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2 List of Abbreviations

4E-BP1
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ATP5A
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BNP
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CaMKIId
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Bcl-2/adenovirus E1B 19 kDa protein-interacting protein 3
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bovine serum albumin
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Ca?*/calmodulin-dependent protein kinase II;
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class-111 phosphatidylinositol-3-kinase
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cytochrome c oxidase subunit 4 isoform 1

common protocol (of mitochondrial isolation from mouse/rat heart)

C-reactive protein
computed tomography
cardiovascular disease
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protein deglycase DJ-1 (Parkinson disease protein 7)
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dP/dtmax - maximal slope of LV systolic pressure increment

dP/dtmin - maximal slope of LV diastolic pressure decrement; t= time constant
of LV pressure decay

DLP1 - dynamin-like protein 1

EDPVR - end-diastolic pressure-volume relationship

EF - ejection fraction

ELISA - enzyme-linked immunosorbent assay

ESPVR - end-systolic pressure-volume relationship

FIS1 - mitochondrial fission 1 protein

FS% - fractional shortening %

GAPDH - glyceraldehyde 3-phosphate dehydrogenase

GOT - glutamate oxaloacetate transaminase

GPT - glutamate pyruvate transaminase
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IDL - intermediate density lipoprotein
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IFM+N+I - interfibrillar mitochondria treated with nagarse and protease
inhibitor

IGF-1 - insulin-like growth factor-1

IPC - ischemic preconditioning

ITT - insulin tolerance test

LC3 - microtubule-associated protein light chain 3
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left ventricular end-diastolic pressure

left ventricular end-diastolic volume

left ventricular end-systolic pressure

left ventricular end-systolic volume

left ventricular posterior wall thickness, diastolic
left ventricular posterior wall thickness, systolic
Masson’s trichrome

mean arterial pressure

mitofusin 1 and 2

mixed lineage kinase domain-like protein
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mitochondrial permeability transition pore
mechanistic target of rapamycin

neighbor of BRCA1 gene 1
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oral glucose tolerance test

Otsuka Long-Evans Tokushima fatty (rat)
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radioimmunoprecipitation assay

reactive oxygen species

run domain Beclin-1-interacting and cysteine-rich domain
containing protein

right ventricle

ribosomal S6 protein

S6 Kinase 1

sarco/endoplasmic reticulum Ca?*ATPase Il
superoxide dismutase

sequestosome 1

subsarcolemmal mitochondria
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stroke volume

stroke work
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mitochondrial transcription factor A
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tumor necrosis factor alpha
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B-MHC

alpha-myosin heavy chain
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3 Introduction

3.1 Metabolic diseases in cardiovascular system

There is an overall agreement in the scientific and clinical community that metabolic
disorders including obesity, hyperlipidemia or diabetes can increase the incidence of
cardiovascular diseases (CVDs) such as myocardial infarction or cardiomyopathies* and
they attenuate or inhibit the intrinsic adaptation mechanism of the heart to ischemic
insult?. Furthermore, it was shown previously that these comorbidities also reduce or
inhibit the effect of cardioprotective therapeutical interventions such as ischemic pre-3 or
postconditioning®. Therefore, it is important to study the effect of metabolic diseases on

the cardiovascular system to identify novel targets for future cardioprotective therapies.

3.1.1 Hyperlipidemia

Hyperlipidemia is a family of metabolic disorders, which can be defined by elevated
cholesterol (hypercholesterolemia) and/or triglyceride (hypertriglyceridemia) levels in
the blood. These lipids (or fats) are not soluble in the plasma, therefore, they are
transported by lipoproteins in the circulation system. Based on the content, density and
size of lipoproteins, they can be divided into different subpopulations including
chylomicrons, very low-density lipoprotein (VLDL), intermediate-density lipoprotein
(IDL), low-density lipoprotein (LDL) and high-density lipoprotein (HDL), which have
essential role in the transport of lipids among different organs®. LDL transports fats from
the liver to the other tissues, while cholesterol is returned by HDL to the liver. Serum
total cholesterol, LDL, HDL and triglyceride are the most common diagnostic markers of
lipid homeostasis (Table 1). In hypercholesterolemia, decreased levels of HDL
cholesterol and increased levels of LDL cholesterol are responsible for atherogenic
conditions. Although both plasma triglyceride and cholesterol levels are increased in most
forms of hyperlipidemias, the studying of changes in plasma cholesterol levels without
altered plasma triglyceride level may also be important. Therefore, in this thesis, the focus
is on the role of hypercholesterolemia without elevation of plasma triglyceride level.

The cause of hypercholesterolemia can be genetic (e.g. familial hypercholesterolemia

via defect of LDL-receptor), unhealthy lifestyle, or both. Polygenic hypercholesterolemia
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may also occur in healthy, but genetically susceptible individuals, however, its polygenic
background is still not fully understood. Moreover, this phenotype may be aggravated by
various factors including smoking, hypertension, atherogen diet (elevated cholesterol and
saturated fat intake), obesity and diabetes®.

In the early 1950s, the Framingham heart study demonstrated for the first time that
besides age, sex, and smoking, hypercholesterolemia is a major risk factor for developing
coronary artery disease (CAD) due to altered LDL and HDL cholesterol levels’.
Hypercholesterolemia have significant cardiac consequences, since they are among the
major risk factors of CAD via atherosclerosis and sudden coronary death due to
myocardial infarction®°, The role of atherosclerosis is well studied in these pathologies;
however, myocardial effects of hypercholesterolemia are less understood.
Hypercholesterolemia was previously shown to worsen cardiac systolic and diastolic
function in cholesterol-fed rabbits!!. Furthermore, we have previously shown that
cholesterol feeding leads to mild contractile dysfunction and cardiac oxidative stress'?.
These data suggest that cardiac metabolism may be affected by hypercholesterolemia well
before or even without the development of atherosclerosis.

Ischemic conditioning (i.e., ischemic pre-, per- and postconditioning) of the heart
performed by applying short cycles of ischemia/reperfusion (I/R) protects the
myocardium against I/R injury> 3. However, cardioprotective effects of ischemic
conditioning are attenuated in the presence of cardiovascular risk factors such as aging**
15 diabetes'® 17 and hypercholesterolemia as well'®2°, Similarly, our previous studies
demonstrated that cardioprotection by various forms of ischemic conditioning is impaired
in cholesterol-fed rats* 2123,

Although cardioprotective signaling pathways are well established, it is still unclear

which processes are responsible for the loss of cardioprotection in hypercholesterolemia.

10
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Table 1. American Heart Association guidelines for cholesterol and triglycerides levels
in adults.

LDL, low-density lipoprotein;, HDL, high-density lipoprotein; TG, triglyceride. Table was
adapted from Phoebe et. al, 2010%,

Total LDL HDL TG
(mmol/L) (mmol/L) (mmol/L) (mmol/L)

Optimal/Near optimal <52 2.6-3.3 1.0-1.6 <17
Borderline high 52-6.2 33-4.1 - 1.7-22
High - 41-49 - 22-56

Very high >6.2 >49 <10 >5.6

3.1.2 Diabetes and prediabetes

Diabetes is characterized by elevated fasting (>7.0 mmol/L) or non-fasting (>11.1
mmol/L) blood glucose levels termed hyperglycemia, which leads to defects in insulin
secretion, insulin action, or both?®. Chronic hyperglycemia could lead to long-term
damage and failure of different organs and tissues, such as the eyes, kidneys, nerves,
blood vessels and the heart?®. Diabetes can be divided into 2 main groups: type 1 and type
2 diabetes.

Type 1 diabetes mellitus (T1DM) is defined as a deficiency of insulin production due
to the autoimmune destruction of pancreatic beta cells. TIDM can lead to absolute insulin
deficiency and it can cause polyuria, thirst and weight loss with a propensity of ketosis.
Most commonly, T1DM occurs in young individuals and accounts for approximately 5—
10% of all cases of diabetes® 2. Based on the significant pathological and therapeutic
differences between type 1 and 2 diabetes, TIDM will not be further investigated in this
thesis.

Type 2 diabetes mellitus (T2DM) is a common civilization disease, which is defined
by an inadequate compensatory insulin secretory response to increased blood glucose
level, and a combination of resistance to insulin action?’. In the early stage of T2DM,
cells become resistant to insulin. Insulin resistance can develop due to a deficiency of
insulin receptors, a result of which is an elevated blood glucose level. Because of
hyperglycemia, pancreatic beta cells produce more insulin to equilibrate the state of
insulin resistance. Finally, this process leads to chronic production of insulin, which is

responsible for the insufficient or exhausted beta cell activity?®. T2DM is more frequent

11
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(approximately 90-95% of all cases) than TIDM and it has growing prevalence
worldwide. In most cases, T2DM is associated with obesity and sedentary lifestyle?’ %,
It is well established that T2DM is an independent risk factor of CVDs such as heart
failure and myocardial infarction as well as vascular complications, which contribute to
their increased morbidity and mortality™ 2> %, In the multiethnic Northern Manhattan
Study cohort, presence of T2DM increased the risk of LV hypertrophy with
approximately 1.5 fold®!. Epidemiological studies have demonstrated that the incidence
of both microvascular and macrovascular complications are directly associated with the
degree of hyperglycemia®* *3, and that glucose control in patients with T2DM reduced
macrovascular complications® %,

Since incidence of T2DM is growing in developing and developed societies, more
people are influenced by its non-ischemic cardiac complications, for example, diabetic
cardiomyopathy often develops. One of the most severe cardiovascular consequences of
diabetes, diabetic cardiomyopathy is defined by diabetes-associated changes in the
structure and function of the myocardium, which is not directly attributable to other
confounding factors such as CAD or hypertension®. Pathological processes of diabetic
cardiomyopathy include the presence of myocardial damage, reactive hypertrophy, and
intermediary fibrosis, structural and functional changes of the small coronary vessels,
disturbance of the management of the metabolic cardiovascular load. T2DM also leads to
myocardial lipotoxicity that may contribute to cell death and thus to cardiac dysfunction®.
These alterations make the diabetic heart susceptible to ischemia and less able to recover
from an ischemic attack®’.

Before the development of overt T2DM, a period of prediabetic state (i.e., impaired
glucose and insulin tolerance, insulin and leptin resistance, oscillations of normo- and
hyperglycemic states, hypertriglyceridemia, hypertension, mild to moderate obesity)
occurs? 38 which may also promote cardiovascular complications3®-#1. Although various
organizations have attempted to define prediabetes, to date no consensus has been
reached. The World Health Organization has defined prediabetes as a state of intermediate
hyperglycemia based on two specific parameters: impaired fasting glucose, which is
defined by fasting plasma glucose of 6.1-6.9 mmol/L and impaired glucose tolerance,
which is defined by plasma glucose of 7.8-11.0 mmol/L after a 2 h oral glucose tolerance
test (OGTT)*2. The American Diabetes Association has the same cut-off value for OGTT

12
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(7.8-11.0 mmol/L), but this organization defined a lower cut-off value for fasting plasma
glucose (5.5-6.9 mmol/L), and as an additional parameter, hemoglobin Alc (HbALc) is
taken into account, with a range of 5.7% to 6.4%2°. However, the range of these glucose
parameters are lower than in diabetes (see above).

In 2011, the Centers for Disease Control estimated that 79 million Americans had
prediabetes, which were 35% of people over the age of 20. Moreover, based on data from
the National Health and Nutrition Examination Survey, worldwide prevalence of
prediabetes may currently approach 840 million*3. Although it was previously shown that
people with prediabetes in general have approximately 20% risk of CVDs*" 4, other
studies showed conflicting results*® 4. Based on these investigations, incidence of
prediabetes shows a growing tendency, which could also increase the risk of
cardiovascular complications similarly to as seen in T2DM.

Although cardiac pathophysiological alterations are relatively well characterized in
fully developed diabetes (i.e., diabetic cardiomyopathy), information about prediabetes is
quite limited. Moreover, development of diabetes leads to systemic sensory neuropathy
that has been shown to result in diastolic dysfunction in the rat heart*® 4, Although it was
previously demonstrated that prediabetes promote sensory neuropathy in C57BL/6J
mice®, it is still unclear, whether prediabetic sensory neuropathy occurs in other species
such as rats. Since more people are influenced by prediabetes, the examination of its
molecular background is also important. In Wistar rats, high caloric diet resulted in
obesity-induced prediabetes, which impaired mitochondrial function and reduced basal
contractile function and tolerance to acute oxygen deprivation®. Furthermore, it has been
reported that prediabetes induced mild diastolic dysfunction in Otsuka Long-Evans
Tokushima fatty (OLETF) rats, which is a genetic model for spontaneous long-term
hyperglycemia®?, however, cardiac consequences of prediabetes and their molecular

mechanism is unknown in non-genetic prediabetic settings.

3.2 Molecular pathology of metabolic diseases in the heart

A disturbed metabolic status due to diabetes or hyperlipidemia may result in altered
signaling pathways in cardiac cells. In diabetes-induced hyperglycemia, different
molecular mechanisms may change such as insulin signaling via PI1-3K pathway®® %%,

formation of advanced glycation end products, activation of protein kinase C, increased

13
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glucose flux through the hexosamine pathway>*, activation of the 12/15-lipoxygenase
pathway®®> which finally lead to superoxide production®*. Additionally, diabetes could
lead to impaired Ca®" handling due to glucose-dependent modifications of
Ca?*/calmodulin-dependent protein kinase II (CAMKIIS), which leads to diabetic
cardiomyopathy via contractile dysfunction. Furthermore, metabolic diseases could be
associated with other altered cellular and molecular mechanisms such as
autophagy/mitophagy or necroptosis, which are still not well-characterized in metabolic
cardiac dysfunctions.

Therefore, this thesis focuses on the molecular aspects of cardiac function in metabolic
diseases including hypercholesterolemia and diabetes/prediabetes.

3.2.1 Cardiac mTOR activity

The mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase,
which plays a central role in cellular growth and metabolism. It exists in two complexes:
mTORC1 with regulatory-associated protein of mTOR (Raptor) and mTORC2 with
rapamycin-insensitive companion of mTOR (Rictor). It is well-established that mMTORC1
can be activated by various upstream regulators such as amino acids, growth factors as
well as elevated glucose and oxygen levels®® . This complex is highly connected with
insulin-like growth factor-1 (IGF-1) and Akt/PKB signaling. Regulation of mTORCL1 by
the IGF-1/Akt pathway occurs through phosphorylation of the TSC1/2 (hamartin-tuberin)
complex, which leads to its inhibition and subsequent activation of mTORC1% °,
Furthermore, it was also demonstrated that rapamycin can inhibit mTORCL1, but not
mTORC2, however, prolonged treatment with rapamycin could inhibit mTORC2
activity®®. Although it has been shown that mTORC2 activity has important role in
ischemic preconditioning (IPC)-induced cardioprotection via ribosomal S6 signaling®, it
is even unclear which signals can modulate the activity of mMTORC2. The main substrates
of mMTORC1 activity are S6 Kinase 1 (S6K1) and elF-4E binding protein 1 (4E-BP1)%°.
S6K1 is a positive regulator of translation, initiation and elongation when it is
phosphorylated by mTORC1 via its ability to phosphorylate multiple substrates including
ribosomal S6 protein or 4E-BP1°.

Previous studies demonstrated that chronically activated cardiac mTOR suppresses

insulin receptor substrate 1 (an important protein of insulin signaling) in diabetes® and

14
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cardiac autophagy in obesity®3. However, the role of cardiac mTOR is still unclear in
hypercholesterolemia and prediabetes.

3.2.2 Cardiac autophagy

Autophagy is a ubiquitous cellular housekeeping process®°®, which is involved in
protein quality control and cardiac cytoprotection®’-5°,

It has 3 different types: macro-, micro and chaperone-mediated autophagy. Moreover,
macroautophagy has further cargo-selective subtypes such as macrophagy (removal of
protein macromolecules), mitophagy (removal of damaged or senescent mitochondria) or
glycophagy (removal of glycogen macromolecules)’®. In macroautophagy (hereafter
referred to as autophagy) the cytoplasmic contents are sequestered within double
membrane vacuoles called autophagosomes and subsequently delivered to the lysosome
for degradation. In the beginning of autophagosomal formation, a pre-autophagosomal
structure is formed intracellularly, which is also called isolation membrane or
phagophore. The activity of class Il phosphatidylinositol 3-kinase (PI3K), Vps34,
Beclin-1 and autophagy-related (Atg) proteins (e.g. Atgl2-Atg5-Atgl6L) play an
essential role in the early stages of the autophagosome formation. During sequestration
and elongation processes, sequestome 1 or ubiquitin-binding protein p62 (SQSTM1/p62),
which is the key autophagy adaptor is activated by lipidation and mediates protein cargo
into forming phagophore. Then, SQSTM1/p62 complexes with the Atg homologue
microtubule-associated protein light chain 3 (LC3) protein, which is converted from
cytosolic LC3-1 to LC3-II by Atg7 and Atg3, and targeted to the elongating
autophagosome membrane. Detection of both SQSTM1/p62 and LC3-I/ll are used
experimentally to investigate cardiac autophagy in cells and tissues. Then, isolation
membranes fuse and engulf damaged organelles and protein aggregates and formed
autophagosome. In degradation step, autophagosomes fuse with lysosomes, which
contains permeases and acid hydrolases and forming autophagolysosomes. Finally, this
structure leads the degradation of intra-autophagosomal content due to acid hydrolases
and permeases of lysosome’®"2 (Figure 1). Autophagy occurs constitutively at low levels
under normal conditions in most cells, including cardiomyocytes. Defective autophagy
results in the accumulation of protein aggregates and abnormal organelles which are toxic

to the cell and lead to cell death”. However, it is known that autophagy is elevated under

15
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nutrient and oxidative stress in I/R injury”®. Number of known cardioprotective treatments
have been shown to trigger autophagy including statins’, lipopolysaccharide’®,
resrevatrol®® and sevoflurane’’. Our research group previously have shown that IPC
induces autophagy under normal conditions in adult rat hearts and that autophagy is
necessary for cardioprotection by IPC’®. Similarly, Rohailla et al. showed that remote
IPC increased autophagy and decreased the expression of proteins related to mTOR in
mice’. It is well established that activity of mTOR pathway modulates autophagy®.
Starvation induces autophagy via inhibition of mMTORCL1 and it is suppressed in energy
rich conditions, which is adaptive and accurately regulated. Nutrients and growth factors
have a stimulating effect on mTORCL1, which inhibits unc-51-like kinase 1 (ULK1),
thereby suppressing autophagy® (Figure 1). During energy depletion, adenosine
monophosphate (AMP) accumulates in the cell, which stimulates autophagy through
AMP-activated protein kinase (AMPK) activation®? 8, Previous data suggests that mTOR
signaling might be elevated while autophagy is diminished in the hearts of hyperlipidemic
Yucatan pigs®4, and we have shown that in mice diet-induced obesity results in disturbed
cardiac autophagy which is accompanied by increased myocardial injury after I/R®.
Cardiac autophagy could be activated by various signals such as protein kinase C®,
reactive oxygen species (ROS)’2 8 nitric oxide (NO")8 and it was shown that suppressed
cardiac autophagy plays an important role in type 2 diabetes and in its complications®®,
however, its effect on prediabetes and hypercholesterolemia has not been well-studied

yet.
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Figure 1. Schematic representation of autophagic process.

