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ABSTRACT

Titin is the largest protein known to date and one of the main molecular
components contributing to the passive stiffness of striated muscle tissue. In the
mammalian heart, titin-based myofilament stiffness is an important determinant
of myocardial distensibility, and diastolic and systolic function. The passive
mechanical properties of cardiac titin largely depend on the expression ratio of
the isoforms N2BA (~ 3.2 to 3.7 MDa, more compliant) and N2B (~3.0 MDa,
stiffer). In contrast to cardiac muscle, skeletal muscle only expresses the N2A
isoform (3.3-3.7 MDa). Titin-based passive tension can be dynamically modified
by phosphorylation through the kinases PKA, PKG, PKCa, CaMKII) and ERK
1/2. Importantly, phosphorylation of titin’s N2-Bus region by CaMKII§, PKA
and PKG reduces titin-based myofilament stiffness, whereas phosphorylation
of titin’s PEVK region by PKCa« increases it.

This study investigated the effect of altered insulin availability on titin isoform
composition and phosphorylation in human heart tissue sample from diabetes
mellitus patients and insulin-treated embryonic and adult rat cardiomyocytes.
The study further investigated altered titin stiffness and phosphorylation in
adult rat cardiomyocytes induced by the oral anti-diabetic drug metformin.

Results of the study at hand revealed the influence of altered insulin homeosta-
sis on titin isoform ratio and titin phosphorylation by using samples from right
atria of diabetic and non diabetic patients that underwent cardiac surgery due to
coronary artery disease. Diabetic heart samples showed a significant increase in
titin N2BA expression that was most pronounced in patients with high HbAlc
levels (Glycated hemoglobin). Western blot analyses using phospho-specific
antibodies showed a hypophosphorylation of titin at Ser4099 and Ser4010 within
the N2-Bus and concomitantly a hyperphosphorylation of the PEVK element
of titin at Ser11878. These phosphorylation changes are known to cause an in-
crease in passive myocyte tension (PT). The PT of isolated cardiomyocytes from
diabetic patients showed in fact a significant increase, suggesting a reduction in

PKA and PKCa activity. Insulin-dependent changes in titin phosphorylation



were further characterized using cultured embryonic and adult cardiomyocytes.
Here, insulin and the oral anti-diabetic drug metformin caused a major increase
in the relative phosphorylation at Ser4099 of titin’s N2-Bus within 15 minutes
of treatment. Furthermore, insulin treatment induced phosphorylation of the
PKCa-sensitive site Ser11878 in the PEVK region of titin. Interestingly, PT
was significantly increased in adult rat cardiomyocytes stimulated in vitro with
metformin and insulin.

Additionally, the effects of acute and chronic exercise (concentric and eccen-
tric) on titin phosphorylation and myofilament stiffness in cardiac and skeletal
tissue samples from physically trained rats were investigated. Therefore, adult
rats were exercised acutely (15 minutes) and chronically (6 weeks) and non-
exercised animals served as controls. PT from all exercised cardiac samples was
significantly increased, compared to controls. In cardiac tissue titin N2-Bus
phosphorylation was significantly decreased at Ser4099. However, no significant
changes were observed at Ser4010. PEVK phosphorylation at Ser11878 was
significantly increased, which is probably mediated by the observed exercise-
induced increase in PKCa activity. Interestingly, relative phosphorylation of
Ser12022 was substantially decreased in the exercised samples. Surprisingly, in
skeletal samples from acutely exercised animals a significant decrease in PEVK
phosphorylation at Ser11878 and an increase in Ser12022 phosphorylation was
detected; however, PKCa activity remained unchanged. The evaluated phos-
phorylation status suggests a decrease in PT. However, the effect on skeletal
muscle and PT still needs to be determined. In summary, the generated data
show that insulin and metformin can be identified as potent modulators of
cardiac titin and may therefore play an important role in modifying myocardial
stiffness in human hearts. Furthermore, different kinds of exercise affect titin
domain phosphorylation and titin-based cardiomyocyte stiffness with obviously
divergent effects in cardiac and skeletal muscle tissues. The observed changes
in titin stiffness caused by acute triggers may regulate adaptation processes of

the passive and active properties of the myocardium.
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/Z USAMMENFASSUNG

