptake and release
would impair cardiac function. Intra mitochondrial Ca2+ concentration leads to
irreversible swelling and mitochondrial dysfunction. This has a severe impact on the
energy production of the heart and might contribute to cardiac dysfunction in DbCM.
(Duncan, 2011)
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11 Mice Models in Cardiovascular Research

Since our understanding of the heart progressed, modern cardiovascular research has
become more and more specialized. It is not just studying the heart anymore but research
areas focus on specific processes with different functions that are all part of our
understanding how the heart works. Amongst them are cardiac metabolism, cardiac
function, cardiac structure. To gain this knowledge the contribution of suitable animal
models designed to further our understanding between specific cardiac process and a
cardiac disease were fundamental. Many findings in rodent models, from basic science,
were later confirmed in clinical trials. Today there is a wide variation of animal models in
cardiac basic science that the selection of the right model comes down to the specific
research question of what should be investigated. (Bugger, et al., 2022)

Mice don’t normally develop atherosclerosis. This is important to understand in context
with this thesis but also for everybody who is involved with doing mechanistic studies
with mice models. The reason for this is that in mice physiology most cholesterol is
carried in HDL. (Paigen, 1985) However, as already mentioned atherosclerosis is an
important contributor to cardiac dysfunction in humans which is not reflected in the
experimental model. So, to make the mice susceptible to atherosclerosis a manipulation
of the genes involved in lipoprotein transport is needed. The most commonly used mice
models for that are the LdIr/-and the ApoE7/"which are described below. To accelerate the
development of atherosclerosis, experimental models are fed atherogenic diets that are
high in fat and cholesterol which are called Western diets. (Gistera A. , 2022)

11.1 ApoE knockout mice model

It was developed in 1992 and introduced a new era in the research of cardiovascular
disease (CVD) making it possible to understanding the pathophysiology of CVD but also
evaluate possible therapeutic strategies. It helped to make it possible to understand the
complexity of studying a human disease that clinically take a lifetime to result in an
apparent event. (Zaragoza, 2011) When accelerated using streptozotocin treatment these
lesions can occlude the coronary arteries by the age of 8 months in mouse model.

(Tse, 2004) (Grabner, 2009) Apolipoprotein E (ApoE) is involved in lipoprotein metabolism
and lipid transport. It is of vast importance in the production, conversion and clearance of
plasma lipoproteins of the blood. ApoE is essential for the ligation of the uptake of
remnants chylomicrons and VLDL by the LDL receptor on the surface of hepatic cells to
get them out of circulation.

ApoE knockout mice (ApoE-/-) big advantage is that Apo E knockout mice develop
atherosclerosis even when fed normal chow. Soon the Apo E knockout model became
amongst the most used mouse models to study hypercholesterinemia and the
development of atherosclerotic lesions. (Zhang S. , 1992) The biggest disadvantage of the
ApoE knockout model is that ApoE has other functions affecting macrophage biology,
immune function and adipose tissue biology. All of these could all influence the
development of atherosclerosis. Another is, that ApoE which is expressed in bone marrow
derived cells such as macrophages or monocytes could contribute to a reduction of
atherosclerosis. When transferred ApoE into wild type it can increase the chance of
developing atherosclerosis however, this transfer also reduces plasma lipids by which
itself contributes to reduction of atherosclerosis. (Getz, 2012) There are many studies
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that showed how the ApoE knockout model was used for studying DbCM and how the
characteristic morphologic features exhibited by DbCM could be influenced. Toffoli et. al.
for instance showed that a TNF-related apoptosis-inducing ligand (TRAIL) could reduce
cardiac fibrosis and cardiac apoptosis and thus hinder the development of DbCM.
(Toffoli, 2011) Weixin et. al. blocked epidermal growth factor receptor (EGFR) and thus
blocked obesity and myocardial inflammation, fibrosis, dysfunction and apoptosis.
(Weixin, 2016)

11.2 LdIr-/- knockout mice model

The LdI”- receptor’s main function is the endocytosis and removal of circulating LDL
cholesterol. It is a glycoprotein which is normally expressed on the hepatocytes. When
mutated it leads to the deposition of cholesterol in the vessels helping the development
of mild atherosclerosis under normal chow but accelerated atherosclerosis on a high fat
diet. (Golfouroush, 2020) It was created in 1993 by Ishibashi et. al. (Ishibashi,
Hypercholesterolemia in low density lipoprotein receptor knockout mice and its reversal
by adenovirus-mediated gene delivery, 1993) The LdIr /- model shares similarities with
familial hypercholesteremia in humans a condition with the absence of all functional LDL
receptors. (Hobbs, 1990) A reason why LdIr’- knockout models are used in medical
science is that LDLR do not have these variety of functions as described for ApoE. This
reduction of confounders makes results more reliable and easier to interpret as that the
atherosclerotic plaque development in LdIr /- mice is based solely on plasma lipid levels
and no other functions associated with LDL. (Getz, 2012) It has been shown that LdIr’-
mice develop high plasma cholesterol levels and atherosclerosis. (Zhao, 2020) This can be
especially enhanced using a Western diet which can induces more advanced lesions, with
a collagen —rich fibrous cap, a core of necrosis and cholesterol clefts and inflammatory
cells adjacent to the lumen. (Hartvigsen, 2007) So the LdIr’-model became amongst the
most used mice model when studying atherosclerosis. It has been shown that the
possible formation of an atherosclerotic plaque in three months is three times bigger
than in an ApoE knockout model. If a carotid ligation was done the atherosclerotic impact
of the lesion was still significantly larger than in an ApoE knockout model. Hence, Torikai
et. al. claim that the role of LDL is more important than inflammation and oxidative stress
for atherosclerosis research. (Torikai, 2023) Braczko and colleagues found that
dyslipidemic LdIr/”mice develop alterations in cardiac mitochondria which leads to
mitochondrial dysfunction. Furthermore, they saw increased oxidative stress, lipotoxicity
and apoptosis. (Braczko, 2022) McMillen et. al. saw increased cardiac dysfunction with an
altered systolic and diastolic function. (McMillen, 2013) However, if one’s research focus
is understanding how hypercholesterinemia changes the arterial wall it might still not be
ideal as these models are also susceptible to atherosclerotic influences. (Veniant, 2001)

11.3 ob/ob mice model

The development of the ob/ob model came due to a spontaneous mutation at the
Jackson Laboratory. This mutation was identified and named leptin in 1994 by

Dr. Friedman et. al. Leptin deficiency results in hyperphagia, reduced energy expenditure
and extreme obesity. Ob/ob mice normally have elevated HDL plasma cholesterol levels
rather than VLDL or LDL. In this sense it is not suitable for studying atherosclerosis as
ob/ob mice are actually protected from diet induced atherosclerotic disease.
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(Kennedy, 2010) Genetically deficiency in leptin causes an obese and mild non —insulin
dependent diabetic phenotype in mice which is normally companied by obesity, glucose
intolerance and hyperinsulinemia. (Muzzin, 1996) Obesity is associated with specific
alterations in mitochondrial oxidative capacity and the coupling of oxygen consumption
and ATP production. The consequence is they can’t increase their MVo, and adapt
increased workload. They see this as a sign of reduced myocardial efficiency and thus
myocardial energetics. Furthermore, there are signs of lipotoxicity. (Boudina, 2005)
Intracellular Ca2+ homeostasis and morphological aberrations at the isolated ventricular
myocyte level were also seen from Dong and colleagues. They describe major mechanical
abnormalities such as depressed peak cell shortening, reduced maximal velocities of
shortening and prolonged duration of relengthening in cardiac myocytes. This suggests a
cardiac contractile dysfunction which might develop to a LVH. Moreover, they saw signs
of cardiac hypertrophy and oxidative stress. (Dong, 2005) In context of DbCM Buchanan
et. al. showed that the hearts of ob/ob mice had increased contractility which they
believed is due to an increased intravascular volume. Furthermore, they found that the
myocardial efficiency is decreased. Both, they see as a stressor for cardiac hypertrophy.
(Buchanan, 2005)An advantage of this model is how fast one can see changes in
metabolism under a high fat or WD. By the age of two weeks weight changes are visible,
by the age of four weeks hyperglycemia with its rise up until three to five months of age.
The ob/ob mice also develop hyperlipidemia, temperature regulation abnormalities and
are infertile. (Lindstrom, 2007)