Starvation or AMPK activation inhibits mTOR and induces isolation membrane (termed
phagophore) formation via ULK1 and Beclin-1 complexes. During the nucleation and
elongation steps of autophagy, senescent and/or dysfunctional intracellular materials are
engulfed into phagophore, which grows to autophagosome. Formation of
Atg5/Atg12/Atg16L1 complex, and then LC3-I/LC3-11 transformation have a pivotal role
in the development of autophagosome. Finally, autophagosome fuses with lysosome to
generate autolysosome, where its contents are degraded by lysosomal enzymes such as acid
hydrolases and permeases. AMPK, AMP-activated protein kinase; ULK1, unc-51-like
kinase 1; mTOR, mechanistic target of rapamycin; Atg, autophagy-related protein; Class-
11 PI3K, class-I1ll phosphatidylinositol-3-kinase; LC3, microtubule-associated protein
light chain 3; PE, phosphatidylethanolamine. Figure was adopted from Mei et al. 2015™.

3.2.3 Cardiac cell death pathways

Insufficient autophagy can promote programmed cell death, for example apoptosis’®

% which results in cardiac damage®’. Apoptosis is an evolutionary conserved and highly
regulated process of programmed cell death, which plays a key role in the maintenance
of the balance between cell proliferation and cell death under physiological conditions

via activation of caspases®® %,

Furthermore, apoptosis changes in different pathologies such as cancer®,

neurodegenerative diseases for instance Alzheimer’s disease®? or I/R injury of the heart®,
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Necrosis is another type of cell death, which is characterized by loss of plasma membrane
integrity, and reduced adenosine triphosphate (ATP) levels in cells®. Apoptosis and
necrosis can be divided into two main pathways: the extrinsic pathway involves cell
surface death receptors while the intrinsic pathway utilizes the mitochondria and
endoplasmic reticulum, which is regulated by Bcl-2 family®®.

Besides apoptosis and necrosis, necroptosis (programmed necrosis) is another type of
programmed cell death process, which occurs upon stimulation of death receptors in the
absence of caspase-8 activation®® 7. Disturbances in cellular energetics, excessive
reactive oxygen species production or metabolic changes have been shown to elicit
necroptosis and apoptosis (Figure 2)%7-1%_ It has been shown that apoptosis is upregulated
in the hearts of hamsters on hypercholesterolemic diet®. Furthermore, it was also
demonstrated that tumor necrosis factor alpha (TNFa)-induced oxidative stress increased
necroptosis in parallel with autophagy!®’ and that suppression of autophagy flux
contributes to RIP1-RIP3 interaction and necroptosis of cardiomyocytes!®?. However,
there is no information about hyperlipidemia-induced necroptosis and its connection with
apoptotic and autophagic processes in the heart. Therefore, we hypothesized that
hypercholesterolemia may also increase activation of pro-death pathways such as
apoptosis and necroptosis in the rat heart.

In fully developed diabetes, increased level of cardiac apoptosis has been found!®, It
was also demonstrated that apoptosis and necrosis was increased in ischemic and non-
ischemic human diabetic myocardium®.

It has been shown that activated apoptosis has an important role in diabetes'% 1%,
which could be connected to an impaired mitochondrial function'® and autophagy®> 1%,
Moreover, apoptosis can lead to an imbalance in the calcium homeostasis, which could
mediate contractile dysfunction in diabetic cardiomyopathy'®®, however, the role of

cardiac apoptosis and necroptosis in hypercholesterolemia and prediabetes is still unclear.
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Figure 2. Schematic representation of stress-induced cell responses.

Stress conditions such as ischemia or nutrition stress can lead to cellular damage through
the induction of mitochondrial dysfunction and activation of cell death pathways (i.e.,
necrosis). During stress conditions, autophagy can also be activated which prevents further
cellular damages by the elimination of damaged organelles. However, insufficient
autophagy may lead to cell death through the induction of cardiac apoptosis or necroptosis,
which could be associated with cardiac dysfunction.

3.3 Cardiac mitochondria in metabolic diseases

3.3.1 Mitochondrial oxidative stress

It is well-established that mitochondria are “cellular engines”, which are responsible
for normal energy status and homeostasis of the heart. However, stress stimuli such as
I/R-induced oxidative stress and Ca®* signal open mitochondrial permeability transition
pore (MPTP) and activates the intrinsic pathway of cell death®. Therefore, oxidative
metabolism of mitochondria has an important role in both physiological and
pathophysiological processes!? 11,

In the myocardium, the number and size of the mitochondria are very high due to the
high demand of ATP. The ATP is formed by oxidative phosphorylation. During the

oxidative phosphorylation, ROS or reactive nitrogen species (RNS) are also formed,
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which are toxic byproducts of mitochondria. The most common forms of free radicals are
identified in the human heart including superoxide anion (O2"), the hydroxyl radical
(OH"), hydrogen peroxide (H202), singlet oxygen, peroxynitrite (ONOO™) and NO'*2,
Mitochondria is a major source of ROS in I/R3, In cellular stress, ROS can be formed
by mitochondrial electron transport damage and uncoupling, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, uncoupled nitric oxide synthase (NOS),
xanthine oxidase, cytochrome P450 monooxygenase, and cyclooxygenase, while
activities of endogenous free radical scavenging enzymes such as superoxide dismutase
(SOD), glutathione peroxidase GPx and catalase (CAT) are lower in the mitochondrial4,
The highly reactive radicals damage mitochondrial and cellular DNA, proteins, lipids,
which could lead to mitochondrial dysfunction.

Reactive oxygen and nitrogen species production are increased in metabolic
derangements such as obesity'®, hyperglycemia, hyperlipidemia, hyperinsulinemia, and
insulin resistance which characterize type 2 diabetes'?. Thus, mitochondria have pivotal
role in these metabolic disorders including obesity and type 2 diabetes'® 116-11° however,

their status and effect is less understood in prediabetes.

3.3.2 Mitochondrial dynamics and quality control

Mitochondria are highly dynamic and interconnected organelles, their morphology and
size change continuously. To adapt to changes in the intracellular environment due to
stress conditions (i.e., ischemic insult)*?°, mitochondria are constantly undergo fusion and
fission, which is termed mitochondrial dynamicst?'. Mitochondrial turnover, including
mitochondrial dynamics, biogenesis, and mitophagy has essential role in mitochondrial
quality control, shape, connectivity, cellular redox state and cell death (Figure 3)*2.

Mitochondrial biogenesis results in increased individual mitochondrial mass and copy
number of mitochondria. The process is influenced by various factors such as caloric
restriction, low temperature, oxidative stress and cell division*® 22, Peroxisome
proliferator-activated receptor gamma coactivator 1l-alpha (PGC-la) is the master
regulator of mitochondrial biogenesis, which activates various transcription factors,
including nuclear respiratory factor 1 and 2 (NRF1-2), mitochondrial transcription factor
A (TFAM) and dimethyladenosine transferase 1 (TFBM)'%2 123, |t was demonstrated that
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mitochondrial biogenesis was impaired in diabetes'?* and obesity'?® due to decreased
expression of PGC-1a. Furthermore, testicular level of PGC-1a was also decreased, while
NRF1 and NRF2 was not altered in prediabetic rats'?®.

Fusion results in interconnected mitochondrial network and leads to the elongation of
mitochondria. This process needs mitochondrial fusion proteins including mitofusin 1
(MFN1) and 2 (MFN2) which are localized in the outer mitochondrial membrane and
optic atrophy 1 protein (OPA1), which is localized in the inner mitochondrial
membrane!?, It was shown previously that lack of MFN1 and MFN2 resulted in a rapid
lethal cardiac failure in MFN1/MFN2 double knockout mice, suggesting that the
mitochondrial fusion events have essential role in cardiac homeostasis'?’.

During fission mitochondria become smaller and more fragmented. Fission has an
important role in increased number of mitochondria, translocation of mitochondria to
daughter cells during mitosis as well as if damaged mitochondria needs to be removed by
mitophagy'?8. As the first step of fission, dynamin-related protein 1 (DRP1) is recruited
from cytosol to the outer mitochondrial membrane. Then, DRP1 translocation leads to
formation of smaller, fragmented daughter mitochondria and the sequestration of
damaged parts'?°, Furthermore, mitochondrial fission 1 protein (FIS1) has also important
role in fission, which anchors to the outer mitochondrial membrane as a receptor for
DRP1%0,

It was evidenced that stress conditions like ischemia®®!, depolarization'® or highly
elevated production of ROS'* can trigger mitochondrial fission, due to depolarization of
mitochondrial membrane. Since the healthy daughter mitochondria with normal
membrane potential can merge by mitochondrial fusion, the survival of interconnected
mitochondrial network is ensured*?°,

Impaired daughter mitochondria can be eliminated by mitophagy after mitochondrial
fission. Mitophagy is a specific form of autophagy, which eliminates damaged or
senescent mitochondria from the cell*®*, It was evidenced that MFN2 has important role
to recruit Parkin to the outer mitochondrial membrane and induce Parkin-, LC3-, and
SQSTM1/p62-mediated mitophagy®*®. Since mitochondrial function is heavily
influenced by mitochondrial dynamics including mitochondrial biogenesis, fusion,
fission, and autophagy-mitophagy (Figure 3), and since these processes have been linked

to the development of diabetic cardiomyopathy® 106:108.136 \ye hynothesized that altered
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mitochondrial dynamics might be involved in the mechanism of deteriorated cardiac

functions in prediabetes.
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Figure 3. Representation of the mitochondrial life cycle including the role of
mitochondrial dynamics and mitophagy in quality control.

Mitochondrial biogenesis is regulated by PGC-/a, which activates transcriptional factors
including NRF-1 and 2, TFAM and TFBM. Mitochondria undergo cycles of fusion
(mediated by MFN1, MFN2, and OPAL) to form elongated mitochondrial networks and
fission (mediated by DRP1 and FIS1) to form smaller individual organelles. After the
fission, isolated and damaged components are eliminated by mitophagy. In the activation
of mitophagy, PINK1, Parkin, Beclin-1, SQSTM1/p62 and LC3 play an important role to
remove damaged mitochondria from the cell. PGC-1a, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; NRF1-2, nuclear respiratory factor 1 and 2; TFAM,
mitochondrial transcription factor A; TFBM, dimethyladenosine transferase 1; MFN 1-2,
mitofusin 1 and 2; OPAL, optic atrophy 1 protein; DRP1, dynamin-related protein 1; FIS1,
mitochondrial fission 1 protein; SQSTM1/p62, sequestosome 1. Figure was adapted from
Kluge et al. 2013
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3.3.3 Morphological and functional properties of mitochondrial subpopulations in the
heart

There are three distinct fractions of cardiac and skeletal muscle mitochondria
according to their subcellular localization. Subsarcolemmal mitochondria (SSM), which
are located near the sarcolemma, interfibrillar mitochondria (IFM), which are situated
among myofibrils, and perinuclear mitochondria (PNM), which are clustered around the
nucleus (Figure 4)18, It was previously shown that these fractions are different in
morphology: SSM have lamelliform cristae while most of IFM show tubular cristae'®.
Additionally, it has been described in transmission electron microscopic studies that IFM
and PNM have similar size and distribution in cardiomyocytes'*® 141, Furthermore, SSM
and IFM are different in respiratory rates and mitochondrial enzyme activities!? 143, In
contrast, functional or proteomics data on PNM have not been published to date. SSM
and IFM differ in function under pathophysiological conditions. For example, aging
decreases the rate of oxidative phosphorylation only in IFM***, and functional differences
between SSM and IFM have been shown with high-fat diet!*> and diabetes®.

Although functional properties of SSM and IFM are well-described, differences in
their protein constitution are less studied. Previously, we showed that connexin 43 (Cx43)
is located predominantly in SSM*#, and mitofilin level is higher in IFM*8, Furthermore,
the rate of mitochondrial protein synthesis is different in SSM and IFM48 14°_ Despite
these reports, the biology behind the proteomic differences is largely unknown, and a
specific protein marker that allows the identification of mitochondrial subfractions has

not been identified yet.

23



DOI:10.14753/SE.2019.2200

Figure 4. Representative electron micrograph of mitochondrial subfractions from
murine heart. SSM, subsarcolemmal mitochondria; IFM, interfibrillar mitochondria,
PNM, perinuclear mitochondria. Figure was adapted from Ong et al. 2013,

3.3.4 Mitochondrial isolation with nagarse - methodological obstacles in cardiac
mitochondrial studies

Differentiation between IFM and SSM in biochemical assays depends on the use of
different isolation methods. Palmer and colleagues demonstrated first that SSM could be
isolated via homogenization by a Polytron method, while IFM could be extracted from
cardiac tissue only with additional protease treatment. For the release of IFM from the
myofibrils, trypsini4® 146 proteinase K 152 or most commonly nagarsel#4 147 153 154
treatments are used. Nagarse is a bacterial serine-type endopeptidase (EC: 3.4.21.62),
which is a member of the subtilisin family*>® 156 with practically no substrate specificity.
Other than enzymatic digestion, a method with mechanical disruption has also been
described for the isolation of SSM, however, it is rarely referenced®” 18,

Although the use of proteases is necessary for the isolation of IFM by the most widely
accepted method, enzymatic digestion with bacterial proteases might influence the
mitochondrial protein content and/or mitochondrial function. It was recently shown that
nagarse treatment significantly influenced mitochondrial respiration and enzyme activity
of SSM isolated from mouse skeletal muscle®®®, however, the effect of nagarse on cardiac
mitochondrial proteins has not been studied in detail. Thus, one of the goals of this thesis
was to examine, whether the nagarse-based method for the isolation of IFM affects the
detection of mitochondrial proteins in cardiac mitochondrial subfractions.
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4 AIms

The role of hypercholesterolemia and prediabetes including their molecular aspects in
cardiovascular system is still not well-investigated. Furthermore, we hypothesized that
nagarse treatment may influence the quantification of specific mitochondrial proteins in

our animal models. Therefore, our aims were the follows:

e To investigate the status of autophagy and mTOR and examine apoptosis and
necroptosis pathways in a hypercholesterolemic rat model.

e To characterize functional, morphological and molecular features of a
diet-induced prediabetes model in rats.

e To investigate the effect of prediabetes on the cardiovascular system.

e To examine whether the nagarse-based method for the isolation of IFM affect the

detection of mitochondrial proteins in cardiac mitochondrial subfractions.
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5 Materials and methods

These studies conform to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH publication No. 85-23, revised
1996) and was approved by the animal ethics committee of the Semmelweis University,
Budapest, Hungary (registration numbers: XIV-1-001/450-6/2012) or animal welfare
office of the Justus-Liebig University, Giessen, Germany. Chemicals were purchased
from Sigma, St. Louis, MO, USA unless otherwise noted.

5.1 Animal models and experimental designs

5.1.1 Animal model of hypercholesterolemia

To investigate the effect of hypercholesterolemia, six-weeks-old male Wistar rats
(Crl:WI Strain Code: 003; Charles River Laboratories) were fed with control chow
(NORM; n=9) or chow enriched with 2% cholesterol and 0.25% cholic acid (CHOL; n=9)
for 12 weeks (Figure 5). Animals were allowed to food and water ad libitum and chow
was changed daily. After the feeding period, body weight of animals were measured and
they were anesthetized with diethyl ether and given 500 U/kg heparin i.v. Blood sample
(500 pL) was taken from tail vein for further experiments. Hearts were excised and
perfused with Krebs-Henseleit buffer according to Langendorff at 37 °C for 10 min as
previously described™™. Hearts were taken and snap-frozen for further biochemical

assays.
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Figure 5. Experimental protocol for assessing the effect of hypercholesterolemia in vivo.
Fasting blood glucose, TG and cholesterol were measured at week 12. Tissue sampling
was performed after terminal procedures. NORM, normocholesterolemic; CHOL,
hypercholesterolemic.

5.1.2 Animal model of prediabetes

To characterize a prediabetic animal model, male Long-Evans rats of 5-7 weeks of age
were purchased from Charles River Laboratories. Animals were housed in a room
maintained at 12 h light-dark cycles and constant temperature of 21 °C. Animals were
allowed to food and water ad libitum. After one week of acclimatization rats were divided
into two groups: control (CON; n=20) and prediabetic group (PRED; n=20) (Figure 6).
The control group was fed control chow, while the prediabetic group was fed a chow
supplemented with 40% lard as a high-fat diet. Body weights were measured weekly.
Blood was taken and fasting blood glucose levels were measured from the saphenous vein
every second week with a blood glucose monitoring system (Accu-Check, Roche). To
facilitate the development of prediabetes and, animals on high-fat diet received 20 mg/kg
streptozotocin (STZ, Santa Cruz Biotechnology) intraperitoneally (i.p.) at the fourth week
of the diet according to Mansor et al.*®®, while the control group was treated with same
volume of ice-cold citrate buffer as vehicle. At the 20" week oral glucose tolerance test
(OGTT) was performed in overnight fasted rats with per os administration of 1.5 g/kg
glucose and measurements of plasma glucose levels at 15, 30, 60 and 120 minutes. Insulin
tolerance test (ITT) was also performed at week 20 in overnight fasted rats. Insulin (0.5
IU/kg, Humulin R, Ely Lilly) was injected i.p. and plasma glucose levels were checked
at 15, 30, 45, 60, 90 and 120 minutes. At week 21 of the diet, animals were anesthetized

27



DOI:10.14753/SE.2019.2200

with pentobarbital (60 mg/kg, i.p., Euthasol, Produlab Pharma). Echocardiography and
cardiac catheterization were performed, then hearts were excised, shortly perfused with
oxygenated Krebs-Henseleit buffer in Langendorff mode as described earlier and heart
weights were measured. Epididymal and interscapular brown fat tissue, which are the
markers of adiposity® 12 were isolated and their weights were measured. Blood and
tissue samples were collected and stored at -80 °C.