Titin ist das grofite bekannte Protein in Saugetieren und primar mitver-
antwortlich fiir die Sarkomersteifigkeit. Verdnderungen in der Titin-basierten
passiven Steifigkeit von Muskelzellen konnen besonderen Einfluss auf die Sta-
bilitat des menschlichen Herzens und dessen diastolische und systolische Funk-
tion haben. Die passiven Sarkomereigenschaften im Herzen werden insbeson-
dere auch durch das Expressionsverhéltnis der verschiedenen Titin-isoformen
definiert. Im Skelettmuskel sind nur die N2A-Isoformen (3,3-3,7 MDa) ex-
primiert, wohingegen im humanen Herzmuskel zwei Hauptisoformen des Titins
ko-exprimiert werden: Die kurze und steife N2B-Isoform (3,0 MDa) und die
langeren und weniger steifen N2BA-Isoformen (3,2-3,7 MDa). Eine weitere
Moglichkeit zur Beeinflussung der passiven Steifigkeit liegt in der Phospho-
rylierung elastischer Titindoménen. Die Proteinkinasen CaMKII§, PKG und
PKA fithren zu einer reduzierten Versteifung durch Phosphorylierung der N2-
Bus im Titinfilament, wohingegen die PKCa zu einer erhohten Versteifung
durch Phosphorylierung der PEVK im Titinfilament fiihrt.

Im Rahmen der vorliegenden Arbeit wurden die durch veranderte Insulin-
verfiigbarkeit ausgelosten physiologischen und pathophysiologischen Modula-
tionen der Titin-basierten passiven Krafte durch Phosphorylierungen naher
untersucht. Am Beispiel der Krankheit Diabetes Mellitus wurde der Einfluss
von Insulin und dem oralen Antidiabetikum Metformin auf Titin im humanen
Herzen (Biopsien aus dem rechten Herzohr von Diabetes Mellitus-Patienten
mit koronarer Herzerkrankung) analysiert.

Das Titin N2BA:N2B Isoformen-Verhaltnis war bei Diabetikern im Vergleich
zu Nicht-Diabetikern, wenn sie nach threm HbAlc (Glykosyliertes Himoglobin)
separiert wurden, signifikant verdndert (Erhohung der N2BA-Isoform Anteile).
Zusatzlich konnte eine Hypophosphorylierung im Titin-Segment N2-Bus am
Ser4099 und Ser4010 sowie eine Hyperphosphorylierung im PEVK Element

am Ser11878 von Titin in den Proben von Diabetikern festgestellt werden.



Vorangegangene Studien hatten gezeigt, dass derartige Anderungen in der Phos-
phorylierung dieser Serin-Reste zu einer erhohten passiven Steifigkeit fiihren.
Die gemessene Titin-basierte passive Steifigkeit war in den Kardiomyozyten
von Diabetikern im Vergleich zu Patienten, die nicht an Diabetes erkrankt
sind, tatsachlich drastisch erhoht, was die diastolische Funktion im Herzen
beeintrachtigen kann. Um den direkten Einfluss von Antidiabetika auf Titin
genauer zu untersuchen, wurden primare Zellkultur-Modelle der Ratte verwen-
det. Die Behandlung von adulten Kardiomyozyten mit Metformin und Insulin
zeigte einen liberaschenden Anstieg der passiven Kréifte, denn die PEVK Phos-
phorylierung blieb unverandert und in embryonalen und adulten Zellkulturen
zeigen sich schon nach kiirzester Zeit (15 Minuten) signifikante Anstiege der
relativen Titin-Phosphorylierung am Ser4099.