11.4 db/db mice model

The db/db mice model is in fact very similar to the ob/ob model with the difference that
here mice are resistant to leptin. The db gene encodes a G to a T point mutation of the
leptin receptor. The transmission is done autosomal recessive. The leptin receptor
mutation (LepR/?) results in abnormal splicing and a defective receptor for leptin.
(Tesch, 2011) This leads to an overexpression of circulating leptin and a complete
deficiency of the long isoform of the leptin receptor (ObRb). Except that the phenotype is
very similar regarding hyperphagia, hypometabolism, and obesity but different in glucose
metabolism. In this aspect they are very similar to humans in their phenotype and co -
morbidities. (Sullivan, 2015) Db/db mice develop higher glucose levels and hence can be
used to study diabetes and associated disease. The reason for different blood glucose
levels is not yet completely understood but is assumed in the different gut microbiota
composition. (Yang, 2019) (Suriano, 2021) db/db mice are interesting to research because
they have a relative short life span. Hyperinsulinemia can be apparent by two weeks life,
hyperglycemia and hyperinsulinemia by the time of 4 weeks. Hence, they are ideal for
short time rodent studies. (Srinivasan, 2007) Hafstad and colleagues found a deranged
cardiac metabolism with increased signs of lipotoxicity, increased oxidative stress in the
hearts of db/db mice. (Hafstad, 2006) This was confirmed by How et. al. who further
found an impaired cardiac efficiency with an impaired SVoa. Furthermore, they saw an
impaired ventricular function with impaired values for end-diastolic, as well as the end-
systolic, pressure-volume relationships. They see this as sign for concentric hypertrophy
and reduced compliance. Furthermore, they see signs of diastolic dysfunction, an
impaired calcium reuptake in the sarcoplasmic reticulum and hence impaired relaxation.
(How, 2006) Contractile dysfunction can also be seen as Aasum and colleagues found. In
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their experiments db/db mice showed systolic and diastolic dysfunction. (Aasum, Age-
dependent changes in metabolism, contractile function, and ischemic sensitivity in hearts
from db/db mice, 2003)

11.5 SRBI knockout mice model

Scavenger receptor class B, type | (SRBI) is an HDL receptor that regulates the selective
uptake of plasma HDL cholesterol by the liver. It can be found on the surface of numerous
cell types. The SRBI model is often used to study myocardial infarctions as it faster leads
to significant coronary artery lesions. HDL inversely correlates with the development of
atherosclerosis to its role in reverse cholesterol transport. Under physiological conditions
the reverse cholesterol transport should help the organism to regulate elevated HDL
levels. HDL is important in the progression of atherosclerosis but also plays a role in
inflammation. (Golfouroush, 2020) In the SRBI model this is not possible, promoting
atherosclerosis. Knock out mice models with a homozygous SRBI deficiency have a
twofold higher increase in plasma cholesterol. This consists primarily out of un- esterified
and esterified cholesterols within larger and heterogenous HDL particles. (Rigotti, 1997)
Targeting SRBI also leads to an increase of biliary cholesterol which cannot be transported
back to the liver or removed by the gall bladder. Many studies in murine models proved
that SRBI has a major role in the development of atherosclerosis. Knocking it out can
actually promote its development while inducing it can have an antiatherogenic effect.
(Kozarsky, 2000) (Takeshi, 1999) Many hypothesis for treating atherosclerosis and
associated cardiovascular disease base on SRBI and all relevant factors implicated in its
regulation and their potential application as a drug target. (Leiva, 2011)

11.6 PCSK9 (D374Y) mice model

If present in the circulation, the recently discovered PCSK9 can bind LDL receptors and
mark them for lysosomal degradation. PCSK9 (D374Y) is a gain of function mutation which
is induced to the mice by a single venous injection of an adeno - associated virus. By that
it disrupts the endocytic recycling of Ldl”- receptors and leads to elevated cholesterol
levels under a normal chow but a severe hypercholesterinemia under a western diet in
mice. (Gistera, 2022) In 2005 Rashid et. al. confirmed that a PCSK9 inactivation is
associated with threefold higher LDL levels in the liver and a drastic LDL reduction in
plasma. (Rashid, 2005) Mice lacking PCSK9 have 40% to 50% lower circulating cholesterol
levels, approximately 80 % less LDL in plasma and three to fourfold higher levels of total
liver LDLR protein. (Zaid, 2008) The first study of PCSK9 and it enhancement of
atherosclerosis was done by Herbert et. al. which showed that after a 15 - weeks long trial
PCSK9 knockout mice exhibited extensive atherosclerotic plagues compared to wild type.
(Herbert, 2010) This was supported by a single injection of recombinant adeno-associated
viral vectors encoding PCSK9-D374Y which induced atherosclerosis in mice (Bjorklund,
2014) These studies suggest that PCSK9 support the development of atherosclerosis and
exacerbate inflammation. So, to demonstrate the relationship between PCSK9 and
atherosclerosis research was done overexpressing or silencing the PCSK9. It showed that
overexpression is proatherogenic and its absence is protective. (Denis, 2012) (Tang Z.,
2017) (Seidah, 2022)
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11.7 Lipoprotein (a) transgenic mice model

Lipoprotein (a) is a LDL particle that is associated with proinflammatory and
proatherogenic properties. Its plasma levels and a high lipoprotein are well established
risk factors for coronary artery disease in humans. High lipoprotein (a) levels are due to a
high production of lipoprotein (a). This is a huge advantage of this model: to simplify the
experimental situation: a high level of lipoprotein equals a high risk for cardiovascular
disease. This situation is completely similar as in humans. However, different to humans
there is circulating nonlipoprotein (a) in mice models which can influence the model.
(Gistera, 2022) The most useful application of the Lipoprotein (a) transgenic mouse model
is the assessment of the role of lipoprotein a in the progression of the development of
atherosclerosis. In vitro experiments have shown great promise but there is no evidence
that it is the same in humans. (Marcinova, 2002) Evidence to prove that apo(a) is
atherogenic first came from Lawn. et. al. who found that apo(a) transgenic mice had
significantly higher aortic lesions. (Lawn, 1992) This finding very soon became center of a
heated debate. There were studies which supported it like Callow et. al. (Callow, 1995)
but then were those who contradicted it like Mancini et. al. (Mancini, 1995) However,
Berg et. al. showed that throughout a lifetime on normal food lipoprotein (a) transgenic
mice had a greater extent of atherosclerotic lesions. (Berg, 2002) Thus, it became
consent, to see lipoprotein a as a risk factor for cardiovascular disease.