Vehicle ® |
L 2N A T A A A e R 1
Control (CON, n=20) m
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Prediabetic (PRED, n=_2(0)) [ ————
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Figure 6. Experimental protocol for assessing the effect of prediabetes in vivo.
Long-Evans rats were fed with either CON diet for 21 weeks, or with high-fat diet and
treated with 20 mg/kg STZ at week 4 to induce prediabetes (PRED). Body weights were
measured weekly and blood samples were taken from the saphenic vein every second week.
Sensory neuropathy was measured at week 15. OGTT, ITT and CT were performed at week
20. Echocardiography, hemodynamic analysis and parameters of mitochondrial function
were measured at week 21 of diet. Tissue sampling was performed after terminal
procedures. CON, control; PRED, prediabetic; STZ, streptozotocin; OGTT, oral glucose
tolerance test; ITT, insulin tolerance test; CT, computer tomography.

5.1.3 Animal model to investigate the effect of nagarse on mitochondrial subfractions

To investigate the effect of nagarse on cardiac mitochondrial subfractions, 10-12
weeks old male C57BI6J mice (25-30 g, Janvier, Le Genest-Saint-Isles, France) and 8-10
weeks old male Wistar Han rats (300-350 g, Janvier) were used. Animals were kept in
dark/light cycles of 12 h each and had free access to standard chow and drinking water.
Mice were anaesthetized with 5% isoflurane and sacrificed by cervical dislocation. Rats
were anaesthetized with 4% isoflurane, subsequently hearts were removed, and cardiac

tissue was collected.
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5.2 Assessment of sensory neuropathy

To test if sensory neuropathy develops in prediabetes, plantar Von Frey test was
performed on Long-Evans rats. At week 15 of the diet, rats were placed in a plastic cage
having a wire mesh bottom to allow full access to the paws. After 5-10 min acclimation
time, mechanical hind paw withdrawal thresholds were measured by a dynamic plantar

aesthesiometer (UGO-Basile) as previously described!®?,

5.3 Evaluation of body fat content

At week 20 of the diet, computer tomography (CT) measurements were performed on
NanoSPECT/CT PLUS (Mediso) on Long-Evans rats. The semicircular CT scanning was
acquired with 55kV tube voltage, 500 ms of exposure time, 1:4 binning and 360
projections in 18 minutes 7s. During the acquisitions, rats were placed in prone position
in a dedicated rat bed, and were anesthetized with 2% isoflurane in oxygen. Temperature
of the animals was kept at 37.2+0.3 °C during imaging. In the reconstruction, 0.24 mm
in-plane resolution and slice thickness were set and Butterworth filter was applied
(volume size: 76.8*76.8%*190 mm). Images were further analyzed with VivoQuant
(inviCRO LLC) dedicated image analysis software products by placing appropriate
Volume-of-Interests (VOI) on the whole body fat of animals. The aim of segmentation
was to separate the fat from other tissues. The connected threshold method helped to
choose the adequate attenuated pixels for fat tissue analysis, then the isolated points were
detected by erode 4 voxel and dilate 4 voxel steps. After the measurements animals

recovered from anesthesia.

5.4 Cardiac function by echocardiography

Before euthanasia, to measure cardiac function on Long-Evans rats, echocardiography
was performed as previously described!®* 1%°. Briefly, anesthetized animals were placed
on a controlled heating pad, and the core temperature, measured via rectal probe, was
maintained at 37 °C. Transthoracic echocardiography was performed in supine position
by one investigator blinded to the experimental groups. Two dimensional and M-mode
echocardiographic images of long and short (mid-papillary muscle level) axis were
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recorded, using a 13 MHz linear transducer (GE 12L-RS, GE Healthcare), connected to
an echocardiographic imaging unit (Vivid I, GE Healthcare). The digital images were
analyzed by a blinded investigator using an image analysis software (EchoPac, GE
Healthcare). On two dimensional recordings of the short-axis at the mid-papillary level,
left ventricular (LV) anterior (LVAWT) and posterior (LVPWT) wall thickness in
diastole (index: d) and systole (index: s), left ventricular end-diastolic (LVEDD) and end-
systolic diameter (LVESD) were measured. In addition, end-diastolic and end-systolic
LV areas were planimetered from short and long axis two dimensional recordings. End-
systole was defined as the time point of minimal left ventricular dimensions, and end-
diastole as the time point of maximal dimensions. All values were averaged over three
consecutive cycles. The following parameters were derived from these measurements*®®,
Fractional shortening (FS) was calculated as ((LVEDD-LVESD)/LVEDD)x100. LV
mass was calculated according to the following formula:
[LVmass=(LVEDD+AWTd+PWTd)3-LVEDD3x]1.04x0.8+0.14.

5.5 Hemodynamic measurements, left ventricular pressure-volume

analysis

After echocardiographic measurements, hemodynamic measurement was performed
on Long-Evans rats as previously described®” 1% Briefly, rats were tracheotomized,
intubated and ventilated, while core temperature was maintained at 37 °C. A median
laparotomy was performed. A polyethylene catheter was inserted into the left external
jugular vein. A 2-Fr microtip pressure-conductance catheter (SPR-838, Millar
Instruments) was inserted into the right carotid artery and advanced into the ascending
aorta. After stabilization for 5 min, mean arterial blood pressure (MAP) was recorded.
After that, the catheter was advanced into the LV under pressure control. After
stabilization for 5 min, signals were continuously recorded at a sampling rate of 1,000/s
using a Pressure-Volume (P-V) conductance system (MPVS-Ultra, Millar Instruments)
connected to the PowerLab 16/30 data acquisition system (AD Instruments), stored and
displayed on a personal computer by the LabChart5 Software System (AD Instruments).
After positioning the catheter baseline P-V loops were registered. With the use of a special

P-V analysis program (PVAN, Millar Instruments), LV end-systolic pressure (LVESP),
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LV end-diastolic pressure (LVEDP), the maximal slope of LV systolic pressure increment
(dP/dtmax) and diastolic pressure decrement (dP/dtmin), time constant of LV pressure
decay (t; according to the Glantz method), ejection fraction (EF) stroke work (SW) and
LV maximal power were computed and calculated. Stroke volume (SV) and cardiac
output (CO) were calculated and corrected according to in vitro and in vivo volume
calibrations using the PVAN software. Total peripheral resistance (TPR) was calculated
by the following equation: TPR=MAP/CO. In addition to the above parameters, P-V
loops recorded at different preloads can be used to derive other useful systolic function
indexes that are less influenced by loading conditions and cardiac mass®® 70, Therefore,
LV P-V relations were measured by transiently compressing the inferior vena cava
(reducing preload) under the diaphragm with a cotton-tipped applicator. The slope of the
LV end-systolic P-V relationship (ESPVR; according to the parabolic curvilinear model),
preload recruitable stroke work (PRSW), and the slope of the dP/dtmax - end-diastolic
volume relationship (dP/dtmax-EDV) were calculated as load-independent indexes of LV
contractility. The slope of the LV end-diastolic P-V relationship (EDPVR) was calculated
as a reliable index of LV stiffness!’. At the end of each experiment, 100 uL of hypertonic
saline were injected intravenously, and from the shift of P-V relations, parallel
conductance volume was calculated by the software and used for the correction of the
cardiac mass volume. The volume calibration of the conductance system was performed

as previously described*°.

5.6 Adipokine array from rat plasma

Adipokine array was performed from 1 mL plasma from Long-Evans rats according
to manufacturer’s instructions (Proteome Profiler Rat Adipokine Array Kit, R&D

Systems).

5.7 Biochemical measurements

Serum cholesterol, high density lipoprotein (HDL) and triglyceride levels were
measured in Long-Evans rats and glucose, cholesterol and triglyceride levels were
measured from plasma of NORM and CHOL Wistar rats by colorimetric assays

(Diagnosticum) as previously described'’*. Plasma leptin (Invitrogen), TIMP
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metallopeptidase inhibitor 1 (TIMP-1; R&D System) and angiotensin-11 (Phoenix
pharmaceuticals) were measured by enzyme-linked immunosorbent assay (ELISA)
according to manufacturer’s instructions. Urea, glutamate oxaloacetate transaminase
(GOT), glutamate pyruvate transaminase (GPT), low density lipoprotein (LDL), C-
reactive protein (CRP), cholesterol, uric acid and creatinine were measured by automated

clinical laboratory assays (Diagnosticum).

5.8 Histology

Heart, liver and pancreas samples from Long-Evans rats were fixed in 4% neutral-
buffered formalin. After 24 hours, samples were washed with phosphate buffered saline
(PBS) and stored in 70% ethanol in PBS until embedded in paraffin. Samples were stained
with hematoxylin-eosin (HE) and Masson’s trichrome (MA) staining. Left ventricle
samples were analyzed to examine histopathological differences and evaluate
cardiomyocyte hypertrophy and fibrosis. The level of fibrosis was measured on MA-
stained LV sections, and transverse transnuclear width (cardiomyocyte diameter) was
assessed on longitudinally oriented cardiomyocytes on HE-stained LV sections by a Zeiss
microscope (Carl Zeiss). Digital images were acquired using an imaging software
(QCapture Pro 6.0, QImaging) at 20x magnification. Quantification of cardiomyocyte
diameter and fibrosis was performed with ImageJ Software (v1.48, NIH, Bethesda). Liver

samples were evaluated for hepatic steatosis/fibrosis and scored as previously described
172

5.9 Nitrotyrosine immunostainig of left ventricular samples

Nitrotyrosine levels were also investigated from Long-Evans rat left ventricles. After
embedding and cutting 5 um thick sections, heat-induced antigen epitope retrieval was
performed (95 °C, 10 min, in citrate buffer with a pH of 6.0). Sections were stained with
rabbit polyclonal anti-nitrotyrosine antibody (5 ug/mL, Cayman Chemical) by using the
ABC-kit of Vector Laboratories (Burlingame) according to the manufacturer’s protocol.
Nitrotyrosine-stained sections were counterstained with hematoxylin. Specific staining

was visualized and images were acquired using a BX-41 microscope (Olympus).
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5.10 Quantitative RT-PCR

Total RNA was isolated from Long-Evans rat LV tissue with ReliaprepTM RNA
Tissue Miniprep kit (Promega) according to the manufacturer’s instructions. cDNA was
synthesized using Tetro cDNA Synthesis Kit (Bioline) according to the manufacturer’s
protocol. PCR reaction was performed with iQ SYBR Green Supermix (Bio-Rad), or
TagMan Universal PCR MasterMix (Thermo Fisher Scientific) and 3 nM forward and
reverse primers for collagen type 1 and 3 (COL1 and COL3), atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP) (Integrated DNA Technologies), assay mixes for
a-myosin heavy chain (a-MHC, assay ID: Rn00691721_g1), B-myosin heavy chain (-
MHC, assay ID: Rn00568328 m1), TNF-a (assay ID: Rn99999017 _m1) and interleukin-
6 (IL-6, assay ID: Rn01410330_ml, Thermo Fisher Scientific) were used. Beta-2
microglobulin  (B2M) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
reference gene; assay ID: Rn01775763_g1) were used as reference genes. Quantitative
real-time PCR was performed with the StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific). Expression levels were calculated using the cycle threshold (CT)

comparative method (2°4T).

5.11 Measurement of pancreatic insulin

Freeze clamped and pulverized pancreas samples from Long-Evans rats were used to
determine pancreatic insulin content. Analysis was performed with Insulin (1-125) IRMA

Kit (Izotop Kft) according to the manufacturer’s instructions.

5.12 Electron microscopy

Left ventricular tissue samples (1x1 mm) from Long-Evans rats were placed in
modified Kranovsky fixative (2% paraformaldehyde, 2.5 % glutaraldehyde, 0.1 M Na-
cacodylate buffer, pH 7.4 and 3mM CacCl,). After washing in cacodylate buffer, samples
were incubated in 1% osmium tetroxide in 0.1 M PBS for 35 min. Then samples were
washed in buffer several times for 10 minutes and dehydrated in an ascending ethanol
series, including a step of uranyl acetate (1%) solution in 70% ethanol to increase contrast.
Dehydrated blocks were transferred to propylene oxide before being placed into
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Durcupan resin. Blocks were placed in thermostat for 48 h at 56 °C. From the embedded
blocks, 1 um-thick semithin and serial ultrathin sections (70 nm) were cut with a Leica
ultramicrotome, and mounted either on mesh, or on Collodion-coated (Parlodion,
Electron Microscopy Sciences) single-slot copper grids. Additional contrast was provided
to these sections with uranyl acetate and lead citrate solutions, and they were examined
with a JEOL1200EX-II electron microscope. Areas of subsarcolemmal (SSM),
interfibrillar mitochondria (IFM) and lipid droplets were measured by free hand polygon

selection in iTEM Imaging Platform.

5.13 Mitochondrial enzyme activity measurements

Fresh myocardial samples were homogenized from Long-Evans rats in 1/30 weight
per volume Chappel-Perry buffer (100 mM KCI, 5 mM MgClz, 1 mM EDTA, 50 mM
Tris, pH: 7.5) supplemented with 15 mg/L trypsine-inhibitor, 15.5 mg/L benzamidine, 5
mg/L leupeptin and 7 mg/L pepstatin A. All enzyme activities were measured as
duplicates with a photometer (Cary 50 Scan UV-Visible Spectrophotometer, Varian).
Before adding substrate or cofactor, the reaction mix was incubated at 30 °C for 10 min
(except for cytochrome c oxidase). Enzyme activities were expressed relative to citrate
synthase activity or total protein levels (measured with Bicinchoninic Acid assay). The
activity of rotenone-sensitive NADH:ubiquinone-oxidoreductase (Complex 1) was
measured at 340 nm in the presence of 1 mM EDTA, 2.5 mM KCN, 1 uM antimycin A
and 20 uM rotenone after adding coenzyme Q and NADH to a final concentration of 60
uM. The activity of NADH:cytochrome c-oxidoreductase (Complex I1+I11) was measured
at 550 nm as the antimycin A- and rotenone-sensitive fraction of total NADH-cytochrome
c oxidoreductase in the presence of 0.1 mM EDTA, 3 mM KCN and 0.1% cytochrome c
after adding NADH to a final concentration of 0.2 mM. The activity of
succinate:cytochrome c-oxidoreductase (Complex 11+111) was measured at 550 nm in the
presence of 0.1 mM EDTA, 2.5 mM KCN, 0.1% bovine serum albumin and 4 mM
succinate after adding cytochrome c to a final concentration of 0.1%. The activity of
succinate-dehydrogenase was measured at 600 nm in the presence of 0.1 mM EDTA, 2.5
mM KCN, 0.1% bovine serum albumin and 2 mM succinate after adding 2,6-
dichloroindophenol and phenazine-methosulfate to a final concentration of 34.9 uM and

1.625 mM, respectively. The activity of cytochrome c-oxidase was measured at 550 nm
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in the presence of 0.08% reduced cytochrome c. The activity of citrate-synthase was
measured at 412 nm in the presence of 0.1% triton-X 100, 0.1 mM 5,5’-dithiobis (2-
nitrobenzoic acid), and 0.1 mM acetyl-coenzyme A after adding oxalacetate to a final

concentration of 0.5 mM.

5.14 Preparation of isolated mitochondria

SSM and IFM fractions from Long-Evans and Wistar rat as well as C57BI6J mouse
left ventricles were isolated as described previously'*” with minor modification as shown
in Figure 7. From both mouse and rat hearts, right ventricles (RVs) were taken as control
tissue. This protocol follows essentially that published by Palmer et al.1*?, and is referred
to as the common protocol. All steps were performed at 4 °C. Briefly, left ventricular
tissues were washed in buffer A (100 mM KCI, 50 mM 3-[N-Morpholino]-
propanesulfonic acid (MOPS), 5 mM MgSOs4, 1 mM ATP, 1 mM EGTA, pH 7.4),
weighed and subsequently minced with scissors in 10 mL buffer A per grams of tissue.
Then, tissues were disrupted with a Polytron tissue homogenizer (Ika T25-Digital, 3 times
15 sec) and the homogenates were centrifuged for 10 min at 1000xg. The supernatants
(containing SSM) were divided into 2 groups. One portion of SSM was used without
nagarse and protease inhibitor treatment (SSM). Another portion of SSM was treated with
8 U/g of nagarse (SSM+N; Bacterial type XXIV) at 4 °C for 1 min. Sediments of the first
centrifugation (containing IFM) were resuspended in buffer A (10 mL/g tissue) and were
treated with 8 U/g of nagarse for 1 min. Then, 1 mM phenylmethylsulfonyl fluoride
(PMSF) was added to one portion of IFM (IFM+N+I), whereas another portion was
without PMSF (IFM+N). All mitochondrial samples were disrupted with a Potter-
Elvejhem tissue homogenizer and were centrifuged for 10 min at 1000xg. The resulting
supernatants were centrifuged for 10 min at 8000xg to collect the SSM and IFM. The
mitochondria were resuspended in buffer A, and were centrifuged at 8000xg for 10 min,
and finally resuspended in buffer B (in mM: sucrose 250; HEPES 10; EGTA 1; pH 7.4).
The concentration of nagarse was the same as used in our previous studies!*” 3 and
PMSF was added after 1 min incubation to modify only one parameter at a time. For
Western blot analysis, mitochondria were further purified by layering them on top of a
30% Percoll solution in isolation buffer and subsequent ultracentrifugation at 35.000xg

for 30 min at 4 °C. The lower mitochondrial band was collected, washed twice in isolation
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Buffer B by centrifugation at 10.300xg for 10 min, and the purified mitochondria were
stored at -80 °C.

Left ventricular sample
1

| +Buffer A, Polytron homogenization |

v

Homogenate
|
Potter-Elvenhejm homogenization
and centrifugation at 1,000xg for 10 min

v v

Supernatant Sediment

|+Nagarse I |+Nagarse I +Nagarse

+PMSF
(after 1 min)

| Potter-Elvenhejm homogenization and centrifugation at 1,000xg for 10 min |
| Cent:ifugation of supernatalnts at 8,000xg for 10 n!uin and washing in buflferA |
| Sedir!‘nent: resuspension in :)uffer B and centrifuga!tion at 35,000xg for 3(I) min |

: Sediment: WashingI by centrifugation at 1(:,300><g for 10 min : |

! ! ! '

SSM SSM+N IFM+N IFM+N+I

Figure 7. Schematic representation demonstrating the isolation of mitochondrial
subfractions from Wistar rat and C57BI6J mouse hearts.

PMSF, phenylmethylsulfonyl fluoride; SSM, subsarcolemmal mitochondria; SSM+N,
subsarcolemmal mitochondria+nagarse; IFM+N, interfibrillar mitochondria+nagarse;
IFM+N+I, interfibrillar mitochondria+nagarse+inhibitor (PMSF).
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5.15 Measurement of mitochondrial respiration

Long-Evans rat cardiac mitochondria: protein concentration of SSM and IFM samples
was determined by biuret method’*. Mitochondrial oxygen consumption was measured
by high-resolution respirometry with Oxygraph-2K (Oroboros Instruments) a Clark-type
O2 electrode for 40 min. The mitochondrial protein content was 0.1 mg/mL in the
measurements. Measuring mitochondrial respiration followed the substrate-uncoupler-
inhibitor titration (SUIT) protocol. Mitochondria were energized with 5 mM glutamate
and 5 mM malate. Mitochondrial respiration was initiated with 2 mM adenosine
diphosphate (ADP). Cytochrome ¢ (4 uM), succinate (5 mM), rotenone (1 uM) and
carboxyatractyloside (CAT; 2 uM) were used as indicated. Measurements were
performed in an assay medium containing 125 mM KCI, 20 mM HEPES, 100 uM EGTA,
2 mM K2HPO4, 1 mM MgCl; and 0.025% BSA. Data were digitally recorded using
DatLab4 software.

C57BI6J mouse cardiac mitochondria: mitochondrial oxygen consumption was
measured from samples obtained after the 8,000xg centrifugation; the subsequent
ultracentrifugation step necessary to obtain pure mitochondria was omitted. Oxygen
consumption of 100 pg/mL SSM, SSM+N, IFM+N, and IFM+N+I was measured with a
Clark-type oxygen electrode (Oxygen meter 782, Strathkelvin) at 25 °C in incubation
buffer (containing in mM: 125 KCI, 10 Tris (titrated with MOPS), 1.2 Pi (titrated with
Tris), 1.2 MgCl,, 0.02 EGTA (titrated with Tris), pH 7.4). Complex I-mediated
respiration was analyzed in the presence of 5 mM glutamate and 2.5 mM malate, whereas
complex ll-mediated respiration was measured in the presence of 5 mM succinate and 2
uM rotenone. After recording of basal oxygen consumption, respiration was stimulated
by the addition of 40 uM ADP. Oxygen consumption was expressed in nmol O2xmin’

1xmg protein™).

5.16 Measurement of mitochondrial membrane potential

To detect mitochondrial membrane potential from Long-Evans rat left ventricles, we
used the fluorescent, cationic dye, safranine O (2 pM) which can bind to the protein
possessing negative charge in the inner mitochondrial membrane depending on the

mitochondrial membrane potential. The excitation/emission wavelengths were 495/585
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nm. Fluorescence was recorded at 37 °C by Hitachi F-4500 spectrofluorimeter (Hitachi
High Technologies). The reaction medium was the following: 125 mM KCI, 20 mM
HEPES, 100 uM EGTA, 2 mM K2HPO4, 1 mM MgCl, and 0.025% BSA.

5.17 Detection of H2O, formation in mitochondria

H>0O> production of SSM and IFM from Long-Evans left ventricles was assessed by
Amplex UltraRed fluorescent dye method'’®. Horseradish peroxidase (2.5 U/mL) and
Amplex UltraRed reagent (1 uM), then 0.05 mg/mL mitochondria were added to the
incubation medium. H>O> formation was initiated by the addition of 5 mM glutamate and
5 mM malate or 5 mM succinate and fluorescence was detected at 37 °C with Deltascan
fluorescence spectrophotometer (Photon Technology International). The excitation
wavelength was 550 nm and the fluorescence emission was detected at 585 nm. A
calibration signal was generated with known quantities of H2O. at the end of each

experiment.

5.18 Measurement of Ca?" - uptake in mitochondria

The free Ca?" concentration at each added concentration of Ca?* was calculated and
measured from Long-Evans rat left ventricles. Ca?* uptake by mitochondria was followed
by measuring Calcium-Green-5N (100 nM) fluorescence at 505 nm excitation and 535
emission wavelengths at 37 °C using a Hitachi F-4500 spectrofluorimeter (Hitachi High
Technologies). The reaction medium was the following: 125 mM KCI, 20 mM HEPES,
100 uM EGTA, 2 mM K2HPO4, 1 mM MgCl; and 0.025% BSA.

5.19 Western blot of left ventricle lysates and isolated mitochondria

fractions

Freeze clamped left ventricles from rats and mice were pulverized under liquid
nitrogen and homogenized with TissueLyser LT (Qiagen) in homogenization buffer
containing (in mmol/L): 20 Tris-HCI, 250 sucrose, 1.0 EGTA, 1.0 dithiothreitol, or in
radioimmunoprecipitation assay buffer (Cell Signaling Technology), supplemented with
1 mM PMSF (Roche), 0.1 mM sodium fluoride, 200 mM sodium orthovanadate and
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complete protease inhibitor cocktail (Roche) with TissueLyser LT (Qiagen, Venlo,
Netherlands) to obtain LV soluble protein fraction or LV whole cell lysate. Purified
mitochondria were lysed in 1x NP40 buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 5% glycerol, pH 7.4) or 1x Cell lysis buffer (Cell Signaling Technology)
supplemented with 1x PhosStop and Complete inhibitors (Roche) as well as 1 uM
neocuproine. Concentration of proteins was assessed with Lowry’s assay or
Bicinchoninic Acid Assay kit (Thermo Fisher Scientific).

For tropomyosin oxidation analysis, tissue samples were homogenized in ice-cold
PBS, pH 7.2 containing an antiprotease mixture (Complete, Roche) and 5 mM EDTA.
Just before use, the protein samples were stirred under vacuum and bubbled with argon
to maximally reduce the oxygen tension. The protein suspension was centrifuged at
12,000%g for 10 min at 4°C. The resulting pellet was resuspended in sample buftfer (2%
SDS, 5% glycerol, 1% B-mercaptoethanol, 125 mM Tris-HCI, pH 6.8) and denatured by
10 min boiling. This procedure referred to as reducing condition was compared with the
non-reducing condition obtained without the addition of B-mercaptoethanol. To avoid
artifacts due to the oxidation of thiol groups in vitro, non-reducing conditions were
performed in the presence of 1 mM N-ethylmaleimide.

Protein samples were resolved on precast 4-20% Criterion TGX gels (Bio-Rad) or bis-
tris gels depending on the protein of interest and transferred to nitrocellulose or Immun-
Blot PVDF membranes (Bio-Rad). Quality of transfer was verified with Ponceau S
staining. Membranes were blocked with 5% nonfat milk (Bio-Rad) or 2-5% bovine serum
albumin (BSA; Santa Cruz Biotechnology) or fish skin gelatin in Tris-buffered saline
with 0.05% Tween 20 (TBS-T) for 0.5-2 hours. Membranes were incubated with primary
antibodies in 1-5% nonfat milk or BSA in TBS-T: anti-tropomyosin (Tm) anti-phospho-
phospholamban (PLB-Ser'®), p-PLB (Thr?), anti-sarco/endoplasmic reticulum Ca?*-
ATPase Il (SERCA2A) from Badrilla, anti-apoptosis regulator Bcl-2, anti-receptor-
interacting  serine/threonine-protein  kinase 1 (RIP1), anti-receptor-interacting
serine/threonine-protein kinase 3 (RIP3) anti-mixed lineage kinase domain-like protein
(MLKL) from Sigma, anti-caspase-3 from Novus Biologicals, anti-heat shock protein-60
(HSP-60), anti-HSP-70, anti-HSP-90, anti-B-cell lymphoma 2 (Bcl-2), anti-caspase-3,
anti-CaMKI19, anti-Parkin from Santa Cruz Biotechnology, anti-Shc, anti-dynamin-like
protein 1 (DLP1), anti-OPA1l from BD Biosciences, anti-mitofusin-2 (MFN2) from
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Abcam, anti-phospho-CaMKII§ (Thr?®") anti-phospho-HSP-27 (Ser®?), anti-HSP-27,
anti-apoptosis regulator Bax, anti- SQSTM1/p62, anti- LC3 A/B, anti-Beclin-1, anti-Bcl-
2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), anti-phospho-acetyl-
CoA carboxylase (ACC-Ser’), anti-ACC, anti-phospo-Akt (Thr®%), anti-phospo-Akt
(Ser*”®), anti-Akt, anti-phospho-AMPKo. (Thr'’?), anti-AMPKa, anti-phospho-mTOR
(Ser?#8), anti-mTOR, anti-phospho-ribosomal S6 (Ser?®23%), anti-ribosomal S6, anti-
phospho-glycogen synthase kinase-3 beta (GSK3p-Ser®), anti-GSK3p, anti-NBR1, anti-
Class-11l1' PI3K, anti-run domain Beclin-1-interacting and cysteine-rich domain-
containing protein (Rubicon), anti-ras-related protein Rab-7a (RAB7), and GAPDH from
Cell Signaling Technology or anti-Actin from Sigma as loading controls.

For isolated mitochondria the following primary antibodies were used in 5% nonfat
milk in TBS-T: anti-OPA1 and anti-human/rat SHC antibodies (p66shc) from BD
Biosciences, anti-SQSTM1/p62, anti-LC3 A/B and anti-Bcl-2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3) from Cell Signaling Technology, anti-mitofusin-1
(MFN1), anti-mitofusin-2 (MFN2), anti-Parkinson disease protein 7 (protein deglycase
DJ-1, also termed PARK7) from Abcam, anti-Cx43 from Sigma and anti-voltage-
dependent anion-selective channel protein (VDAC) Acris Antibodies GmbH and anti-
cytochrome c oxidase subunit 4 (COX4) from Cell Signaling Technology as loading
controls. To demonstrate the purity of isolated mitochondria, Organelle Detection
Western Blot Cocktail (Abcam) was used which contained anti-sodium potassium
ATPase (Na'/K*-ATPase), anti-ATP5A and anti-GAPDH antibodies for mitochondria
samples from Long-Evans rats and anti-SERCA2A, anti-Na*/K*-ATPase (Merck
Millipore) and anti-GAPDH (HyTest) were used for mitochondria samples from C57BI6J
mice and Wistar Han rats. To demonstrate that the presence of extramitochondrial
(contaminating) proteins is not masked by a too short exposition of the Western blot
membranes, representative images are shown for different expositions times (short,
medium, and long exposure), which yield in either weak, medium, or strong (saturated
signals, Figure 21D). After washing and incubation with the respective secondary
antibodies, signals were detected with enhanced chemiluminescence kit (Clarity Western
ECL Substrate, Bio-Rad, or SuperSignal West Pico or Femto Chemiluminescent
Substrate, Thermo Fisher Scientific) and visualized by Chemidoc XRS+ gel
documentation system (Bio-Rad,) and analyzed by Image Lab 4.1 (Bio-Rad,) or
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Scionlmage software (Scion Corporation). For the analysis of tropomyosin oxidation, the
density of the additional band with higher molecular weight reflecting the formation of
disulfide cross-bridges was normalized to densitometric values of the respective
tropomyosin monomer. Antibodies against phosphorylated epitopes were removed with
Pierce Stripping Buffer (Thermo Fisher Scientific) before incubation with antibodies

detecting the total protein.

5.20 Statistical analysis

Values are expressed as mean+standard error of mean (SEM). Statistical analysis was
performed between groups by unpaired two-tailed t-test or by Mann-Whitney U-test. Data
on mitochondrial protein levels of MFN1, MFN2, DJ-1, p66shc, and Cx43 in mouse and
rat SSM and IFM+N were normalized to VDAC and compared by unpaired two-tailed
Student’s t-test or one-way ANOVA with LSD post hoc test. Mitochondrial oxygen
consumption data was evaluated by one-way ANOVA with LSD post hoc test or by
Kruskal-Wallis analysis with Dunn’s post hoc test in case of dataset with non-normal
distribution. GraphPad Prism 6 software was used for statistical analyses. A p<0.05 value

was considered significant.
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6 Results

6.1 Effect of high-cholesterol diet in Wistar rats

6.1.1 Elevated serum cholesterol level in hypercholesterolemic rats

We examined body weight at the 12" week of the diet and found no significant
difference between groups (NORM: 551.5£13.0 g vs. CHOL: 529.4+12.2 g; p<0.05).
Serum cholesterol, triglyceride and glucose parameters were measured in control and
cholesterol-fed rats to assess the state of lipid- and glucose homeostasis. After the feeding
period, serum cholesterol level was elevated, although serum triglyceride and glucose
levels were unchanged in CHOL group as compared to the NORM group, evidencing
hypercholesterolemia in CHOL animals (Table 2), in addition, cholesterol-fed animals
displayed an altered lipoprotein pattern after 12 weeks of feeding, as shown previously
by lipid electrophoresis®®.

Table 2. Plasma triglycerides, cholesterol, glucose levels in NORM and CHOL groups.
Plasma cholesterol level was significantly elevated after 12 weeks of feeding in CHOL
animals. NORM, normocholesterolemic; CHOL, hypercholesterolemic. Data are
mean+SEM; NORM (n=9) vs. CHOL (n=9); *: p<0.05.

NORM CHOL
Glucose (mmol/L) 5.324+0.14 5.23+0.09
Cholesterol (mmol/L) 2.89+0.22 4.09+0.62*
Triglycerides (mmol/L) 2.174+0.03 2.26+0.05

6.1.2 Hypercholesterolemia downregulates autophagy

In order to establish whether hypercholesterolemia influences autophagy we measured
cardiac expression of autophagy markers by Western blot. Hearts of cholesterol-fed
animals exhibited a decrease in LC3-11, Beclin-1, Rubicon, and RAB7 (Figure 8, B-F),
consistent with downregulation of autophagy initiation and vesicle traffic despite
upregulation of the Class-I1l PI3K involved in autophagy initiation (Figure 8F). No
difference in the expression of markers of autophagic clearance NBR1 and SQSTM1/p62

proteins was detected between groups (Figure 8, G-H). These results suggest that both
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early and late phases of autophagy were attenuated in the heart of hypercholesterolemic

rats.
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Figure 8. Hypercholesterolemia downregulated cardiac autophagy.

Representative Western blots for autophagy-related proteins in the left ventricle of NORM
and CHOL rats (A). Quantification of LC3-I/1I, Beclin-1, Class Il PI3K, NBR1,
SQSTM1/p62, RAB7 and Rubicon protein expressions as normalized to Actin (B-H).
NORM, normocholesterolemic; CHOL, hypercholesterolemic; CIlIl PI3K, class-IlI
phosphoinositide 3-kinase; NBR1, neighbor of BRCA1 gene 1; LC3, microtubule-
associated protein light chain 3; RAB7, ras-related protein Rab-7a; Rubicon, run domain
Beclin-1-interacting and cysteine-rich domain-containing protein; SQSTM1/p62,
sequestosome 1. Data are presented as meantSEM; NORM (n=4) vs. CHOL (n=35),; *:

p<0.05.
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6.1.3 Hypercholesterolemia activates mTOR in the heart

In order to investigate whether hypercholesterolemia affects mTOR pathway, we
measured the phosphorylation of mMTOR and ribosomal S6 proteins. Our results showed
that there was no significant difference in the expressions or phosphorylations of Akt and
mTOR protein between groups; however, phosphorylation of ribosomal S6, a surrogate
marker of mMTOR complex activity, was elevated in CHOL group (Figure 9, B-E). These

results indicate that mTOR activity was upregulated in hypercholesterolemia.
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Figure 9. Hypercholesterolemia activated mTOR pathway.

Representative Western blots for mTOR pathway-related proteins in the left ventricle of
NORM and CHOL rats (A). Quantification of phospho-Akt (Ser*”; Thr®), phospho-mTOR
(Ser®*), and phospho-S6 (Ser®?*%) protein expressions as normalized to the
corresponding total proteins (B-E). NORM, normocholesterolemic; CHOL,
hypercholesterolemic; mTOR, mechanistic target of rapamycin; S6, ribosomal S6 protein.
Data are presented as mean+SEM; NORM (n=4) vs. CHOL (n=5); *: p<0.05.
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6.1.4 Apoptosis but not necroptosis is elevated in hypercholesterolemia

We also investigated whether decreased autophagy in hypercholesterolemia is
associated with altered apoptotic and necroptotic pathways. Expression of apoptotic
marker cleaved caspase-3 was significantly increased, while Bcl-2/Bax protein
expression ratio was unchanged (Figure 10, A-C). Furthermore, expression of RIP1, RIP3
and MLKL proteins, major markers of necroptosis, were unchanged (Figure 10, D-G).

These results suggest that hypercholesterolemia upregulates apoptosis but not necroptosis

in the heart.
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Figure 10. Hypercholesterolemia activated apoptosis, but had no effect on cardiac
necroptosis.

Representative Western blots for apoptosis-related protein expressions (A). Quantification
of cleaved caspase-3 expression normalized to Actin and ratio of Bcl-2 to Bax (B-C).
Representative Western blots for necroptosis-related proteins (D). Quantification of RIP1,
RIP3, MLKL and cleaved caspase-3 as normalized to Actin protein expression (E-G).
NORM, normocholesterolemic; CHOL, hypercholesterolemic; Bax, Bcl-2-associated X
protein; RIP1-3, receptor-interacting serine/threonine-protein kinase 1 and 3; MLKL,
mixed lineage kinase domain-like protein. Data are presented as meantSEM; NORM
(n=5) vs. CHOL (n=5); *: p<0.05.
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6.2 Effect of high-fat diet and streptozotin treatment in Long-Evans
rats

6.2.1 Moderately increased adiposity in prediabetic animals

To determine the effect of high-fat diet and the single, low dose STZ injection, we
measured body weight, fat tissue volumes and plasma lipid parameters. We found that
body weights of the prediabetic animals were moderately but statistically significantly
elevated from week 9 as compared to the control group, and that this difference reached
18% at the end of the diet period (Figure 11, A-B). At week 20, plasma leptin level was
significantly increased in prediabetes, however, CRP level was decreased, plasma
cholesterol, HDL cholesterol and triglyceride levels, and parameters of liver and kidney
function were unchanged (Table 3). To characterize prediabetes-induced changes in
further obesity-related molecules, we performed an adipokine array measurement, which
revealed that the circulating level of TIMP-1 might be influenced by prediabetes,
however, we could not confirm these results by ELISA (Table 3). CT scan showed that
body fat volume of prediabetic rats was substantially increased at the end of the diet
(Figure 11, C-D). Epididymal fat tissue weight, which is an indicator of total body
adiposity, was increased in the prediabetic group, however, the weight of interscapular
brown adipose tissue was not changed (Figure 11, G-H). Histological score analysis of
HE- and MA-stained liver samples evidenced the development of hepatic steatosis in the
prediabetic group (CON: 0.5+0.3 vs. PRED: 2.25+0.5; p<0.05), however, no signs of
hepatic fibrosis was detected (Figure 11H). Furthermore, electron microscopy showed an
increased number of lipid droplets in the myocardium of prediabetic animals as compared
to controls (Figure 11, E-F). These results demonstrated a moderately increased adiposity,

hepatic and cardiac fat deposits without signs of hyperlipidemia in the prediabetic group.
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Figure 11. High-fat feeding with a single low dose STZ treatment increase adiposity.
Changes in body weight during the experiment (A) and body weight data after 21 weeks
(B); n=19. Axial representative CT slice from the middle of 4" lumbal spine. Red color
indicates the segmented VOIs showing the volume of fat in the CON and PRED rats (C).
Whole body fat volume to body weight ratio at week 20; n=3 (D). Representative
transmission electron micrographs of myocardial lipid droplets (E; white arrows) and
number of lipid droplets in CON and PRED cardiomyocytes (F). Magnification 7,500%;
scale bar 1 um; n=5. Epididymal fat tissue (G) and BAT (I) weight to body weight ratios;
n=19. HE and MA staining of liver sections (H). Magnification 200%; scale bar 100 um;
n=4. CON, control; PRED, prediabetic; VOIs, Volume-of-Interests; HE, hematoxylin-
eosin; MA, Masson’s trichrome; BAT, interscapular brown adipose tissue. Data are
presented as mean+SEM; (*: p<0.05).
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Table 3. Plasma parameters at week 21.