11.8 High Fat Diet

In rodent models high — fat diets (HFDs) consists of chow which have 45% to 60% of the
total energy (kcal) of fat sources and stem mostly from saturated fatty acids (FA). A
feeding period of 8 to 12 weeks has shown increased body weight, blood glucose, FA,
cholesterol, triglyceride (TG) and insulin levels in the mouse model. (Ge, 2010) In
experimental studies this diet caused minimal left ventricular hypertrophy and
remodeling and impaired cardiac function minimally. Enhanced FA oxidation and reduced
glucose oxidation has shown no effect on the cardiac energy status as mitochondrial
function was unaffected. The development of insulin resistance through this diet has
shown possible but takes several weeks. (Zhang L., 2010) The presence of increased
cardiac triglycerides but also reactive long-chain acyl-CoAs, ceramide, cholesterol,
diacylglycerol, and acylcarnitines promotes the hypothesis of cardiac lipotoxicity. If the
duration of the HFD is longer than 20 weeks it appears that myocardial levels of OXPHOS
proteins may also decrease without impairing energy functions due to impaired
respiratory functions. (Brahma, 2020) The presence of left ventricular dysfunctions such
as cardiac hypertrophy and consequently dysfunction appears to be conflicting as it only
has been reported about it in some studies. (Tadinada, 2021) (Wang Q. , 2016) Oxidative
stress, apoptosis, fibrosis, and impaired Ca?* handling may be responsible for impaired
structural and metabolic cardiac dysfunction observed in these models but the
foundation of the mechanisms behind it has not been understood yet. (Bugger H. , 2022)

11.9 High Sugar Diets

A high sugar diet used in cardiovascular research consists of high sucrose or high fructose
needs a continuing feeding period of more than four months to induce cardiac
hypertrophy, dysfunction, and impaired contractile reserve. (Wright, 2009) High Sugar
Diets are characterized by an early reduction of cardiac glycolysis and glucose oxidation
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rates, increased FAO rates. Furthermore, they have a decreased cardiac metabolic
response to insulin, which causes myocardial energy deprivation due to impaired ATP
regeneration. From this point of view, they are very similar to the metabolic changes seen
in fundamental obesity or T2DM. (Luptak, 2019) Myocardial energy deprivation might be
associated with impaired function of energy metabolic proteins in FA utilization,
glycolysis, TCA cycle, or OXPHOS. (Bugger H., 2022)

11.10 Streptozotocin

Streptozotocin (STZ) is a B-cell toxin which leads to insulin — deficient diabetes,
hyperglycemia and hyperlipidemia. STZ leads to hypotrophy of the cardiomyocytes which
is alleged to be due to increased protein degradation as a result of insulinopenia. The
cardiac contractility is also decreased. (Hall, 1996) Under STZ treatment hearts typically
show reduced glucose uptake, increased fatty acid uptake and fatty acid oxidation.
However, the incorporation of fatty acids into cardiac phospholipids and triglycerids
seemed increased. (Hasselbaink, 2003) (Bugger H., 2012) Increased fatty acid utilization
results in an increae in myocardial 02 consumption which shows reduced cardiac
efficiency. (Aasum, 2006) Streptozotocin treatment can be used together with high fat
diets to express high levels of T2DM and incorporate more aspects of human T2DM which
are not replicated in common rodent models. (Bugger, et al., 2022)

12 Rationale

Obesity and Type 2 diabetes mellitus (T2DM) are well established risk factors for
cardiovascular diseases including diastolic dysfunction. Animal models of obesity and
T2DM are commonly used to investigate mechanistic features of cardiovascular disease
such as diastolic dysfunction but fall short to include the development of atherosclerosis.
This is because physiologically mice cannot develop atherosclerosis similar to humans.
However, in human cardiovascular disease atherosclerosis progressions is a big driving
factor for the cardiac dysfunction. Thus, the aim of this current study was to investigate the
effects of obesity and T2DM on cardiac function and structure in a mouse model that also
develops atherosclerosis.

13 Materials & Methods

13.1 Animals

LdIr’- male mice (C57BL/6J) were purchased by Jackson Laboratories (Bar Harbor, Maine,
USA).

All protocols involving rodents were approved by the ethics committee of the Austrian
Ministry of Science and conform to the high ethical standards of the Medical University
Graz. All experimental procedures were carried out in accordance with the Declaration of
Helsinki.

13.2 Food

For the Western diet group, food was consisting of a high-fat and high-cholesterol diet
consisting of 42kJ% of fat, 15kJ% of protein, and 43 kl% of carbohydrate which was

22



provided by ssniff Spezialdidten GmbH (Soest, Germany). This high-fat and high-cholesterol
diet corresponds to an energetic equivalent of 19.1 MJ/kg or 4,575 kcal/gk.

13.3 Study

In this study the effect of a Western diet (WD; high-fat and high-cholesterol diet) on the
cardiac function of LdIr’- mice was studied. LdIr’- male mice (C57BL/6J background; Chow
group n=10, WD n=10) were purchased by Jackson Laboratories (Bar Harbor, Maine, USA)
and arrived at the laboratory of experimental cardiology of the Medical University of Graz
at the age of 6 weeks where they had one week to accommodate, before being placed on
standard chow diet or WD for the duration of 16 weeks.

All mice were group housed (2-3 mice per cage) in ventilated cages at 22°C in a pathogen-
free animal housing facility. Day and night cycles were simulated by 12-hour periods of
light. The study began following 1 week of acclimatization. Mice had access to food and
water ad libitum. Body weights, food, and water intake were measured every week. At 8
weeks, in vivo experiments were done for the first time, to establish an experimental
phenotype. These were glucose tolerance tests, and echocardiography.

At 16 weeks, just before the harvest all in vivo experiments were repeated to investigate
the progression of a high fat diet on the phenotype.

®
- Histology
— Fibrosis: Masson's trichrome
\ i
i — Hypertrophy: WGA

"ig — Overview: H&E

Blood + Start Diet GTT/Blood GTT/Blood & Echo
Echocardiography
\\ — Systolic Function

. 5 5 — Diastolic Function
Start Trial Dissections — Remodeling

Chow (n=10) vs. WD (n=10)

Figure 3: Project Plan

Sacrifice was done per neck dissection after an isoflurane inhalation and making sure that
each animal was deeply sedated. All experiments were carried out according to the high
ethical standards of the Medical University Graz. The study was also presented and
approved by the ethics committee of the Austrian Board of the Ministry of Sciences. All
experimental procedures were carried out in accordance with the Declaration of Helsinki.
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Figure 4: Tissue distribution of the heart

At the harvest, the heart was removed, weighed and cut into 3 sections: aortic arch, aortic
root, and heart as depicted by the blue lines in (Figure 4). The aortic root was embedded in
OCT to be used in experiments for histology. The left ventricle, right ventricle, and apex
were cut and weighed again to be used for protein work and molecular work at a later
stage.

Other than the heart, the liver, kidney, spleen, and white adipose tissue, were harvested
and kept for later use. The tibia length of the right tibia was measured with a caliper. All
tissues were shock frozen in liquid nitrogen and stored in a -80°C freezer.