CON, control; PRED, prediabetic; ANG I, angiotensin II; TIMP1, TIMP metallopeptidase
inhibitor 1; HDL, high-density lipoprotein; LDL, low-density lipoprotein; GOT, glutamate
oxaloacetate transaminase; GPT, glutamate pyruvate transaminase; CRP, C-reactive

protein. Data are presented as mean+SEM for 12 rat per group (*: p<0.05).

CON PRED
Plasma leptin (ng/mL) 2.51+0.33 5.91+0.60*
Plasma ANG Il (ng/mL) 7.6£1.32 8.05+1.56
Plasma TIMP-1 (ng/mL) 4.19+0.39 4.76+0.51
Plasma cholesterol (mmol/L) 1.88+0.06 1.72+0.08
HDL cholesterol (mmol/L) 2.75+0.14 2.75+0.10
Plasma triglyceride (mmol/L) 1.20+0.10 1.31+£0.09
LDL cholesterol (mmol/L) 0.44+0.02 0.47+0.03
Total Cholesterol (mmol/L) 1.61+0.05 1.51+0.08
GOT (U/L) 82+15 5844
GPT (U/L) 5014 49+5
Uric acid (mmol/L) 24+4 16+1
Creatinine (umol/L) 4643 40+3
CRP (mg/L) 109.56+1.24 94.96+3.87*

6.2.2 Impaired glucose tolerance, insulin resistance, and sensory neuropathy evidence
disturbed carbohydrate metabolism in prediabetes

We aimed to characterize the glucose homeostasis in our rat model of prediabetes. At
week 20 of the diet, fasting blood glucose levels were slightly elevated in prediabetes
from week 10, however, remained in the normoglycemic range (Figure 12, A-B). OGTT
and ITT demonstrated impaired glucose tolerance and insulin resistance in the prediabetic
group (Figure 12, C-F), however, there was no difference in pancreatic insulin content
(Figure 12G), or in pancreatic islet morphology (Figure 12H) between groups. These
results demonstrate prediabetic conditions (as was defined by World Health Organization,
see above) in the present model and evidence that type 1 diabetes did not develop due to
the STZ treatment. Sensory neuropathy is a well-accepted accompanying symptom of
diabetes'’®. Accordingly, here we have found a decrease in the mechanical hind limb
withdrawal threshold at week 15 (CON: 48+1g vs. PRED: 42+2¢; p<0.05) of diet in the
PRED, which indicates a moderate sensory neuropathy in this model of prediabetes.
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Figure 12. Alterations in glucose homeostasis indicate the development of a prediabetes
in streptozotocin-treated and high-fat-fed rats at week 21.

Fasting blood glucose levels during the experiment (A) and at week 20 (B); n=19. OGTT
(C-D) and ITT (E-F) results at week 20 of the diet; n=6. Insulin content of pancreas at
week 21 (G); n=4. HE and MA staining of pancreas sections (H). Magnification 200x;
scale bar 100 um; n=4. CON, control; PRED, prediabetic; OGTT, oral glucose tolerance
test; ITT, insulin tolerance test; HE, hematoxylin-eosin, MA, Masson’s trichrome. Data
are presented as mean+SEM (*: p<0.05).
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6.2.3 Diastolic dysfunction and hypertrophy in prediabetes with no sign of fibrosis

To determine the cardiac effect of prediabetes, we measured morphological and
functional parameters of the hearts. Heart weights were significantly increased (Figure
13A), however, heart weight/body weight ratio was decreased in prediabetes (CON:
0.27+0.01% vs. PRED: 0.24+0.01%; p<0.05), plausibly due to obesity. Left ventricular
(LV) mass, left ventricular anterior wall thickness, systolic (LVAWTS), left ventricular
posterior wall thickness, systolic (LVPWTSs) and left ventricular posterior wall thickness,
diastolic (LVPWTd) were increased in prediabetic group as assessed with
echocardiography, however, other cardiac dimensional parameters were unchanged
(Table 4). The slope of end-diastolic pressure-volume relationship (EDPVR), which is a
very early and sensitive marker of diastolic dysfunction, was significantly elevated in
prediabetes, although other hemodynamic parameters, including blood pressure, were
unchanged evidencing the lack of systolic dysfunction or hypertension (Table 5, Figure
13B). To uncover the molecular background of the observed mild diastolic dysfunction,
we performed measurements on the common mechanistic contributors of heart failure!’”.
On hematoxylin-eosin-stained LV sections increased cardiomyocyte diameter was
detected in prediabetes (Figure 13, C-D). To characterize components affecting diastolic
function, we analyzed MHC expression. Interestingly, the gene expression of -MHC was
decreased, and a-MHC also showed a tendency of decrease (p=0.17), the ratio of which
resulted in a strong tendency to decrease in prediabetes. No increase in ANP or BNP gene
expressions (Figure 13, G-H) or in angiotensin-Il level (Table 3) was detected in
prediabetes. To evaluate the extent of fibrosis, MA-stained LV sections were analyzed,
which revealed no difference between groups (Figure 13E). Similarly, we found that gene
expression of type 1 (COL1) and 111 (COL3) collagen isoforms were unchanged in the left
ventricle (Figure 13F). These results indicate that mild diastolic dysfunction developed
in prediabetic animals which was associated with a mild hypertrophy (increased LV mass
and anterior and posterior LV wall thickness, increased cardiomyocyte diameter) without

signs of fibrosis.

50



DOI:10.14753/SE.2019.2200

CON PRED
150 - 150 -
@ 1.8 * g ;0:3
- 3
S 1.2 E E
[
z § §
t 06 g g
% o o
EDPVR
0.0 ¢ b —— 8 B :
CON PRED 50 Volume (pl) 350 50 Volume (pl) 350
C CON PRED D c 30
Y ERSPRE B S 3 coN
s~ < 3 -
= 2 2 PRED
HE = S
- T
5 oz
= 5
- : e s o
X P e " 4 ——— *4
B B e i e el 0 10 20 30
“« AW Myocyte diameter (um)
20
E 15 .
MA £
5 10
8% -
£E
T 0
CON PRED
OCON OCON
1.5 @®PRED ®PRED
1.6
w3 - 1.2 -
gt 1 -] $1.2
28 < 508 <508
< 05 £% 5
= Eo 04 £ 0.4
0 g o e o
CON PRED COoL1 CcoL3

I
0
5]
o]
z

®PRED p
—_ 4
% 4 % 1.0
§ = * o p=0.11
1505 I 0.5
Ex™ =
g s
o0 <2 0.0
a-MHC B-MHC CON PRED

Figure 13. Characterization of cardiac function, myocardial morphology and fibrosis in
prediabetic rats.

Quantification of heart weights after 21 weeks (A); n=19. Representative pressure-volume
loops and slope of EDPVR in CON and PRED group (B). HE and MA staining of
myocardial sections (C) and quantification of cardiomyocyte diameter (D) and level of
fibrosis (E) in CON and PRED rats. Magnification 200, scale bar 100 um; n=6-8.
Quantification of COL1, COL3 (F), ANP, BNP (G), a-MHC, p-MHC gene expressions and
a- to f-MHC ratio (H) in CON and PRED group; n=9. CON, control; PRED, prediabetic;
EDPVR, end diastolic pressure-volume relationship; HE, hematoxylin-eosin; MA,
Masson’s trichrome; COLI-3, collagen type | and Ill; ANP, atrial natriuretic peptide;
BNP, brain natriuretic peptide; a-MHC, alpha-myosin heavy chain; f-MHC, beta-alpha-
myosin heavy chain. Data are presented as mean+SEM (*: p<0.05).
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Table 4. Characterization of cardiac morphology and function in prediabetes by means
of echocardiography.

CON, control, PRED, prediabetic; LV mass, left ventricular mass; LVAWTd, left
ventricular anterior wall thickness, diastolic; LVAWTS, left ventricular anterior wall
thickness, systolic; LVPWTd, left ventricular posterior wall thickness, diastolic; LVPWTSs,
left ventricular posterior wall thickness, systolic; LVEDD, left ventricle end-diastolic
diameter; LVESD, left ventricle end-systolic diameter; FS%, fractional shortening %; HR,
heart rate. Data are presented as mean=SEM for 10 rat per group (*: p<0.05).

CON PRED

LV mass (g) 1.01+0.04 1.22+0.07*
LVAWTd (mm) 1.89+0.12 2.07+0.12
LVAWTSs (mm) 2.86+0.17 3.42+0.11*
LVPWTd (mm) 1.86+0.07 2.05+0.04*
LVPWTs (mm) 2.72+0.12 3.25+0.15%*
LVEDD (mm) 7.71+0.22 7.75+0.17
LVESD (mm) 4.93+0.22 4.96+0.31
FS (%) 36.0£2.2 37.4+3.8

HR (1/min) 335+13 348+10
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Table 5. Characterization of left ventricular (LV) hemodynamics in vivo in prediabetes
by means of pressure-volume analysis.

CON, control; PRED, prediabetic; MAP, mean arterial pressure; LVESP, left ventricular
end-systolic pressure; LVEDP, left ventricular end-diastolic pressure; LVEDV, left
ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; SV, stroke
volume; CO, cardiac output; EF, ejection fraction; SW, stroke work; dP/dtmax, maximal
slope of LV systolic pressure increment; dP/dtmin, maximal slope of LV diastolic pressure
decrement; z, time constant of LV pressure decay; TPR, total peripheral resistance;
ESPVR, end-systolic pressure-volume relationship; EDPVR, end-diastolic pressure-
volume relationship; PRSW, preload recruitable stroke work; dP/dtmax-EDV, the slope of
the dP/dtmax-end-diastolic volume relationship. Data are presented as mean+SEM for 10
rat per group (*: p<0.05).

CON PRED

MAP (mmHg) 110.1+£7.3 113.6+6.1
LVESP (mmHg) 116.6+5.6 120.0+6.8
LVEDP (mmHg) 4.4+0.4 4.0+0.2
LVEDV (uL) 292.8+14.5 280.249.6
LVESYV (uL) 130.7+6.9 127.5+4.5
SV (ul) 162.149.1 152.847.7
CO (mL/min) 59.5+3.2 56.6+£2.3
EF (%) 55.3+1.3 54.4+1.3
SW (mmHg-mL) 14.5+0.5 13.6+£0.6
dP/dtmax (mmHg/s) 7226+487 7387+401
dP/dtmin (mmHg/s) -8198+680 -8551+545
1 (Glantz) (ms) 12.6+0.3 12.1+0.4
TPR [(mmHg min)/mL] 1.90+0.19 2.00+0.12
Slope of ESPVR (mmHg/pL) 2.68+0.12 2.71£0.06
Slope of EDPVR (mmHg/uL) 0.026+0.001 0.037£0.004*
PRSW (mmHg) 100.5+5.2 98.9+4.1
ﬁf}?}fﬁ;ﬂ;ﬁg}m EDV 343223 350422
Maximal power (mW) 91.8+£8.2 98.2+12.5

6.2.4 Elevated reactive oxygen species formation in cardiac subsarcolemmal

mitochondria in prediabetic rats

To investigate whether cardiac mitochondrial disturbances contribute to the observed

diastolic dysfunction, mitochondrial morphology and enzyme activity were analyzed
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from left ventricles of prediabetic rats. Our electron microscopy results showed that there
iIs no major difference in the number of interfibrillar mitochondria (IFM) between the
groups (Figure 14, A-B). However, area (CON: 0.43£0.01 vs. PRED: 0.39+0.01 pm?;
p<0.05), perimeter (CON: 2.69+0.02 vs. PRED: 2.63+0.03 pum; p<0.05) and sphericity
(CON: 0.35+£0.01 vs. PRED: 0.31+0.01; p<0.05) of IFM are decreased in PRED group.
Previous studies indicated that IFM and subsarcolemmal mitochondria (SSM) are
affected by diabetes differentially'’® 1°, Therefore, we analyzed our EM imagery
containing SSM and found no difference in SSM size, perimeter, or sphericity (data not
shown), although, the statistical power of these analyses was not high enough (n=2 for
CON and n=4 for PRED). Furthermore, we have not seen any major difference in
mitochondrial oxygen consumption, enzyme activities (Table 6-7), Ca-uptake, or
membrane potential (Figure 15-16). However, we have found that hydrogen-peroxide
production was increased in the cardiac SSM fraction with glutamate-malate as a
substrate (Figure 14C), although, there was no difference when succinate was used as
substrate. Interestingly, there was no increase in reactive oxygen species (ROS)
production of the IFM isolated from LV supported either with glutamate-malate or with
succinate (Figure 14, D-F). As leukocytes are one of the main sources of ROS,
inflammatory mediators were measured. We could not find significant difference in TNF-
a (CON: 1+0.27 vs. PRED: 0.59+0.07; ratio normalized to GAPDH; p>0.05) and IL-6
(CON: 1£0.27 vs. PRED: 0.69+0.14; ratio normalized to GAPDH; p>0.05) mRNA
expressions between groups, which evidence that in our model prediabetes does not elicit
cardiac or systemic inflammation. Furthermore, we have not seen any difference in other
markers of oxidative stress: the expression of p66Shc and tropomyosin oxidation between
groups (Figure 17, B-E). It is known that reactive nitrogen species have important role in
deteriorated contractile- and endothelial function in diabetes® 18!, therefore, we analyzed
whether nitrative stress is influenced in prediabetes. Nitrotyrosine immunohistology
indicated that protein nitrosylation is increased in prediabetes (Figure 17A). As
CaMKII§ has been proposed to be activated in oxidative stress-associated conditions &2,
we measured the levels of the active forms of the kinase which might affect the
contractility and relaxation capacity of the heart!83. The phosphorylation of CaMKI15 and
of its target PLB on Thr!” was not changed by prediabetes (Figure 18, A-C). Similarly,

there was no change in the protein expression of SERCA2A in our model of prediabetes
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as compared to control animals (Figure 18E). On the other hand, the level of p-Ser'®-PLB
showed a tendency for downregulation in prediabetes (p=0.08; Figure 18D).
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Figure 14. Mitochondrial morphology and function in prediabetes at week 21.
Representative transmission electron micrographs (A) and number of IFM (B) in the left
ventricle. Magnification 12,000%, scale bar 1 um. Quantification of H-O, production in
SSM (C) and IFM (D) with glutamate-malate as substrate (GM). Quantification of H.O,
production in SSM (E) and IFM (F) with succinate as substrate. CON, control; PRED,
prediabetic; IFM, interfibrillar mitochondria; SSM, subsarcolemmal mitochondria; ADP,
adenosine diphosphate. Data are presented as mean+SEM, n=>5-9 per group (*: p<0.05).
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Table 6. Quantification of cardiac mitochondria enzyme activity in left ventricle.
CON, control; PRED, prediabetic. Data are presented as mean+SEM for 5-9 rat per group

(*: p<0.05).

CON

PRED

Citrate-synthase activity

(U/mg protein)

NADH:Ubiquinone-Oxidoreductase activity

(U/mg protein)

NADH:Cytochrome c-Oxidoreductase activity
(U/mg protein)
Succinate:Cytochrome-c-Oxidoreductase activity
(U/mg protein)

Succinate-Dehydrogenase activity

(U/mg protein)
Cytochrome-c-Oxidase activity
(U/mg protein)

223.1249.98

40.5242.55

7.85+1.18

21.09+1.49

84.06+5.83

38.74+£3.15

220.44+8.32

36.48+2.99

8.47+1.31

23.57+1.61

80.09+3.42

40.36+2.33

Table 7. Quantification of mitochondrial oxygen consumption.

CON,

control;

PRED, prediabetic;

SSM,

subsarcolemmal

mitochondria;

IFM,

interfibrillar mitochondria; ADP, adenosine diphosphate; CAT, carboxyatractyloside.
Data are presented as mean=SEM for 9 rat per group (*: p<0.05).

CON PRED CON PRED
SSM SSM IFM IFM
(pmol/mL)s (pmol/mL)s (pmol/mL)s (pmol/mL)s

ﬁ';lft‘;nate' 25.08+3.6  21.06+3.53  586+1931  61.78+21.41
ADP 203.31£32.57 194.03£42.16  304.23+£25.75 287.9422 .35
Cytochrome c 260.8+28.27  287.06+54.91 335.96+£25.79 345.41+£28.17
Succinate 306.24+25.19  289.74423.23  367.76+15.74 393.56+18.82
Rotenone 143.12+18.19 139.7+23.64 238.4+18.44 220.73+16.19
CAT 105.95+8.89 106.5£12.22 159.78+6.86 156.6+8.03
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Figure 15. Characterization of mitchondrial Ca?* uptake in prediabetes.

No changes were observed in Ca?* uptake in SSM (A) and IFM (B). CON, control; PRED,
prediabetic; SSM, subsarcolemmal mitochondria; IFM, interfibrillar mitochondria. Data
are presented as mean+SEM, n=8 per group.
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Figure 16. Characterization of mitochondrial membrane potential in prediabetes.