13.4 Consumables

Table 3: Consumables

Glucose Test Strips Accu-Check Performa, Indianapolis USA
Injection needles B Braun; Meisungen, Germany
Injection syringes B Braun; Meisungen, Germany

Leica Cryofect Leica Biosystems; Mannheim, Germany
(LCR4 P301212)

Object Carriers Carl Roth GmBh; Karlsruhe, Germany
Scigen Tissue Plus OCT Compound Fisher Scientific; Waltham, Massachusetts,
(#4586) USA

PAP pen Sigma Aldrich, Darmstadt, Germany
Pipette tips Eppendorf, Hamburg, Deutschland
Pipettes Eppendorf, Hamburg, Deutschland
Reaction tubes Eppendorf, Hamburg, Deutschland
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Thermo Scientific Superfrost plus
microscope slides
(J1800 AMNZ)

13.5 Chemicals and Reagents

Table 4: Chemicals and Reagents

Fisher Scientific, Waltham, Massachusetts,
USA

4% Paraformaldehyd

Acetic Solution
(#3738.1)

Aniline Blue Solution
(#HT 154-250ML)

Bouin’s solution
(#HT10132-1L)

Biebrich Scarlet Acid Fuchsin

(#HT151-250ML)

Dako Fluorescence Mounting Medium
Ethanol
(#K52570083 026)
Isoflurane
Phosphotungstic Acid Solution
(#HT152-250ML)
Phosphor
(#HT153-250ML)
Roticlear
Rotimount
(#HP68.1)
Weigert’s iron
(#HT107-500ML)
Weigert’s iron
(#HT109-500ML)

molybdic acid

hematoxylin Part A

hematoxylin Part B

13.6 Programs and Machines
Table 5: Programs & Machines

Blood Glucose Meter
Centrifuge 4C°Heraus Fresco 21

Cryotome HM 560
Fluroscence Microscope BX 51
Graph Pad Prism 9

Olympus CellSense Standard

Spectrophotometer Spetra Max 384

Vevo 3100, Vevo imaging Systems

Morphisto; Frankfurt, Deutschland
Carl Roth GmBh; Karlsruhe, Germany

Sigma Aldrich, Darmstadt, Germany
Sigma Aldrich; Darmstadt Germany
Sigma Aldrich, Darmstadt, Germany

Dako; Carpinteria, California, USA
Sigma Aldrich; Darmstadt, Germany
Piramal Critical Schelden Circle,
Bethlehem, USA

Sigma Aldrich; Darmstadt, Germany

Care;

Sigma Aldrich; Darmstadt, Germany

Carl Roth GmBh; Karlsruhe, Germany
Carl Roth GmBh; Karlsruhe, Germany

Sigma Aldrich; Darmstadt, Germany

Sigma Aldrich; Darmstadt, Germany

Accu-Check Performa, Indianapolis USA
Thermo, Electron LED GmbH, Osterode,
Deutschland

ThermoFisher, Walldorf, Germany
Olympus, Vienna, Austria

GraphPad Software Inc, San Diego,
California, USA
Olympus Life Science, Waltham,

Massachusetts, USA

Molecular Devices Corporation, San Jose
California, USA

FUJIFILM VisualSonics Inc. Toronto, Canada
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Vevo Lab analysis software FUJIFILM VisualSonics Inc. Toronto, Canada
Vortexer IKA, Stauffe, Germany

13.7 Experiments

All methods of the experiments used in this study were established and refined by the
research group for experimental cardiology “Cardiac Energetics” led by principal
investigator Assoz. Prof. Priv.-Doz. Dr. Heiko Bugger.

13.8 Bodyweight, Physiological ratios, Food & Water Intake

Food and Water consumptions were monitored every week. Assuming an equal
consumption, the mean per cage was then calculated. Bodyweight was monitored every
week too. After sacrifice physiological ratios commonly used in metabolic research like the
heart—tibia length ratio and heart—body weight ratio were calculated.

13.9 Glucose Tolerance Test

The mice were fasted 4-5 hours. The tip of the tail was cut with a scalpel blade and the first
drop of blood was discarded. The blood glucose was measured with a blood glucose meter
Body weight and blood glucose were determined at T=0 minutes. Mice then received an
intraabdominal (i.p.) injection of 40% sterile glucose diluted 1:4 in 0,9% NaCl to reach a
dose of 2g/kg. After injections, the blood glucose was taken at 10, 20, 30, 60, 90 and 120
minutes.

13.10 Transthoracic Echocardiography

Transthoracic echocardiography was done on Vevo 3100 by Vevo® imaging systems.
Beforehand all mice received the anesthetic isoflurane by inhalation. While doing
transthoracic echocardiography calm handling of the mice was important as heart rates
had to be between 400-500 beats per minutes for the echocardiography scan to be usable.
At the beginning, mice were placed on the back with their arms and legs fixed on the
echocardiography platform, to expose the sternum. Furthermore, a temperature probe
was applied rectally.

To accomplish the best scan of the parasternal long-axis view (PSLAX) the echocardiography
platform was tilted up, so the animal’s head and the left side are highest is to shift the heart
down in the chest. When scanning, the transducer was angled parallel to the sternum and
then rotated approximately 15-35° counterclockwise to face toward the right shoulder of
the animal.
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Image from (FUJIFILM VisualSonics, Inc., n.d.)

A quality sign for a good view in B - mode is the sternum and the aorta in a horizontal line.
From the B—mode view, a left ventricular trace in M —mode for measuring systolic function
can be recorded.

Image from (FUJIFILM VisualSonics, Inc., n.d.)
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Figure 7: (A) PSLAX loop (B) LV - trace

Systolic Function was interpreted by adding a left ventricular trace in the PSLAX. This was
done in the Vevo lab analysis software. For the lv-trace, it is important to identify the left
ventricular anterior and the left ventricular posterior wall in the echo correctly. All
measurements were repeated at least 6 times to ensure a representable mean.
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Parameter Units
Depth mm
Heart Rate BPM
Diameter;s mm
Diameter;d mm
Volume;s ul
Volume;d ul
Stroke Volume ulL
Ejection Fraction %
Fractional Shortening | %
Cardiac Output mL/min
LV Mass mg
LV Mass Cor mg
LVAW;s mm
LVAW;d mm
LVPW;s mm
LVPW;d mm

Table 6: Left ventricular trace

The left ventricular trace gives all the following measurements, as seen above, of a
representative example in (Table 6).

After the PSLAX view the short axis view (SAX) can be recorded. For that the transducer
was rotated 90° clockwise from the PSLAX in B - mode. A quality sign for a good SAX has
the papillary muscles at 2 and 4 o’clock shown.

Figure 8: SAX view

Image from (FUJIFILM VisualSonics, Inc., n.d.)
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From the SAX view the apical four-chamber view was obtained by adjusting the transducer
steeper, at least 45° towards the mouse’s right shoulder. Furthermore, the probe was
adjusted slightly below the rib cage towards the apex of the heart.

- : S
Right Arrll.J:'r'lfﬁal Teft Atrium
—

. — -

Figure 9: Apical four-chamber view
Image from: (FUJIFILM VisualSonics, Inc., n.d.)
The apical four-chamber view is important to identify the mitral valve. At the annulus of

the mitral valve, the mitral valve flow can be recorded using the pulsed wave Doppler
mode.
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Figure 10: Pulsed wave Doppler:

(A)Pulsed wave Doppler without measurements , (B) Pulsed wave Doppler with measurements

In the Pulsed wave Doppler (Figure 10B), the movement of the mitral septal wall is
recorded. Analyzing Pulsed waved Doppler, one gets the E wave, A wave, the mitral valve
deceleration time, MV deceleration time, the interventricular relaxation time, IVRT, the
interventricular contraction time, IVCT, and the mitral valvular ejection time, MV ET.

Next, in pulsed wave tissue Doppler mode the movement of the mitral septal wall can be
recorded. Both the recordings of the mitral valve flow of pulsed wave Doppler and the
tissue motion of pulsed wave tissue Doppler are necessary to calculate the diastolic
function. (FUJIFILM VisualSonics, Inc., n.d.)
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Figure 11: Pulsed wave tissue Doppler

(A) Pulsed wave tissue Doppler without measurements, (B) Pulsed wave tissue Doppler with measurements

In Tissue Doppler (Figure 11B) the velocity for early diastole, E’, late diastole during atrial
contraction (A’), and the peak systolic annular velocity (s’) were measured. Again, each
measurement was repeated six times to ensure a good reliable mean.

MV E/E’ is the most common parameter for measuring diastolic function in
echocardiography. It is actually composed of two views: Pulsed wave Doppler and Pulsed
wave tissue Doppler. E-wave represents the pressure gradient between the left ventricular
atrium and left ventricular ventricle as well as the left ventricular compliance. E’ represents
the velocity of the left ventricular relaxation. All these parameters are measured at the
mitral valve. They can be impaired in cardiac diastolic dysfunction. Since it is composed of
two different views MV E/E’ is more reliable than the other established parameter for
assessing diastolic function MV E/A. It represents the blood flow from left ventricular
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relaxation, E wave, in early diastole to peak velocity flow in late diastole, A wave. However,
its interpretation is often problematic as it is more susceptible to disturbance factors such
as heart rate and heart rhythms.

All echocardiography recordings were analyzed using the software Vevo Imaging Systems.
Recordings analyzed were left ventricular traces in the PSLAX, pulsed wave Doppler, and
pulsed wave tissue Doppler recordings. All echos in this study were done by Nikole Byrne
Ph.D. and analyzed by myself.

13.11 Histology

13.11.1 Cryotome

Histology slides were prepared on the Thermo Scientific Cryostat Microm Cryo Star HM

560. The cryotome had to be disinfected 30 minutes before use with Leica Cryofect and
its settings had to be set to a blade temperature of -20°C, an object temperature -17°C.

Thin sectioning was set at 4um, thick sectioning at 30um. Then the cryotome was left to
cool down to reach the temperature which was set previously.

After 30 minutes an OCT sample was put in the cryotome chuck using OCT to hold. Before
a blade was inserted in the blade holder. During cutting, all samples were first trimmed
with the 30um sectioning to get to the right spot. The right spot for this thesis was when
both chambers of the heart showed fully for the first time. As soon as this was visible, a
series of 10 slides with three cuts per slide was picked up using a brush.

Slides were then left overnight in a -20 °C freezer, before being stored, for long time
storage, in a -80 °C freezer.

13.11.2 H&E Stain

Hematoxylin and Eosin stains was used as an overview image. Slides were circled using a
PAP pen. Then slides were incubated in 4% PFA for 5 minutes, followed by rinsing for 1
minute in warm running water. Slides were then place in hematoxylin for 5 minutes, rinsed
for 10 minutes, then stained by eosin for 10 minutes, then washed 3 times for 1 minute
again in 3 different staining trays filled with ddH;0. Finally, all slides were drained using a
dilution series of ethanol (EtOH): 1 min in 70%, 30 seconds in 90%, and 30 seconds in 100%
EtOH. Before they were covered using Roti®-Mount and a cover slip all slides were cleared
in Roticlear®. All slides were pressed for 10 minutes and dried overnight, then stored in a
box at room temperature.

13.11.3 WGA Stain

Cardiac Hypertrophy can be quantified using the histological stain WGA. It stains the
cardiomyocytes. Its size can then be measured and analyzed.

For WGA staining, after all slides had thawed, all cuts were circled using a PAP pen. After
that they were fixated in PFA 4% for 15 minutes and washed 3 times for 3 minutes in PBS
Approximately 800 pl WGA solution was pipetted on the cuts and left to incubate for 1 hour
in the dark. WGA solution consists of 1mg/ml of WGA stock at a 1:100 concentration diluted
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with PBS. After the incubation, the washing step of 3 minutes in 3 staining trays of PBS was
repeated using fresh PBS.

In the end, all slides were embedded with a drop of Dako Fluorescence Mounting Medium
and covered with a coverslip. They were left to dry in a fluorescence nonpermeable box in
the freezer overnight, before they could be imaged on a fluorescence microscope.

For the analysis of the cardiomyocyte size, 4 randomly chosen areas per cut at an
enlargement of 40 times were imaged. This was done using the software Olympus
CellSense Standard. In these images, 30 cardiomyocytes were circled. The corresponding
size was then given in um by the software. For the WGA quantification, 3 cuts with 4 areas
and 30 cardiomyocytes per area were analyzed equaling 3600 cardiomyocytes that were
measured and compared in size.

13.11.4 Masson’s Trichrome Stain

Masson’s trichrome stain is one of the most common histological stains to show cardiac
fibrosis.

The preparation for Masson’s Trichrome stain took two days. On the first day, all slides
were thawed, dried, and circled using a PAP pen. After fixation for 1 hour in PFA 4% they
were incubated in Bouin’s solution overnight at room temperature.

The next day all slides were washed in warm water for 2 minutes and rinsed shortly in
ddH,0 to wash off Bouin’s solution. They were then stained in Weigert’s iron hematoxylin
working solution and left to incubate for 5 minutes at room temperature. Weigert’s iron
hematoxylin working solution was washed off 3 times for 3 minutes in different staining
trays filled with ddH20. Next, phosphotungstic acid solution/phosphor molybdic acid was
pipetted on all slides 3-4 times in 10 minutes. Here it was important to constantly keep all
cuts covered and wet. Without washing, all slides were stained in aniline blue solution for
5 minutes before being washed 3 times for 3 minutes in ddH,0. Before all slides were
drained in an ethanol dilution series at 70%, 90% & 100% ethanol for 3 minutes each, they
were incubated in 1% acetic acid and washed with ddH20 for 2 times 1 minute each. Finally,
all slides were cleared in Roticlear® for 5 minutes and embedded with Roti®-Mount and a
cover slip. After pressing for 10 minutes they were let dry overnight. Slides were could then
be kept in a box at room temperature.

For analysis 4 randomly selected spots per cut were imaged at a 20 times enlargement
using a light microscope. These images were then quantified for fibrosis using the software
Imagel.