No changes in mitochondrial membrane potential with glutamate-malate (A) and succinate
(B) substrates in prediabetes. CON, control; PRED, prediabetic; SSM, subsarcolemmal
mitochondria; IFM, interfibrillar mitochondria; ADP, adenosine-diphosphate; CAT,
carboxyatractyloside; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone.
Data are presented as mean+SEM, n=38 per group.
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Figure 17. Characterization of oxidative and nitrative stress in prediabetes.
Representative immunostaining of nitrotyrosine in the left ventricle (A), magnification
200%; scale bar 200 um. Representative Western blots (B) and quantification (C) of
tropomyosin oxidation. Representative Western blots (D) and quantification (E) of cardiac
p66Shc expression. CON, control; PRED, prediabetic; Tm, tropomyosin; Ox. Tm, oxidized
tropomyosin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Data are presented as
mean+SEM, n=6-8 per group.
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Figure 18. Characterization of major proteins of calcium homeostasis in prediabetes.
Representative Western blots (A) and quantification of CaMKIlo (B) and PLB
phosphorylation on Thr'” (C) and Ser*® (D), and SERCA2A (E) expression. CON, control;
PRED, prediabetic; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CaMKII0,
Ca**/calmodulin-dependent protein kinase II; SERCA2A, sarco/endoplasmic reticulum
Ca’" ATPase II; PLB, phospholamban. Data are presented as mean+SEM, n=6-8 per
group.

6.2.5 Alterations in cardiac mitofusin-2 expression and mitophagy in prediabetes

To investigate the effect of cardiac mitochondrial dynamics, auto- and mitophagy in
prediabetes, we analyzed protein expression changes. Cardiac expression of the
mitophagy-related protein, BNIP3 was decreased in the prediabetic group in left ventricle
lysates, however, other auto- and mitophagy-related proteins such as Beclin-1, LC3-II,
SQSTM1/p62 and Parkin were unchanged (Figure 19A; Table 8). Upstream modulators
of autophagy such as ACC, Akt, AMPKa, GSK3p and ribosomal S6 protein (a surrogate
marker of mTOR complex activity) were also measured, however, expression or
phosphorylation of these proteins were not different between groups (Figure 19A; Table
8). Furthermore, the expression of a mitochondrial fusion-related protein, MFN2 was
elevated, however, expression of DLP1 and OPA1 proteins were unchanged in whole left
ventricle lysates in the prediabetic group (Figure 19B; Table 8). Nonetheless, we
measured the expression of mitochondrial dynamics- and mitophagy-related proteins
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from SSM and IFM isolated from left ventricles. No difference was found in the
expression of OPAL, LC3-11, SQSTM1/p62 in isolated cardiac SSM and IFM between
groups (Figure 19, C-D; Table 8). Our results indicate that mitochondrial dynamics and
autophagy/mitophagy were not modulated substantially by prediabetes, however, the
upregulation of MFN2 (increased mitochondrial fusion, tethering to endoplasmic
reticulum) and the downregulation of BNIP3 (decreased mitophagy) may implicate early
changes in mitochondrial homeostasis, which might lead to the accumulation of

dysfunctional mitochondria.
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Figure 19. Cardiac expression of mitochondrial dynamics-, autophagy/mitophagy-and
insulin signaling pathway-related proteins in prediabetes.

Representative Western blots of autophagy/mitophagy-related proteins and upstream
modulators of autophagy (A), mitochondrial fission- and fusion-related protein (B) in
whole left ventricles. Representative Western blots of mitochondrial dynamics- and
mitophagy-related proteins in isolated SSM (C) and IFM (D). CON, control; PRED,
prediabetic; LV, left ventricle; SSM, subsarcolemmal mitochondria; IFM, interfibrillar
mitochondria; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; DLP1, dynamin-like
protein 1; MFN2, mitofusin-2; OPAL, optic atrophy 1 protein; COX4, cytochrome c
oxidase subunit 4, mitochondrial; LC3, 1 microtubule-associated protein 1 light chain 3;
SQSTM1/p62, sequestosome 1; BNIP3, Bcl-2/adenovirus E1B 19 kDa protein-interacting
protein 3; ACC, Acetyl-CoAd carboxylase; AMPKa, AMP-activated protein kinase o,
GSK3p, glycogen synthase kinase-3 beta.
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Table 8. Quantification of mitochondrial dynamics- and mitophagy-related protein
expressions in isolated mitochondrial fractions and whole left ventricles (see Figure 19).
CON, control; PRED, prediabetic; LV, left ventricle; BNIP3, Bcl-2/adenovirus E1B 19 kDa
protein-interacting protein 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
MFN2, mitofusin-2; OPAL, optic atrophy 1; DLP1, dynamin-like protein 1; COX4,
cytochrome c oxidase subunit 4, mitochondrial; LC3, 1 microtubule-associated protein 1
light chain 3; SQSTM1/p62, sequestosome 1, ACC, Acetyl-CoA carboxylase; AMPKa,
AMP-activated protein kinase o, GSK3p, glycogen synthase kinase-3 beta. Data are
presented as mean+SEM for 8 rat per group (*: p<0.05).

CON PRED
Total LV
BNIP3/GAPDH ratio 0.59+0.03 0.44+0.02*
MFN2/GAPDH ratio 0.27+0.01 0.36+0.02*
OPA1/GAPDH ratio 1.47+0.11 1.63+0.1
DLP1/GAPDH ratio 1.16+0.08 1.34+0.14
LC3-11/GAPDH ratio 0.56+0.07 0.56+0.05
p62/GAPDH ratio 3.05+0.18 3.45+0.23
Parkin/GAPDH ratio 2.25+0.14 2.43+0.17
Beclinl/GAPDH ratio 0.81+£0.07 0.82+0.07
Phospho ACC (Ser’®)/ACC ratio 0.92+0.05 1.0+0.09
Phospho AKT(Ser*’3)/AKT ratio 0.32+0.04 0.29+0.02
Phospho AMPK(Thr!"?)/AMPK ratio 0.12+0.02 0.21+0.06
Phospho S6(Ser?3%/236)/S6 ratio 2.62+1.08 2.16+0.61
Phospho GSK3p(Ser®)/GSK3p ratio 0.8+0.09 0.72+0.1
Subsarcolemmal mitochondria
OPA1/COX4 ratio 1.34+0.07 1.32+0.06
LC3-11/COX4 ratio 0.22+0.1 0.25+0.04
p62/COX4 ratio 0.13+0.02 0.12+0.03
Interfibrillar mitochondria
OPA1/COX4 ratio 1.44+0.15 1.52+0.14
LC3-11/COX4 ratio 0.22+0.09 0.29 +0.07
p62/COX4 ratio 0.35+0.06 0.36+0.04
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6.2.6 Expression of cardiac Bcl-2 decreases in prediabetes

Our investigation also aimed to explore the effect of prediabetes on apoptosis in the
heart. Prediabetes did not affect the expression of pro-apoptotic caspase-3 and Bax in left
ventricles. On the other hand, the anti-apoptotic Bcl-2 was downregulated in prediabetic

animals. However, the Bcl-2/Bax ratio was unchanged (Figure 20B; Table 9).

6.2.7 No changes in cardiac HSPs in prediabetes

We also characterized the effect of prediabetes on the expression and/or
phosphorylation of heat shock proteins in the left ventricle. Our results showed no
differences in the expression of HSP-60, HSP-70 and HSP-90 or in either
phosphorylation or expression of HSP-27 (Fig. 20A; Table 9).
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Figure 20. Cardiac expression of HSPs, and apoptosis-related proteins in prediabetes.
Representative Western blots of HSP- (A), and apoptosis-related (B) proteins in whole left
ventricle. CON, control; PRED, prediabetic; HSP, heat shock protein; Bax, Bcl-2-
associated X protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Table 9. Quantification of apoptosis and HSPs in whole left ventricles (see Figure 20).
CON, control; PRED, prediabetic; HSP, heat shock protein; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase. Data are presented as mean+SEM for 8 rat per group
(*: p<0.05).

Total LV CON PRED
Bcl-2/GAPDH ratio 0.23+0.01 0.20+0.003*
Bcl-2/Bax ratio 0.15+0.02 0.15+0.02
caspase-3/GAPDH ratio 0.05+0.001 0.04+0.003
Phospho HSP-27(Ser®)/HSP-27 ratio 0.34+0.05 0.28+0.02
HSP-60/GAPDH ratio 0.85+0.02 0.84+0.02
HSP-70/GAPDH ratio 0.53+0.01 0.51+0.01
HSP-90/GAPDH ratio 0.46+0.01 0.50+0.02

6.3 Detection and quantification of proteins in cardiac mitochondrial
subpopulations

6.3.1 Differential amounts of proteins in mouse and rat cardiac SSM and IFM

To examine the amounts of proteins in cardiac subsarcolemmal (SSM) and
interfibrillar (IFM) mitochondria, inner (connexin-43 - Cx43) and outer mitochondrial
membrane (mitofusin 1 - MFN1, mitofusin 2 - MFNZ2, voltage-dependent anion-selective
channel - VDAC) proteins as well as p66shc as a marker for the intermembrane space
were measured. Mitochondrial sublocalization of DJ-1 has not been definitely established
yet, since the protein has been found within the intermembrane space and the matrix*®,
but also within the outer membrane and matrix ®. The analyzed mitochondrial
preparations were not contaminated with proteins of other cell compartments, which was
shown by the absence of immunoreactivity for marker proteins of the sarcolemma,
sarcoplasmic reticulum, and cytosol (Figure 21). The presence of perinuclear
mitochondria (PNM) in SSM or IFM was not investigated due to lack of suitable methods.
The signal intensity of VDAC in relation to Ponceau S staining was similar between SSM
and IFM+N allowing the use of VDAC for normalization of protein data in the main study
(Figure 22). The predominant localization of MFN2 in SSM was confirmed in
mitochondria from Long-Evans rat hearts (Figure 23). In Wistar rats, MFN2 and Cx43
protein signals were higher in SSM samples, while intensities of MFN1 and p66shc
protein signals were not different between SSM and IFM+N, and DJ-1 protein signal was
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higher in IFM+N as compared to those in SSM (Figure 24). Similarly, in mitochondria
obtained from mouse hearts, signal intensities for MFN2 and Cx43 were lower, while that

of DJ-1 were higher in IFM+N as compared to SSM, and there were no significant
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differences in MFN1 and p66shc signals between groups (Figure 25).

These results suggest that mitochondrial proteins might have different expression patterns

in cardiac SSM and IFM+N fractions.
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Figure. 21. Organelle markers demonstrated the purity of isolated mitochondria.

Western blot analysis for Na*/K*-ATPase, ATP5A and GAPDH on cardiac SSM and IFM
isolated from Long-Evans rats (A) and SERCA 2a, Na*/K*-ATPase and GAPDH were used
for cardiac SSM and IFM isolated from Wistar Han rats (B). Different protein signal
exposures between mitochondrial subfractions in C57BI6J mouse hearts (C). SSM,
subsarcolemmal mitochondria, IFM+N, interfibrillar mitochondria treated with nagarse,
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ATP5A, ATP synthase subunit
alpha; SERCA 2a, sarco/endoplasmic reticulum Ca’**ATPase Il; VDAC, voltage-dependent
anion-selective channel protein. SSM (n==8) vs. IFM+N (n=8) from Long-Evans rats (pilot
study), SSM (n=4) vs. IFM+N (n=4) from Wistar Han rats and SSM (n=9-10) vs. IFM+N

(9-10) and IFM+N+1 (n=9-10) from C57BI6J mice.
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Figure 22. Presence of VDAC protein in SSM and IFM+N.

Western blot analysis was performed on total mouse right ventricular (RV) protein extracts
and on mouse left ventricular SSM and IFM+N for the mitochondrial marker protein
VDAC. Ponceau staining of the transferred proteins is also shown (upper panel). SSM,
subsarcolemmal mitochondria; IFM+N, interfibrillar mitochondria treated with nagarse;
VDAC, voltage-dependent anion-selective channel protein. Immunoreactive VDAC signals
in SSM and IFM+N were normalized to respective Ponceau staining (lower panel). SSM
(n=4) vs. IFM+N (n=4); mean+SEM; p=ns.
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Figure 23. Different protein signal intensities between mitochondrial subfractions.

Representative Western blot pictures for MFN2 and Bnip3 proteins showed different signal
intensities in cardiac SSM compared to IFM+N in a pilot study from Long-Evans rats.
SSM, subsarcolemmal mitochondria; IFM+N, interfibrillar mitochondria treated with
nagarse; MFN2, mitufusin 2; BNIP3, Bcl-2/adenovirus E1B 19 kDa protein-interacting
protein 3; COX4, cytochrome c oxidase subunit 4 isoform 1. SSM (n=8) vs. IFM+N (n=8).
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Figure 24. Presence of MFN1, MFN2, Cx43, p66shc and DJ-1 in rat cardiac SSM and
IFM+N.

Representative Western blot analysis and quantification of MFN1 (A), MFEN2 (B), Cx43
(C), p66shc (D) and DJ-1 (E) in Wistar rat cardiac SSM and IFM+N. Respective protein
amounts were normalized to those of VDAC. SSM, subsarcolemmal mitochondria; IFM+N,
interfibrillar mitochondria treated with nagarse; MFN1-2, mitufusin 1-2; Cx43, connexin-
43; DJ-1, protein deglycase DJ-1 (Parkinson disease protein 7); VDAC, voltage-dependent
anion-selective channel protein. SSM (n=4) vs. IFM+N (n=4); mean+SEM; *: p<0.05.
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Figure 25. Presence of MFN1, MFN2, Cx43, p66shc and DJ-1 in mouse cardiac SSM
and IFM+N.

Representative Western blot analysis and quantification of MFN1 (A), MFN2 (B), Cx43
(C), p66shc (D) and DJ-1 (E) in C57BI6J mouse cardiac SSM and IFM+N. Respective
protein amounts were normalized to those of VDAC. SSM, subsarcolemmal mitochondria;
IFM+N, interfibrillar mitochondria treated with nagarse; MFN1-2, mitofusin 1-2; Cx43,
connexin-43; DJ-1, protein deglycase DJ-1 (Parkinson disease protein 7); VDAC, voltage-
dependent anion-selective channel protein. SSM (n=4) vs. IFM+N (n=4); mean+SEM; *:
p<0.05.
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6.3.2 Nagarse treatment influences protein signals in SSM and IFM from mouse hearts

To investigate the impact of enzymatic treatment on mitochondrial proteins of the
mouse heart, similarly to the standard isolation method of IFM (common protocol),
nagarse was added to SSM as well (SSM+N). Nagarse treatment of SSM resulted in
decreased signal intensities of MFN1, MFN2, and Cx43, as shown by Western blot
analysis (Figure 26, A-C). In contrast, nagarse treatment had no effect on the amount of
p66shc in SSM, whereas the level of DJ-1 slightly — but significantly — increased in
SSM+N compared to SSM (Figure 26, D-E). To study the role of the enzymatic digestion
by nagarse on protein signals in IFM, two strategies were followed: 1) as described in the
common protocol, nagarse was added to the sample containing the IFM, incubated for 1
min, samples were homogenized and then the activity of the enzyme was stopped by
centrifugation and washing of the released IFM (IFM+N); 2) nagarse was added to the
sample containing the IFM, incubated for 1 min, then the activity of the enzyme was
stopped by addition of PMSF and samples were then processed as under 1) (IFM+N+lI,
Figure 7). When comparing both protocols, nagarse inhibition by PMSF had no influence
on signals of Cx43, DJ-1, p66shc, and MFN1, whereas it significantly increased the signal
intensity of MFN2 to that measured in SSM.
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Figure 26. Effects of nagarse and its inhibition on the amounts of MFN1, MFN2, Cx43,
p66shc, and DJ-1 in mouse SSM and IFM.
Western blot analysis for MFN1 (A), MFN2 (B), Cx43 (C), p66shc (D) and DJ-1 (E) on
mouse SSM and IFM isolated according to the common protocol (SSM, IFM+N), on SSM
treated with nagarse (SSM+N) and on IFM, in which the nagarse was inhibited after 1
minute incubation (IFM+N+1). Total mouse right ventricular (RV) protein extracts were
used as control. Lower panels show the quantification of MFN1, MFN2, Cx43, p66shc and
DJ-1in SSM, SSM+N, IFM+N, and IFM+N+1 normalized to VDAC in % of the respective
SSM controls. SSM, subsarcolemmal mitochondria; IFM, interfibrillar mitochondria;
MFN1-2, mitofusin 1-2; Cx43, connexin-43; DJ-1, protein deglycase DJ-1 (Parkinson
disease protein 7); VDAC, voltage-dependent anion-selective channel protein. SSM (n=8-
10) vs. IFM (n=8-10); mean+SEM; * #,&: p<0.05 *: vs. SSM; #: vs. SSM+N; &: vs.
IFM+N.
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6.3.3 Nagarse treatment has no effect on respiration of mitochondrial subfractions

To investigate the enzymatic effect of nagarse on mitochondrial function,
mitochondrial oxygen consumption was measured. Our results showed that nagarse
treatment had no effect on either basal or ADP-stimulated oxygen consumption by
complex | or complex Il compared to untreated SSM. However, a tendency towards a
higher complex I-mediated oxygen consumption was observed after nagarse treatment in
SSM (p=0.098, Figure 27). Mitochondrial respiration was similar in IFM+N and
IFM+N+I demonstrating that PMSF-treatment had no deleterious effect on mitochondrial
function.
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Figure 27. Nagarse had no effect on oxygen consumption in mitochondrial subfractions.
Mitochondrial oxygen consumption by complex | and complex 1l was measured in mouse
SSM (A) and IFM (B) isolated according to the common protocol (SSM, IFM+N), in SSM
treated with nagarse (SSM+N), and in IFM, in which nagarse was inhibited after 1 minute
incubation (IFM+N+I). Data are presented as mean+SEM; n=6 per group; p=ns.