13.12 Analysis & Statistics

Statistical analysis and graphs used in this thesis were done using Graph Pad Prism 9. All
statistics involving the comparison of two groups were done using unpaired
t-tests. As standard error, the standard error of the mean (SEM) was used. Significance
levels were accepted as p < 0.05 and marked as * respectively for p < 0.01 as ** and for
p < 0.001 as ***, Values far away from the data collected were checked for plausibility, and
then if not plausible excluded from analysis on the basis being measurement errors.
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14 Results

14.1 Physiological Data
Table 7 Bodyweight of Chow and WD - fed LdIr’/- mice during 16 weeks of diet

Time (wks) 1 2 3 a 5 6 7 8 9 10 11 12 13 14 15 16
Chow 25,30 | 25,78 | 26,58 | 26,86 | 27,69 | 28,05 | 28,83 | 27,54 | 28,75 | 29,26 | 28,99 | 29,43 | 29,50 | 29,88 | 29,49 | 30,25
+0.68|+0.64 [+0.68|+0.78|+0.75|+0.71 [ +0.65|+0.53 | +0.68 | +0.66 | +0.63 | +0.67 | +0.68 | +0.69|+0.63 [ £0.77
WD 25,06 | 26,28 | 27,50 | 28,48 | 29,76 | 30,91 | 32,02 | 31,72 | 32,33 | 33,05 | 34,03 | 34,97 | 35,84 | 36,58 | 37,04 | 37,19
+0.81|+0.70|+069|+0.78 | +1.02|+1.01|+1.16|+1.13|+0.96|+1.15|+1.25[+1.11|+1.27[+139|+1.64|+1.20
ChOW/WD ns * * %k * %k * %k *kk *kk *kk *ok ok *ok ok *ok ok *kk *kk *kk *kk *kk

Chow n =11, WD n = 10, unpaired t — test, mean + SEM; *p <0.05, **p<0.01, ***p<0.001

Table 7 shows weekly measurements of body weight in response to 16 weeks of Chow or
WD feeding. Body weight increased steadily over the 16 weeks of study in both groups. 2
weeks after initiation of the feeding protocol and at any timepoint thereafter, body weight
was increased in the WD group compared to the chow group.
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Figure 12: (A) Heart Weight (B) Tibia Length (C) Heart Weight/Tibia Length ratio of Chow and WD - fed
LdIr’- mice during 16 weeks of diet

(A) Heart Weight between Chow and WD at 16 — week timepoint (B) Tibia Length between Chow and WD at
16 — week timepoint; Chow (C) Heart Weight/Tibia Length ratio between Chow and WD at 16-week
timepoint; Chow: n =11 WD: n= 10, unpaired t — test, *p<0.05

Figure 12 shows heart weights (A), tibia lengths (B), and heart weight/tibia length ratios (C)
of chow or WD-fed mice after 16 weeks of the diet protocol. HW and HW/TL was
significantly lower in WD-fed mice.
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Table 8 Food Consumption over 16 weeks of Chow and WD - fed LdIr’- mice during 16 weeks of diet

Time (wks) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Chow 29,30 | 29,00 | 29,78 | 29,38 | 29,17 | 29,77 | 30,50 | 33,37 | 32,33 | 30,55 | 30,26 | 29,51 | 29,82 | 29,67 | 32,04 | 36,28
+1.11[+1.29]+1.26|+1.03[+1.13]+0.46|+0.57|+0.52|+1.34|+0.95|+0.76 [+0.85 | £1.35| +0.67 [ +0.93 | +2.82
wD 22,7+(20,9¢(21,6+21,5+(20,9+(23,5+]23,5¢(20,8+(21,3+(22,1+(22,1+(22,0¢(22,02(21,7+(20,7¢|21,2¢
1.03 | 0.67 [ 060 | 054 | 0.72 | 1.02 | 143 | 0.82 | 1.49 | 186 | 1.67 | 1.38 | 145 | 1.24 | 1.11 | 1.25
Chow/WD * %k * %k * k% * k% * k% %k %k * %k * k% * k% * k% *% *% *% * ns
Chow n =11, WD n = 10, unpaired t — test, mean + SEM, *p <0.05, ** p<0.01, ***p<0.001
Table 9 Water Consumption over 16 weeks of Chow and WD - fed LdIr’- mice during 16 weeks of diet
Time (wks) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Chow 30,0£(29,7+(30,1+(29,9+(289+(32,0+(37,1+(39,1+(39,42(34,7+(34,5+(34,1+(33,6+(31,2+]|42,6+(389¢
1.76 |2.16 [ 261 | 219 | 1.69 [ 2.09 | 2.24 | 414 | 336 | 244 | 2.12 | 271 | 161 | 2.16 | 1.96 | 3.46
wD 22,6+ (21,9+(20,8+ 23,0+ (24,7+(23,8+]24,0%(22,9+(22,14(20,8%(22,2+(21,4+|19,1+|21,1+(23,0¢(29,4%
1.00 | 1.21 | 1.86 [ 1.99 | 452 | 2.6 | 1.58 | 2.49 | 233 | 165 | 1.16 | 1.47 | 0.74 | 1.36 | 1.97 | 7.49
Chow/WD ¥k ¥ ¥k ¥ % %k % %k % %k ¥k ¥ ¥k ¥ EE XS * %k * %k * %k * % * 3k * ns ns

Chow n =11, WD n = 10, unpaired t — test, mean + SEM,; *p <0.05, **p<0.01, ***p<0.001

Tables 8 and 9 show weekly measurements of food consumption and water consumption
in chow-fed or WD-fed mice, respectively. At every time point between weeks 1-15, food
consumption was lower in WD-fed mice. Similarly, water consumption was lower in the WD
group at every time point between weeks 1-14.

14.1.1 Blood Glucose Tolerance Test
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Figure 13: Blood glucose tolerance test in Chow and WD-fed LdIr’ mice after 16 weeks of diet

(A) Blood glucose levels in Chow vs. WD fed LdIr’ mice over 10, 20, 30, 60, 90 and 120 min after intravenous
glucose challenge (B) Fasting blood glucose levels in Chow vs. WD fed Ldlr-"- mice after 16 weeks of diet before
glucose challenge; n = 6; unpaired t — test, *p<0.05, **p<0.01

Figure 13 displays the results of glucose tolerance tests over 10, 20, 30, 60, 90 and 120
minutes after intravenous glucose challenge (A) and fasting blood glucose levels before the
glucose challenge, after fasting 4-5 hours, (B) performed after 16 weeks of Chow or WD
feeding. Blood glucose values were higher in WD-fed mice compared to chow-fed mice at
all time points during the glucose tolerance test.
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14.1.2 Echocardiography
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Figure 14: Systolic Function and Remodeling in Chow and WD-fed LdIr/- mice after 16 weeks of diet:

(A) Ejection Fraction in % (B) Stroke Volume in pL (C) Cardiac Output In puL/min (D) Volume in diastole in pL
(E) Diameter in diastole in mm (F) Left ventricular anterior wall thickness in diastole in mm (G) Cardiac Output
In uL/min normalized to Body Weight in g (H) Volume in diastole in L normalized to Heart Weight in mg (1)
Diameter in diastole in mm normalized to Heart Weight in mg (J) Left ventricular anterior wall thickness in
diastole in mm normalized to Heart Weight in mm, Chow: n = 10, WD n = 10, unpaired t - test,
*p<0,05, ** p<0,01

Figure 14 shows parameters of cardiac function and structure measured by
echocardiography in mice after 16 weeks of chow or WD feeding. Ejection fraction (EF) was
not different between groups (Figure 15 A). Stroke volume was significantly lower in WD-
fed mice (Figure 15 B), and cardiac output (CO) showed lower mean values in WD fed mice
that did not quite reach statistical significance (Figure 15 C). When normalized to body
weight, WD-fed animals had significantly lower cardiac output compared to standard chow-
fed animals. (Figure G) Enddiastolic diameter and enddiastolic volume were significantly
lower in WD-fed mice compared to chow-fed mice (Figures 15 D, E) whereas LV anterior
wall thickness was not different between the groups (Figure 15 F). When normalized to
heart weight, enddiastolic diameter and volume were unchanged between groups,
whereas LV anterior wall thickness was increased in WD-fed mice (Figure H, 1, J).