Pictures and quantitative data of phospho- and total form of ACC found in Figure
19A and Table 8 have not yet been published previously. The results that are not
derived from my own work will not be used in the doctoral dissertation of another
authors.
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7 Discussion

7.1 Hypercholesterolemia modulates cardiac mTOR and autophagy

7.1.1 Hypercholesterolemia increases mTOR activity and attenuates autophagy in rat

heart

In this thesis, we showed that hypercholesterolemia downregulates cardiac autophagy
and activates mTOR pathway (for schematic representation see Figure 28). Autophagy-
related pathways were previously studied in various swine models of mixed
hyperlipidemia, which presented somewhat divergent results. Sellke et al.® studied swine
models of mixed hyperlipidemia where they applied regional cardiac ischemia and
assessed autophagy in non-ischemic myocardium. They demonstrated that cardiac mTOR
activity was significantly elevated while autophagy marker LC3-I1 was diminished in
hyperlipidemic Yucatan pigs. These findings are in good alignment with our results
shown here, however, another study showed that hyperlipidemia decreased expression of
Beclin-1, but not of LC3-1 in Yorkshire swine® while in Ossabaw swine
hyperlipidemia elevated cardiac LC3-1l and Beclin-1 proteins'®’. Similarly to these
findings, the status of cardiac autophagy in other metabolic disorders was also found to
be unclear. Recently we showed that diet-induced obesity leads to decreased induction of
autophagy in response to fasting in mice involving altered expression of numerous
proteins related to metabolic pathways %, which is in parallel to our current findings. In
contrast, Hsu et al. demonstrated that metabolic syndrome induced by high-fat feeding
increased cardiac LC3-11 and SQSTM1/p62 in mice®®. In addition, we found an increased
expression in Class-111 PI3K expression in hypercholesterolemia, however, no similar
data has published yet, thus, this phenomenon needs further investigation.

Overall, these reports and our current findings demonstrate that complex metabolic
disorders might modulate cardiac mTOR pathway and autophagy differentially
depending on the animal model applied, and they also highlight that focused studies are

necessary to decipher the role of specific metabolic pathways on autophagy.

73



DOI:10.14753/SE.2019.2200

7.1.2 Hypercholesterolemia increases apoptosis, but not necroptosis in rat heart

Our results demonstrated that apoptosis was upregulated by hypercholesterolemia in
the rat heart. We assessed an increased cleaved caspase-3 activation, however, the balance
of pro- and anti-apoptotic Bcl-2 proteins was unaffected by hypercholesterolemia.
Similarly, Cheng et al. reported that 8 weeks of cholesterol-enriched diet induced cardiac
apoptosis in hamsters, associated with increased expression of BH3 interacting-domain
death agonist (BID) and Bax®. These results correlate well with findings of Zhu et al.
who showed that 12 weeks of hypercholesterolemic diet elevated cardiac expression of
Bax, decreased Bcl-x. but did not affect caspase-3 in swine'®. Furthermore, Hsu et al.
demonstrated that cardiac cleaved Poly (ADP-ribose) polymerase (PARP) was increased
in obese C57BL/6 mice on a high fat diet'®, On the contrary, Osipov et al. showed that
hyperlipidemia did not exacerbate cardiac apoptosis after I/R in a Yucatan swine model
based on the findings of decreased cleaved PARP and no difference in activation of
caspase-3%’. Hypercholesterolemia has also been shown to modulate apoptosis in other
tissue types. For example, Perales et al. showed upregulated Bax expression in vascular
smooth muscle cells exposed to 25-hydroxycholesterol®. Therefore, the majority of
these results demonstrate that there is a strong relationship between increased cardiac
apoptosis and hypercholesterolemia, although different models of hypercholesterolemia
display varying constellations of altered apoptotic markers.

Although  several publications report elevated cardiac apoptosis in
hypercholesterolemia, data on cardiac necroptosis is scarce. Thus we assessed the first
time the status of necroptosis in vivo in hypercholesterolemia. Here we demonstrate that
the expression of major markers of necroptosis are not modulated in the heart of
cholesterol-fed rats. However, in a similar model of hypercholesterolemia, cardiac
expression of RIP3 mRNA was increased®®?, although no other measures of necroptosis
were assessed. Nevertheless, these findings demonstrate that the effect of

hypercholesterolemia on cardiac necroptosis needs further investigation.
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Figure 28. Schematic representation of the cardiac effect of hypercholesterolemia on
autophagy, apoptosis, necroptosis and mTOR pathways.

PI3K CI-III, class I-11l phosphoinositide 3-kinase; NBR1, neighbor of BRCA1 gene 1;
AMPKo, AMP-activated protein kinase a; GSK3, glycogen synthase kinase-3 beta; ULK1,
unc-51-like kinase 1; LC3, microtubule-associated protein light chain 3; RAB7, ras-related
protein Rab-7a; Rubicon, run domain Beclin-1-interacting and cysteine-rich domain-
containing protein; SQSTM1/p62, sequestosome 1; mTOR, mechanistic target of
rapamycin; P70S6K, ribosomal protein S6 kinase beta-1; S6, ribosomal S6 protein;
4EBP1; elF-4E binding protein 1; Casp3, caspase 3; Bax, Bcl-2-associated X protein;
RIP1-3, receptor-interacting serine/threonine-protein kinase 1 and 3; MLKL, mixed
lineage kinase domain-like protein.
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7.2 Prediabetes induced diastolic dysfunction by mild mitochondrial
oxidative stress and impaired mitophagy

7.2.1 Prediabetes induces mild diastolic dysfunction and hypertrophy without fibrosis

This setting allowed us to investigate cardiac consequences of a moderate metabolic
derangement, prediabetes, rather than of a severely disturbed glucose and lipid
homeostasis, such as seen in genetically modified models of diabetes, e.g. in db/db or
ob/ob mice!® 1%, Since it has been reported that left ventricular (LV) hypertrophy had a
higher prevalence in patients with diabetes, and that 40-75% of patients with type 1 or
type 2 diabetes mellitus presented with diastolic dysfunction!®* 1% we aimed to
investigate whether cardiac function is affected by prediabetes. Previously it has been
shown that diastolic dysfunction was developed in several pathological condition,
however, the underlying mechanisms are still not clearly understood!’’. Here we
demonstrated that the deterioration of diastolic function and sensory neuropathy occurs
well before overt diabetes develops, which is accompanied by early signs of cardiac
hypertrophy. These findings are in agreement with previous reports showing that
neuropathy might precede the development of a full-fledged diabetes*®®, and that high-fat
diet-induced prediabetes increased heart weights and decreased contractile function, as
assessed by a diminished aortic output® ", However, in contrast to our report, plasma
triglycerides and insulin levels were elevated in these studies, highlighting that substantial
difference can be observed between different diet-induced models and stages of
prediabetes®. Furthermore, it has been described that obesity promoted the hypertrophy-
inducing effect of diabetes regardless of hypertension'®®, which could be attributed to
adipokines, such as leptin and resistin®®® 2%, Similarly, here we evidenced that even mild
obesity (only 18% increase in body weight was observed) with an elevated leptin level is
sufficient to induce hypertrophy even without impairment of fasting plasma glucose and
lipid levels or hypertension, which is in agreement with previous reports® 197,
Furthermore, it has been shown recently that, high-fat diet did not resulted in cardiac
hypertrophy but induced diastolic dysfunction in rats, which was prevented by
monosaturated fat canola 0il?®*. However, clinical data seem to contradict these findings,
since no increase in the prevalence of LV hypertrophy was observed in overweight

prediabetic patients with impaired fasting glucose and impaired glucose tolerance®®?,
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Mechanistic studies on how obesity abrogates cardiac function are scarce. Increased
myocardial triglyceride content is associated with diastolic dysfunction in ob/ob mice?®,
which is well in line with our findings that the number of lipid particles increased in the
myocardium in prediabetes. Although microRNA-451 has been demonstrated to promote
cardiac hypertrophy and diminished contractile reserves in mice on high-fat diet?®,
further studies are warranted to describe the relationship between cardiac dysfunction and
the disturbed cardiac lipid metabolism in prediabetes. Interestingly, unlike in genetic
models of prediabetes?®, diet-induced prediabetes did not result in an elevation in
classical molecular markers of hypertrophy or conventional signs of fibrosis in the heart
as expected in case of hypertrophy. Moreover, this is the first evidence on decreased beta-
myosin heavy chain (B-MHC) in prediabetes. Although the vast majority of publications
evidence an increase in B-MHC in diabetes?% 2%7, a small number of studies indicate a
downregulation of MHC expression in animals with diverse cardiac or metabolic
challenges. For instance, in cardiomyocytes from STZ-treated rats, total MHC expression
was significantly decreased?®. Furthermore, a recent publication also found that cardiac
B-MHC gene expression was decreased after 2 months of high-fat, high-glucose feeding
in diabetic male Wistar rats?®. These results indicate that although in most
cardiometabolic derangements expression of the slow MHC isoform increases, in certain
conditions, such as in prediabetes, a general suppression of MHC expression might be
present. The reduction in MHC expression might also contribute to the observed cardiac
dysfunction in prediabetes; however, to uncover its significance and mechanism, further

experiments are warranted.

7.2.2 Prediabetes induces mild elevation of oxidative stress in cardiac subsarcolemmal

mitochondria

Oxidative stress has a major role in the development of diabetic cardiomyopathy3®: 21°;
however, it has not been well described whether it is responsible for the decreased cardiac
function in prediabetes. Here we found an elevated hydrogen peroxide production in
SSM, increased nitrotyrosine formation and an elevated cardiac expression of mitofusin
2 (MFN2).

These findings are in agreement with previous reports, where elevated oxidative stress,

such as seen in our model of prediabetes, leads to an increase in MFN2 in rat vascular
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smooth muscle cells?!!, and its robust overexpression induced apoptotic cell death in
neonatal rat cardiomyocytes?'?. Similarly, in another study, high-fat diet induced
oxidative stress and MFN2 overexpression in the liver of C57BL/6 mice after 16
weeks?!3, However, in a previous study on diet-induced prediabetes, no sign of cardiac
mitochondrial oxidative stress was evidenced in male Wistar rats after 16 weeks®!, which
may implicate that mitochondrial oxidative stress might not be present in all models and
stages of prediabetes and that it might not be the primary driving force of prediabetes-
induced cardiac functional alterations.

It is well-established that mitochondria, especially the mitochondrial electron transport
chain is one of the main source of ROS, however, several other intracellular components
can produce ROS in mitochondria!!. For instance, it is known that p66Shc translocation
to mitochondria can increase the formation of ROS?*4, and NADPH oxidase 4 (NOX4)
and monoamine oxidase (MAO) also have important role in mitochondrial ROS
production®® 218, Based on the increased mitochondrial hydrogen peroxide production
with glutamate-malate substrate, we showed that elevated mitochondrial oxidative stress
might have been generated by respiratory complex | in prediabetic rat SSM. We could
not detect differences with succinate substrate between mitochondrial subfractions,
therefore, we concluded that respiratory complex Il is not responsible for ROS
production. Although here we observed a moderately increased ROS production in SSM,
no difference can be seen in mitochondrial oxygen consumption between normal and
prediabetic mitochondria (see Table 7), evidencing no impairment in mitochondrial redox
chains. Although, a recent study also showed that no changes were observed in
mitochondrial respiratory activity in high-fructose fed rat hearts, cardiac activity of sirtuin
1, which has important role in the mitochondrial lipid metabolism, was decreased.
Furthermore, they showed that oxidation level of cardiac mitochondria was increased
after 6 weeks of diet, which indicated an increased activity of cardiac mitochondria for
fatty acid oxidation?!’. It is currently unknown what mechanism leads to the increased
ROS production exclusively in SSM in prediabetes. In mice on high-fat diet, cardiac
mitochondrial ROS production was elevated, and similarly to our results, mitochondrial
oxygen consumption did not change substantially, while a significant amount of cardiac
lipid accumulation was observed?®!8, however, the source of ROS has not been identified

in this study either. In agreement with our experiments, a recent study indicated that long-
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term high-fat diet increased cardiac mitochondrial ROS production; however, high-fat
feeding decreased mitochondrial membrane potential in prediabetic Wistar rats.
Elsewhere, high-fat, high-sucrose diet also increased cardiac superoxide level in a rat
model of metabolic syndrome (JCR rats) after 12 weeks?'®. Thus, to reveal the direct
connection between elevated ROS production, mitochondrial-, and cardiac dysfunction,
further studies are warranted.

Although widely-used antidiabetic and antioxidant drugs such as metformin or
Coenzyme Qio can reduce the negative cardiovascular effect of diabetes and
prediabetes??-222, molecular mechanism and efficiency of these drugs in antioxidant
therapy is still not clear. Vildagliptin, a dipeptidyl peptidase-4 inhibitor, restored high-fat
diet-induced mitochondrial ROS production and improved mitochondrial function in
prediabetic hearts?®* 22°, Furthermore, it was also shown that vildagliptin improved
metabolic status and protected cardiac mitochondrial function against I/R injury in
estrogen-deprived obese-insulin resistant female rats?2°. Empagliflozin, a sodium-glucose
cotransporter 2 inhibitor, significantly reduced visceral adiposity, cardiac ROS
production and inflammation as well as prevented cardiac hypertrophy in SHR/NDmcr-
cp prediabetic rats??’,

Therefore, these drugs may regulate oxidative stress under pathological conditions,
which could prevent the cardiac effect of prediabetes and could be novel therapeutic

targets in the treatment of obesity or diabetes.

7.2.3 No changes in cardiac Ca?* homeostasis in prediabetes

Molecular mechanisms that contribute to hypertrophy and cardiac dysfunction in
prediabetes has not been investigated in detail. In our previous studies on diet-induced
hypercholesterolemia or metabolic syndrome in Zucker Diabetic Fatty rats, we have
shown by DNA- and miRNA microarrays that a multitude of cardiac cellular processes is
modulated by these conditions>® 228, Similarly, we evidenced changes in several cellular
processes, suggesting that hypertrophy and deteriorated diastolic function in prediabetes
maybe consequences of numerous concurrent alterations in the cardiac homeostasis (see
Figure 29). Characterizing active components of the contractile apparatus and Ca?*
homeostasis, here we observed a tendency to decrease in the Ser'® phosphorylation of

PLB in prediabetes. In previous studies, decreased phosphorylation of PLB on Ser® was
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demonstrated to be associated with abnormalities in contraction and relaxation in the
diabetic heart??® 2%, This notion is further supported by the findings of Abdurrachim et
al., who demonstrated that phosphorylation of PLB was reduced in the heart of mice with
diastolic dysfunction induced by a high-fat diet?'®. Therefore, decreased phosphorylation
of PLB may also contribute to the development of early diastolic dysfunction we
uncovered in prediabetes. Increased activity and expression of CaMKII$ and reduced
phosphorylation of PLB by CaMKII6 have been found to be associated with contractile
dysfunction, diabetes!® 2! and fructose-rich diet-induced prediabetes?®2. In our model,
expression and phosphorylation of CaMKIIS, and phosphorylation of PLB on Thr'’ were
unchanged. This is in contrast with previous findings which have reported the
phosphorylation of CaMKII$ being increased in the heart of STZ-treated diabetic rats?*
234 “although, in these reports, a significant hyperglycemia was present, which was shown
to facilitate the activation of CaMKII&*®. Moreover, it was reported elsewhere that
CaMKII$ activity was enhanced by hyperlipidemia/obesity and this activation led to
increased autophagy, mitochondrial dysfunction, endoplasmic reticulum- and oxidative
stress in high-fat fed mice?®. In another study, Esma et al. showed that Ca?* homeostasis
was impaired due to altered PLB and SERCAZ2a activities in rats with metabolic syndrome
induced by a 16-week high-sucrose drinking-water diet?%.

Tropomyosin is prone to loss of function by oxidative modifications that are associated
with the severity of heart failure in humans®® 2%°, Our results showed that, oxidized
tropomyosin content of the heart was not modulated by prediabetes. These data suggest
that neither the CaMKIId pathway nor tropomyosin oxidation are responsible for the
diastolic dysfunction observed in prediabetes.

7.2.4 Apoptosis is not modulated by prediabetes in cardiomyocytes

Apoptosis is considered to be one of the hallmarks of diabetic cardiomyopathy and it
is induced by oxidative stress in diabetes®® 1%, It has been described that experimental
diabetes induces upregulation of pro-apoptotic, and downregulation of anti-apoptotic
proteins® 240 In this thesis, a modest downregulation of Bcl-2 was shown, however, no
change in Bcl-2/Bax ratio, and in caspase-3 expression was detected in prediabetic
animals. Previously it was demonstrated that high-fat diet resulted in cardiac injury via

induction of apoptosis and inhibition of autophagy?**. A recent study showed that
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apoptosis was elevated due to the increased cardiac Bax and decreased Bcl-2 expressions,
however, vildagliptin treatment improved the anti-apoptotic capability of cardiac tissue
in high-fat fed prediabetic rats?®*. This research group also demonstrated that fibroblast
growth factor 21 has similar efficacy for cardioprotection than vildagliptin via its anti-
apoptotic mechanism in prediabetic rats?*2. Thus, our data suggest an early dysregulation
of pro- and anti-apoptotic proteins in prediabetes; however, they do not evidence a gross
induction of apoptosis in prediabetes. These data suggest that apoptosis induction has no

effect in prediabetes.

7.2.5 Early sign of altered mitochondrial fusion and mitophagy in prediabetes

Here we demonstrate an early dysregulation of mitochondrial fusion and mitophagy
first in the literature, as evidenced by an elevated MFN2 and an attenuated BNIP3
expression in prediabetes; however, other canonical markers of autophagy, mitophagy
and apoptosis were unaffected. Similarly, right atrial myocardial samples of type-2
diabetic patients presenting no signs of overt cardiomyopathy the expression of the
majority of mitochondrial dynamics- and autophagy-related proteins was not elevated,
except for that of Atg5 and MFN124, Furthermore, impaired autophagy resulted in
endothelial dysfunction in patients with diabetes via unchanged LC3 and higher
SQSTM1/p62 protein levels®*4. Recently, it was shown that autophagy was suppressed
due to elevated mTOR activity distinct from IGF-1-Akt signaling; however, inhibition of
ERK signaling abolished the mTOR activation and autophagy suppression in ob/ob
mouse hearts®®. It was previously demonstrated that altered glucose homeostasis has
negative effect on cardioprotective interventions®®. Indeed, our previous study
demonstrated that acute hyperglycemia with no preceding diabetes abolished
cardioprotection via overactivation of cardiac mTOR pathway, however, autophagy is not
modulated in rats®*”. Despite our findings, Xie et. al. presented that acute hyperglycemia
decreased the level of autophagic flux which is associated with suppressed diastolic
function and impaired mitochondrial energy signaling in rat cardiomyocytes®*,
Therefore, we can assume that only major disturbances in glucose and lipid homeostasis,
such as seen in untreated patients or in genetic models of diabetes, might be a powerful
enough signal to extensively modulate cardiac autophagy, mitophagy, or mitochondrial

dynamics, which might result in grossly deteriorated cardiac function. Moreover,
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experimental systemic sensory neuropathy by itself has been previously shown to cause
diastolic dysfunction and global gene expression changes in the rat heart*® %°, Therefore,
the observed prediabetes-induced sensory neuropathy might also contribute to the
diabetic cardiomyopathy.