37



0.0709
0 -
4 0.0789
|
-20- 3- u
" ]
. <
T - m
S -40 > 2=
= =
-60 - 1-
n
-80 0
Chow WD Chow wD

Figure 15: Diastolic Function in Chow and WD-fed LdIr/ mice after 16 weeks of diet

(A) MV E/E’, (B) MV E/A); Chow: n =11, WD group n = 10, unpaired t - test; * p < 0,05; ** p<0,01

Figure 15 shows MV E/E' and MV E/A ratios of chow or WD-fed mice measured after 16
weeks. Mean values of MV E/E' and MV E/A were lower in WD-fed mice compared to chow-
fed mice although these decreases did not achieve statistical significance.
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14.2 Histology

14.2.1 HE stain
A B
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Figure 16: HE stain in Chow and WD-fed LdIr/" mice after 16 weeks of diet

(A) Overview Chow Group at 500 um = 4X; (B) Detail View at 100 um = 20X (C) Overview WD Group at 500
um = 4X (D) Detail view at 100 um = 20X

Figure 16 shows representative images of HE staining of the LV of chow-fed or WD-fed mice
at different magnifications (4x or 20x). No gross morphological alterations were observed
between the groups.
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14.2.2 WGA stain
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Figure 17: WGA stain in Chow and WD-fed LdIr’" mice after 16 weeks of diet

(A) Overview Chow Group at 500 um = 4X; (B) Detail View at 100 pm = 40X (C) Overview WD Group at 500
pm = 4X (D) Detail view at 100 um = 40X (E) Cardiomyocyte Size; Chow: n =11, WD group n =10,
unpaired t - test; * p < 0,05; ** p<0,01

Figure 17 shows representative images of WGA staining of the LV of chow-fed or WD-fed
mice at different magnifications (4x or 40x). Mean values of cardiomyocyte size were lower
in WD-fed mice although statistical significance was not achieved.
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14.2.3 Masson’s trichrome stain

A
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Figure 18: Masson’s trichrome stain in Chow and WD-fed LdIr’-mice after 16 weeks of diet

(A) Overview Chow Group at 500 um = 4X; (B) Detail View at 100 um = 20X (C) Overview WD Group at 500
um = 4X (D) Detail view at 100 um = 20X

Figure 18 shows representative images of Masson's trichrome staining of the LV of chow-
fed or WD-fed mice at different magnifications (4x or 20x). Using software-based
quantification of the stain, no significant detection above background was detected in
either group, indicating very low collagen content in hearts of chow or WD-fed mice, and
indicating that significant fibrosis was absent in response to WD feeding.
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15 Discussion

In this study the effects of obesity and T2DM on cardiac function and structure in a mouse
model that also develops atherosclerosis were investigated. Using LdIr’- mice fed either
normal chow or a Western diet for a duration of 16 weeks, it could be shown that WD lead
to obesity and impaired glucose tolerance, decreased heart size despite increased body
weight, increased LV wall thickness, lower cardiac output and a trend towards impaired E/A
and E/E' ratio. From these data, we conclude that WD induced obesity and insulin
resistance in LdIr’" mice as observed in other models of obesity, T2D, and metabolic
syndrome. Body weight-driven gain of heart weight may be attenuated in this model while
WD may induce hypertrophic cardiac remodeling and potentially diastolic dysfunction.
Furthermore, smaller heart size may limit cardiac output of obese LdIr’- mice. Thus, this
atherosclerosis-prone model of obesity and T2DM displays features of diabetic
cardiomyopathy observed in other animal models that lack atherosclerosis. A detailed
discussion follows below.

Our WD-fed mice had a significant increase in body weight during 16 weeks of feeding.
Similar results were seen by Jiang et. al. (Jiang, 2005). They fed C57BL/6J mice a HFD, to
study the impact of overweight on the development of kidney disease. The body weight of
their experimental group was significantly increased than their control group. Furthermore,
their mice also developed obesity, hyperglycemia and hyperinsulinemia. Another group
that also confirmed our findings was Bostick et. al. They fed four-week-old C57BL6/) mice a
High Fat/ High Fructose Western diet for 16 weeks intending to find the connection
between obesity and heart disease expressed as early diastolic dysfunction in diseases such
as metabolic cardiomyopathy. They also found a very significant difference between their
WD group and their control group. (Bostick, 2014) Manrique and colleagues not only
studied the impact of obesity and insulin resistance on early diastolic dysfunction after a
WD but also looked at gender differences. In their experimental setup four—-week—old
C57BL6/) mice received 8 weeks of High Fat/ High Fructose WD feeding after which the
body composition between sexes as well as a control group were compared. They found
that not only diet-based but also between sexes their experimental group had a significant
increase of body weight over the course of the feeding period. (Manrique, 2013) In
conjunction with these results and our results, it can be concluded that feeding Ldlr”’- mice
a WD over a longer period of time leads to a similar phenotype of overweight and obesity
as observed in animal models lacking atherosclerosis.

Over the time of 120 minutes, all WD fed mice had significantly higher blood glucose levels
at all time points. This has been shown in many experimental studies. One group who also
did a glucose tolerance test in a LdIr’- model fed with WD but in a different context were
Gosh et. al. They wanted to find the connection between kidney failure and known
cardiovascular diseases. In their glucose tolerance test, which they did after 16 — weeks of
study, they found a very significant increase in blood glucose levels in their WD group over
the 120 minutes. (Ghosh, 2015). Another group that studied the role of a HFD and the
development of diabetes mellitus was Yan et. al. After feeding 8-week-old C57BL/6 mice a
HFD for 42 weeks they did a Glucose tolerance test. Similar to us they found a significant
increase in blood glucose levels after 0, 30, 60, 90, 120 and 150 minutes, for their HFD
group at all measuring points. (Che, 2018) Based on our data, these and probably many
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other publications in literature we conclude that prolonged feeding of a WD leads to the
development of impaired glucose tolerance in LdIr’/- mice.

The latter conclusion is supported by the observation of a very significant increase in fasting
blood glucose levels after 16 weeks of HFD in our study. In their publication about
metabolic cardiomyopathy Bostick et. al also found a similar trend. WD fed mice had higher
fasting glucose levels. However, although their results had a trend, they were not
significant. (Bostick, 2014) In contrast, Mazumder et. al. who used 8-week ob/ob mice to
study impaired cardiac efficiency and fatty acid oxidation under a standard chow found a
significant increase in such. They did not need HFD or WD because ob/ob mice are known
to develop insulin resistance and glucose intolerance due to genetic deficiency of leptin.
After a six-hour fast, their ob/ob mice blood glucose levels were significantly increased.
(Mazumber & Dale, 2004) Maurya et. al used eight-week-old C57BL/6 male mice which
were fed a WD to explore the metabolic remodeling of the heart during impaired systolic
function and reduced ejection fraction for 20, respectively 24 — weeks. The results of their
study’s fasting glucose levels which they did twice showed a very significant increase of
fasting blood glucose levels in the WD group in both tests. (Maurya, 2023) Thus, although
no reliable definitions exist to diagnose perturbations of glucose metabolism in animal
models, the increase of fasting blood glucose levels in our study further support the
development of impaired glucose tolerance.