Furthermore, our findings demonstrate the first time that prediabetes does not
modulate cardiac expression of HSP-60, HSP-70 and HSP-90 and phosphorylation or
expression of HSP-27. In contrast, in STZ-induced diabetes, increased levels of HSP-70
has been detected in the rat heart?®®, and increased level of circulating HSP-60 found in
diabetic patients?®®, suggesting that in advanced stages of diabetes HSPs might be
involved in the development of cardiac dysfunction. However, our data suggests no role
of HSPs in prediabetes in the heart.
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Figure 29. Schematic representation of the cardiac effects of prediabetes.

SSM, subsarcolemmal mitochondria; ROS, reactive oxygen species; HSP, heat shock
protein; CAMKIIS, Ca?*/calmodulin-dependent protein kinase II; TNFa, tumor necrosis
factor alpha; IL-6, interleukin-6, MFN2, mitofusin 2; f-MHC, beta-alpha-myosin heavy
chain.
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7.3 Detection of mitochondrial proteins is influenced by mitochondrial

isolation with nagarse

Here we evidence that nagarse, a bacterial protease commonly used for isolation of
IFM, significantly influences the detection of MFNZ2 in this mitochondrial subfraction.
Differential protease sensitivity of SSM proteins was also evidenced: whereas detection
of MFN1, MFN2, DJ-1 and Cx43 was influenced by nagarse that of p66shc was not.
Furthermore, we also demonstrated that mitochondrial respiration was not influenced by
nagarse treatment.

The effect of protease treatment on mitochondrial proteins and on mitochondrial
function has been investigated previously. Studies indicated that nagarse reduced
palmitoyl-coenzyme A synthetase activity in cardiac mitochondria®!, and partial
breakdown of mitochondrial proteins were reported in rat brain®®? and gastrocnemius
muscle?>® after nagarse treatment. The effect of protease treatment on proteins of different
mitochondrial subfractions has also been investigated. Kras and colleagues found that
nagarse decreased the total protein concentration of SSM samples isolated from striated
muscles, which suggests that certain proteins in the SSM fraction might be partially
degraded by nagarse®®®. In contrast to the reduced protein yield, mitochondrial respiration
was significantly elevated by nagarse, indicating that nagarse treatment might remove
non-mitochondrial contamination or damaged mitochondria, although, specific protein
levels were not investigated in this study™®. However, our present data indicate no
significant effect of enzymatic digestion on mitochondrial respiration; there was only a
tendency for oxygen consumption being increased following nagarse treatment.
Therefore, the effect of nagarse on mitochondrial function might need further
investigation.

In this thesis, we assessed signal intensities of proteins from different mitochondrial
compartments in control and nagarse-treated SSM. When a protease is added to intact
mitochondria, it is reasonable to assume that first proteins of the outer mitochondrial
membrane are digested, and indeed, the mitochondrial signals of MFN1 and MFN2 were
reduced. However, VDAC signals were unaffected. The VDAC-antibody used in the
present study is directed against amino acids forming the B barrels 12 and 13 of the

protein, which —among other residues — form the wall of the VDAC channel and are
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therefore presumably inaccessible for the nagarse. Cx43 is present in the inner
mitochondrial membrane, but its C-terminus — which is detected by the antibody used in

147

the present study — is directed towards the intermembrane space**’ and can therefore be

digested. The finding that the amount of p66shc — present in the intermembrane space®>*
- was unaffected by nagarse treatment of SSM implies that the extent of protein digestion
by nagarse is not in the first instance determined by the submitochondrial localization of
the protein. Moreover, the accessibility of the epitope against which the respective
antibody is directed seems to be important for the result of the nagarse treatment.
Although DJ-1 was recently shown to be localized at the outer mitochondrial
membrane!®® 2 its distribution in the mitochondrial matrix and the translocation of the
protein to this compartment has also been demonstrated'®* 8. Whereas no precise
analysis of the submitochondrial localization of DJ-1 was performed in our study, the lack
of digestion by nagarse suggests a localization in other compartments than the
mitochondrial outer membrane. Therefore, the cause of the elevated DJ-1 signal intensity
after nagarse treatment needs further investigation. Furthermore, since the DJ-1 signal is
higher in IFM+N than in both SSM and SSM+N, it is plausible that DJ-1 is present at
higher levels in IFM.

Considering the differences in form and function between SSM and IFM, studies using
proteomic approaches aim to identify specific proteins in mitochondrial subfractions,
which are implicated in pathophysiological conditions such as diabetes'4® 2%, or ischemic
preconditioning®®’. A recent publication also demonstrated that nagarse was responsible
for the loss of mitochondrial proteins from mouse heart, as evidenced by immunogold
labelling and Western blot of Cx43 in nagarse-treated SSM?®¢, However, mitochondrial
preparations are not completely comparable with our samples, because this group did not
perform an ultracentrifugation step during mitochondria isolation, which is necessary to
isolate pure mitochondria fractions. We found that Cx43 was predominantly present
within cardiac SSM. This data confirm previous results from Boengler et al.}*” and others
in which nagarse!®® 14 or proteinase K*** was used for IFM isolation. In mice, Sun et al.
showed Cx43 exclusively in SSM, however, the lack of Cx43 in IFM might have been
attributed to the use of trypsin digestion and a relatively short signal detection time?’.
Similarly to Cx43, MFN2 has been detected predominantly in SSM using the common

protocol. To investigate whether or not this result is dependent on the digestion of IFM
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proteins by nagarse, we inhibited the enzyme after a short incubation time. This inhibition
increased the signal intensity of MFN2, but not that of Cx43 to the amount measured in
SSM. The data therefore indicate that the use of the nagarse-based common protocol to
isolate IFM results in a misinterpretation of the IFM/SSM ratio of MFN2 but not that of
Cx43, which suggests that Cx43 indeed is a protein mostly resident in SSM. An even
distribution of MFN2 between SSM and IFM has already been shown by isolating the

2% indicating that the protocol to isolate IFM determines the protein

IFM with trypsin
amount of MFN2 detected in the IFM fraction. It is interesting that despite the fact that
MFN21 and MFN2 are both present in the outer mitochondrial membrane, share more than
60% amino acid sequence identity, and were investigated using antibodies directed
against the carboxy-terminal parts of the proteins, only MFN2 was digested by nagarse
using the common protocol. Whereas MFNL1 is predominantly involved in the formation
of inter-mitochondrial network?® 261 it is known that MFN2 has multiple roles in cellular
function. Chen and Dorn demonstrated that MFN2 has an essential role in the initiation
of mitophagy via the Pinkl pathway'®. Several studies proposed that in contrast to
MFN1, MFN2 is not only located in the mitochondria, but also resides in the endoplasmic
reticulum. Here, MFN2 has an important role in the tethering of the mitochondria and
mediation of Ca®*-transfer between them??2 263, Moreover, it was also described that
overexpression of hyperplasia suppressor gene (HSG, which was renamed to MFN2)
reduced vascular smooth muscle cell proliferation?®*. Furthermore, mutation of human
MFN2 but not of MFN1 causes Charcot—Marie—Tooth disease type 2A%%°, while mutation
of MFNL1 has not been associated with a human disease to date, highlighting a significant
difference in function between MFN1 and MFN2, despite having a 66 or 60% homology
in rats or human, respectively. Furthermore, it was demonstrated that MFN1 has a 100-
fold stronger GTP-dependent mitochondrial homotypic tethering activity and an 8-fold
higher GTPase activity than MFN22%%, Although the distinctive roles of MFN2 are well-
described, it has not been studied what percentage of the protein is responsible for which
function. Nevertheless, since MFN2, but not MFN1 interacts with Bax?®, and since
OPA1 requires MFN1 not MFN2 to mediate fusion®®®, we postulate that the differing
protein-protein interactions of MFN1 and MFN2 may affect the ability of nagarse to
access and to digest mitofusin proteins. However, no experimental data has been

published to support this hypothesis so far. Moreover, we also demonstrated that the
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presence of OPAL, which is localized in the inner mitochondrial membrane, was not
different between SSM and IFM in prediabetic rat hearts, however, its nagarse-sensitivity
was not assessed. Based on these findings, careful interpretation of results comparing

MFN2 signals in SSM and IFM is recommended.
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7.4 Limitations

Although we demonstrated that hypercholesterolemia led to altered cardiac autophagy
and mTOR activity and prediabetes induced mild diastolic dysfunction, ROS production
and changes in mitophagy as well as cardiac mitochondrial protein detection is influenced
by nagarse enzyme, these experiments had some limitations. The investigation of
hypercholesterolemic condition was performed only on male rats; therefore, we cannot
exclude the possibility that sex influences the effect of hypercholesterolemia on cardiac
death and survival mechanisms. Furthermore, prediabetic condition was also not analyzed
in female rats. Because pathophysiological processes might substantially differ between
sexes (see NIH notice NOT-OD-15-102), it cannot be excluded that performing the
studies with the inclusion of both sexes might allow different conclusions to be drawn.
We did not follow food consumption during the experiments. We did not investigate
either the presence of autophagosomes with electron microscopy, or autophagic flux, or
the phosphorylation of ribosomal S6 protein through the 90 kDa ribosomal S6 kinase,
which might contribute to the phosphorylation of ribosomal S6 protein independently of
the mTOR complex?’. Another limitation is that the effects of hypercholesterolemia and
prediabetes on mitochondrial dynamics, autophagy/mitophagy, apoptosis, necroptosis
and mTOR signaling pathways were assessed only in the left ventricular myocardium.
Furthermore, because other studies showed that MHC protein expression is influenced by
certain factors such as Fox01?®® or miR-27a?%°, assessing a- and p-MHC protein levels
might have helped to understand the molecular background of the mild diastolic
dysfunction and hypertrophy observed in prediabetes better.

A limitation of the investigation of mitochondrial protein detection is that only
Western blot was used to examine the amount of proteins in different mitochondrial
subfractions. Since differential enzymatic effects of nagarse on given mitochondrial
proteins cannot be excluded, non-immunological methods, e.g., mass spectrometry?’°, or
immunoelectron microscopy'®* might also be necessary to support our current findings

on the effect of enzymatic digestion on the detection of mitochondrial proteins.
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8 Conclusions

8.1 Hypercholesterolemia activates cardiac mMTOR and apoptosis but

downregulates autophagy

This is the first extensive analysis of cardiac autophagy and programmed cell death
pathways of apoptosis and necroptosis in hypercholesterolemic rats. Here we have shown
that hypercholesterolemia attenuates cardiac autophagy in parallel with the activation of
mTOR pathway and an elevation of apoptosis. Moreover, hypercholesterolemia does not
influence the expression of major markers of cardiac necroptosis (for schematic
representation see Figure 28). This imbalance between pro-survival and death pathways
might play a role in the abolition of cardioprotection in hypercholesterolemia.

Nevertheless, our results demonstrated that expression of major markers of cardiac
necroptosis is not modulated by hypercholesterolemia. These findings may help to
understand the cardiac effect of hypercholesterolemia and develop more effective

pharmacological and/or interventional therapies.

8.2 Prediabetes induces mild diastolic dysfunction and hypertrophy by

elevated mitochondrial oxidative stress

Our comprehensive analysis showed the cardiac effects of prediabetes in a non-genetic
rodent model, where we assessed cardiac functions, parameters of hypertrophy, fibrosis,
oxidative and nitrative stress, inflammation, mitochondrial dynamics, autophagy,
mitophagy, markers of myocardial calcium handling, apoptosis and expression of HSPs.
In this model of prediabetes, we evidenced an impaired glucose and insulin tolerance,
increased adiposity and myocardial lipid accumulation, a mild diastolic dysfunction and
sensory neuropathy despite normal fasting plasma glucose and lipid levels. We also
observed elevated ROS production in the SSM, nitrative stress, elevated expression of
MFN2, decreased expression of B-MHC, and phosphorylation of PLB. Furthermore, here
we found early signs of dysregulated mitophagy and decreased mitochondrial size in
prediabetes; however, other major markers of mitochondrial dynamics, auto- and

mitophagy, inflammation, or myocardial expression of apoptotic proteins or HSPs were
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not modulated by prediabetes. Since prediabetes-induced alterations can be triggered by
various pathological and compensatory mechanisms, precise identification of these initial
changes is difficult. Thus, further investigations might be needed to clarify these
differences in prediabetes.

Taken together, our results emphasize that parallel occurrence of several abnormalities
of metabolic, oxidative and contractile functions might trigger cardiac pathological
changes characteristic to prediabetes well before hyperglycemia or major metabolic
derangements occur, and that preventing these abnormalities might be of importance for
future therapies of cardiac pathologies observed in early metabolic diseases such as

prediabetes.

8.3 Nagarse treatment of cardiac subsarcolemmal and interfibrillar

mitochondria accounts for inaccurate quantification of proteins

Our results demonstrate for the first time that the proteolytic activity of nagarse
influences the detection of proteins in cardiac mitochondrial subfractions, which may lead
to the misinterpretation of the amount of a protein in SSM over that in IFM (as shown
here for MFN2). Such putative protein digestion should be taken into account when
assessing the distribution of mitochondrial proteins with nagarse-based isolation
protocols. Furthermore, the modification of the common protocol by the inhibition of
nagarse after a short incubation yields pure mitochondrial preparations without effects on
their respiratory capacity. Therefore, nagarse inhibition with PMSF represents a valuable
tool to avoid artificial degradation of mitochondrial proteins and helps to prevent
inaccurate protein quantification in studies aiming to characterize the localization of
specific proteins in mitochondrial subpopulations.

Therefore, we recommend assessing mitochondrial proteins and function in IFM+N+I
in studies comparing IFM and SSM and in case differential signal intensities of
mitochondrial proteins are observed in SSM and IFM subfractions.
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9 Summary

Although severe metabolic derangements such as diabetes or morbid obesity
deteriorate cardiac function significantly, little is known on cardiovascular effects of more
frequent metabolic diseases such as prediabetes or hypercholesterolemia.

Therefore our aim was to assess the status of cardiac autophagy, mechanistic target of
rapamycin (mTOR), apoptosis and necroptosis pathways in a hypercholesterolemic rat
model. We also aimed to characterize a diet-induced prediabetes rat model and investigate
its effect on the cardiovascular system, as well as to examine whether the most commonly
used method for the isolation of interfibrillar mitochondria affect the detection of
mitochondrial proteins in cardiac mitochondrial subfractions.

The cardiac effect of hypercholesterolemia was examined in a cholesterol-rich diet-
fed male Wistar rat model, where cardiac autophagy decreased, apoptosis and mTOR
activity increased but necroptosis was unchanged. In our next study, prediabetes was
induced in male Long-Evans rats by a single low-dose streptozotocin treatment with high-
fat diet and cardiac activity effect of prediabetes was studied. The development of
prediabetes was evidenced by increased body weight and plasma leptin levels and the
development of impaired glucose and insulin tolerance. This prediabetic state induced
mild diastolic dysfunction and hypertrophy, which could be associated with increased
cardiac mitofusin 2 expression, increased nitrative- and mitochondrial oxidative stress,
increased level of cardiac lipid droplets and altered mitophagy in the heart. We also found
that isolation involving nagarse digestion affects signal intensity of mitofusin 2 and
connexin-43 in cardiac mitochondrial subpopulations. Therefore, we concluded that
detection of certain mitochondrial proteins requires increased caution with this method.

Our results describe early metabolic derangements on the cardiovascular system,
which may have an important role in the simultaneous occurrence of altered signaling
pathways, oxidative and contraction functions and other multiple abnormalities. These
studies aid us to better understand the complexity of metabolic diseases and to develop

more efficient therapies of cardiometabolic diseases in the future.
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10 Osszefoglalas

Habar kiilonb6zé metabolikus betegségek, mint a diabétesz vagy a sulyos elhizas
jelentdsen karositjak a sziv miikodését, mas gyakoribb anyagcsere-betegségek tigymint a
prediabétesz vagy a hiperkoleszterolémia kardiovaszkularis rendszerre kifejtett hatasa
kevésbé ismert. Ezért célul tliztik ki a kardidlis autofagia, mTOR, apoptozis és
nekroptdzis utvonalak allapotanak vizsgdlatat hiperkoleszterolémias patkanymodellben,
valamint karakterizalni egy diéta-indukalt prediabéteszes patkanymodellt ¢és
megvizsgalni annak kardiovaszkularis rendszerre kifejtett hatasat. Tovabba
megvizsgaltuk, vajon a szivben taldlhaté interfibrillaris mitokondriumok izolalasahoz
hagyomanyosan hasznalt bakterials eredetii nagarz enzim hatéssal van-e a mitokondrialis
proteinek kimutatasara a mitokondrium-szubfrakciokban.

A hiperkoleszterolémia szivre gyakorolt hatisat koleszterin gazdag diétan tartott him
Wistar patkanymodellben vizsgaltuk, ahol a kardialis autofagia csokkent, mig az
apoptdzis és mTOR aktivitds megemelkedett, azonban a nekroptozis nem valtozott. A
kovetkezd vizsgalatunkban prediabéteszes allapotot hoztunk létre egyszeri, alacsony
dozisu streptozotocin kezeléssel ¢és magas zsirtartalma diétaval Long-Evans
patkanymodellben, ahol a prediabétesz szivmiikddésre kifejtett hatasat vizsgaltuk. A
prediabéteszes allapot kialakulasat a testsuly és a plazma leptin szint emelkedése,
valamint a glukoz és inzulin intolerancia kialakuldsa bizonyitotta. A prediabétesz enyhe
diasztolés diszfunkciot és hipertrofiat hozott 1étre, mely Gsszefliggésbe hozhato volt a
kardidlis mitofuzin 2 expresszio, nitrativ-, illetve mitokondridlis oxidativ stressz
novekedésével, lipidcseppek mennyiségének emelkedésével, valamint a megvaltozott
mitofagiaval a szivben. Megallapitottuk tovabba, hogy a nagarzzal t6rténé mitokondrium
izolalas befolyasolja a mitofusin 2 és a connexin-43 fehérjék jelintenzitasat a szivben
talalhatd mitokondridlis szubpopulaciokban. Ezért bizonyos mitokondrialis fehérjék
kimutatasa ezzel a modszerrel fokozott koriiltekintést igényel.

Eredményeink ravilagitanak a korai anyagcsere-betegségek kardiovaszkularis rendszerre
kifejtett hatdsara, melyben fontos szereppel birhatnak megvaltozott jelatviteli Gtvo