Our study showed that a 16-week WD feeding period leads to a significant decrease in the
heart weight to tibia length ratio. Bostick et. al. who in their previously mentioned
publication fed four-week-old C57BL6/J mice a High Fat/ High Fructose Western diet for 16
weeks to induce diastolic dysfunction also looked at normalized heart weights. They found
their experimental animals all had significantly increased heart weight to tibia length ratios.
(Bostick, 2014) These findings could not be reproduced by Nguyen et. al. who used a WD
to study the contribution of diet-induced obesity and T2DM to the development of cardiac
dysfunction. In their experimental setup, they used 10 — 12 weeks old male C57BL/6J for a
12-week long feeding period. They did not observe a change in heart weight to tibia length
ratios between their experimental groups using a WD and only a trend using what they
specified as a high fat WD. Their results, however, also showed that if at all, heart weight
to tibia length ratios in their experiments using a WD were increased. (Nguyen, 2017)
Another group that studied the alteration of energy metabolism mechanisms of the heart
caused by WD were Neves et. al. Although they used a different strain of mouse, a Swiss
mouse, they observed similar results after a 16-week feeding period. Their experimental
group, which was fed WD, had a significantly increased heart weight tibia length ratio.
(Neves, 2014) Thus, our results of a decrease instead of an increase in heart weight to tibia
length ratio are in contrast to other studies investigating models of obesity that do not
develop atherosclerosis and may point towards an attenuation of weight gain associated
growth of the heart in our model. Of note, while cardiomyocyte size was statistically
unaltered in our study, WD fed mice showed a trend towards reduced cell size, thereby
validating our observation of reduced heart size. A potential reason may be the
development of cardiomyocyte insulin resistance. In fact, mice with cardiomyocyte-specific
deletion of the insulin receptor as a model of cardiac insulin resistance demonstrated
decreased heart and cardiomyocyte size (PMID 11877471). Thus, the development of
systemic insulin resistance (based on impaired systemic glucose tolerance) in obesity in our
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model, which may include cardiac insulin resistance, may potentially contribute to growth
retardation of the heart despite an increase in body weight.

Clinically, the most important parameter for defining the presence of cardiac hypertrophy
is an increase in LV wall thickness. Although heart size was decreased and cardiomyocyte
size trended towards a decrease, LV wall thickness relative to heart weight was increased
in our model, suggesting the presence of cardiac remodeling. This observation matches
numerous reports from studies in animal models of obesity, insulin resistance and type 2
diabetes that observed cardiac remodeling and hypertrophy (reviewed in PMID:
35679363). Thus, overlapping mechanisms may cause a phenotype of growth retardation
of the heart with simultaneous development of cardiac hypertrophy. The reasons for such
a phenotype remain unclear and may require unbiased studies of the cardiac transcriptome
and proteome for hypothesis generation in follow-up studies, e.g. using RNA sequencing
and MS-based proteomics.

An additional observation during our echocardiographic studies was a decrease in stroke
volume and cardiac output although ejection fraction remained unchanged. Such a
constellation of parameters is consistent with the development of hypertrophic
remodeling, in particular concentric hypertrophy, in which stroke volume and consequently
cardiac output are decreased due to a smaller LV cavity, however the relative ejection of
blood (as measured as ejection fraction) remains unaltered. Interestingly, Heinonen et. al.
published a study in which they studied macrovascular diabetic complications in 18—
month—old LdIr /- mice which received a Western diet for three months. They found a
significant decrease in ejection fraction, but also in left ventricular wall thickness in diastole
and LV volume during diastole in their experimental group (Heinonen, 2011). While these
findings seem to be consistent with a much more pronounced phenotype compared to our
phenotype, this may reflect a progression towards heart failure which may result from
decompensation of pathological cardiac hypertrophy and remodeling. Given that these
mice were much older compared to our study, it needs to be considered that these heart
may be much more susceptible to detrimental stimuli such as a WD and may thus suffer a
stronger impairment of cardiac function and remodeling despite a similar period of WD
feeding. On the other side, Delemasure et. al. conducted a study in which the impact of a
HFD on the plasma antioxidant status and cardiac function was investigated in female
Ldlr /- mice. They fed adult female C57BL/6) mice a HFD for 17 weeks. They found a
significantly increased ejection fraction and an unchanged cardiac output after a HFD in
their experimental group. (Delemasure, 2012) The latter results imply that numerous
factors may clearly impact the development of the cardiac phenotype in response to a
dietary treatment, including sex, genetic phenotype, composition of the diet (WD versus
HFD), duration of diet, age of the animal, and potentially housing conditions (including
various components of stress in housing facilities).

We observed a trend towards a decrease for MV E/E’, suggesting that WD may have
induced diastolic dysfunction in LdIr’- mice. Another group that studied diastolic function
were Tang et. al. who published a paper about arterial stiffness as predictor of
atherosclerosis. They fed 8-week-old male ApoE”- mice a HFD for 8 weeks. During their
study they evaluated cardiac function using echocardiography every 4 weeks. Before
sacrifice they found significantly increased MV E/A ratio as well as MV E/E’ ratio indicating
diastolic dysfunction. (Tang M. , 2021) Similar results were seen by Bostick et. al. who
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studied whether a mineralcorticoid receptor blockade can prevent diet — induced diastolic
dysfunction in female mice. For their study, they used three-week-old C57BL6J female mice
and fed them a WD for 16 weeks. They also found impaired diastolic function indicated by
a significant decrease in the MV E/A ratio but no difference in MV E/E’ ratios. (Bostick,
2014) In light of these publications, we conclude that diet-induced obesity and the
development of a prediabetic state may indeed contribute to the development of diastolic
dysfunction in the heart. These findings thereby support the clinical observation of a high
prevalence of diastolic heart failure (or HFpEF) in individuals suffering long-term type 2
diabetes or metabolic syndrome.

In the present study, a 16-week WD feeding period did not lead to any difference in cardiac
fibrosis when evaluated by Masson's trichrome staining. This finding is important because
Tan et. al identified cardiac fibrosis as one of the cardinal features of DbCM. (Tan Y., 2020)
Importantly, Tikellis et. al. compared C57BL6J and RAGE knockout mice under a standard
chow and a WD for 16 weeks. After sacrifice, they used multiple methods to detect cardiac
fibrosis. Similar to our results, no increase in fibrosis was visible using histology. However,
they found that gene expression for collagen | and collagen IV was significantly increased
indicative of ongoing fibrosis development. (Tikellis, 2008) Hongkai et. al. studied
myocardial interstitial fibrosis as a driving factor in DbCM. In their study, they used 8-week-
old C57BI/6J male mice that were fed normal chow but were injected intraperitoneally with
STZ. Every four weeks of their study three mice were sacrificed to examine the progression
of myocardial interstitial fibrosis. After 12 weeks they found a significant increase in fibrosis
in their experimental group. (Hongkai, 2022) Taken together, we were unable to
demonstrate an increase in fibrosis by histology in WD-fed mice, however, it seems
reasonable to speculate that the method was not sensitive enough to detect early fibrotic
remodeling in these hearts. Future studies should investigate the expression of collagens
in these mice.

A limitation of this study is that it attempts to characterize a complex disease such as DbCM
only with a limited amount of methods. For this reason, the interpretation of the
experimental data can only be fundamentally incomplete. Additional in-depth studies on
cardiac function and morphology, paralleled by studies aiming at elucidating underlying
molecular mechanisms, are warranted. Looking into the future, we can summarize that it
will probably take a lot more work in basic research on DbCM to understand the underlying
processes. However, based on the rising incidence of obesity and type 2 diabetes,
understanding this increasingly recognized cardiac entity and potentially developing
suitable therapies are challenges that need to be faced to improve medical treatment for
this population at high risk for cardiac complications.
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