Zusétzlich wurden im Tierversuch (Ratten auf Laufbéndern), die entstehen-
den akuten und chronischen Anpassungen des Herz- und Skelett-Muskels an
ein festes Laufregime und die daraus resultierenden moglichen Veranderungen
der Titin-Phosphorylierung nach konzentrischen und exzentrischen Belastun-
gen untersucht. Durch 15-miniitige Belastungen traten signifikant erhohte
Phosphorylierungen der Titin-PEVK-Region am Ser11878 und Ser12022 und
signifikante Reduzierungen der Phosphorylierung am Ser4010 und Ser4099 in
der N2-Bus auf, die eine entscheidende Wirkung auf die Darstellung einer
definierten kardialen Muskelsteifigkeit nach akuter konzentrischer oder exzen-
trischer Arbeit erkennen lassen. Diese Tiere wiesen ahnliche Veranderungen
nicht nur akut, sondern auch nach sechswochiger Laufbelastung auf. Interessan-
terweise war auflerdem die passive Steifigkeit in den Kardiomyozyten trainierter
Tiere signifikant erhoht im Vergleich zu den Kontrolltieren.

Es ist festzuhalten, dass die Titin basierte Steifigkeit durch eine Vielzahl von
Faktoren beeinflusst werden kann. Sowohl die medikamentose Behandlung von
Diabetikern mit Insulin oder Metformin, als auch Training unterschiedlicher
Art (im Tierversuch) fithrt zu einer akuten Veranderung am Titinmolekiil und
etwaig zur Adaption der passiven und aktiven Eigenschaften des Myokardiums
und des Skelettmuskels.
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1. Introduction

1.1. Structure and function of the human cardiac

muscle

The heart is a hollow organ with a variety of important, live-sustaining tasks
including to maintain blood circulation over a life-time period without any
rest. However, every detail of the underlying mechanisms of the complex
cardiovascular system is still not yet fully understood. Of distinct interest
is still how the heart adapts and heals or the impact of external stimuli on
intercellular signal-cascades, especially since cardiovascular diseases are one of
the leading and steadily increasing causes of mortality worldwide. The heart
muscle is divided into a left and a right side by the septal wall consisting of four
different chambers, two on each side which are the atrium and the ventricle,
separated by an atrioventricular (AV) valve (Figure 1.1.). Oxygen-rich blood
is delivered by the left side of the heart to the body (systemic circulation)
passing through the aortic valve to the aorta, whereas the right side pumps
blood through the pulmonary artery and valve for an oxygen refill in the lungs
(pulmonary circulation). During this cardiac cycle basically all blood is pumped
through the whole body within a single minute. The blood flow through the
two chambers and the respective atrium is marked by contraction or filling of
the ventricle with systolic pressure and relaxation or release of the ventricle
with diastolic pressure [103]. The heart thereby supplies all organs of the
body through blood vessels with gases, nutrients and hormones. Musculature
including the heart, is build up of muscle cells, being able to shorten (contract)

upon a stimulus. There are different types of muscle tissue present in the
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Figure 1.1.: Figure of the human heart. The walls of the heart are made up of
three different layers, the cavity is divided into four different parts.
There are two upper chambers, termed as the right and left atria, and
two lower chambers, termed as the right and left ventricles. (Nucleus
Medical Art, Inc. Getty Images), modified.

human body. Skeletal and cardiac muscles are known as striated muscle, since
myofibrills are in order of regular appearing myosin and actin filaments, forming
a pattern-like histological appearance [63]. The rhythmical contraction of the
heart muscle is autonomously controlled. Specialized cells in the sino-atrial
node generate an excitation signal that transmits an action potential to the
active myocardium causing a concerted contraction of all myocytes. This
process allows a stable resting heart rate in human adults of 60-80 beats per
minute (bpm). Furthermore, additional mechanism are able to modify force
and rate of contraction by adapting to variable conditions, for example physical
stress. Omne of these mechanisms is the Frank-Starling mechanism of force,
which represents the positive force-frequency relationship and the regulation

by the autonomous nervous system.



1.2. The three-filament model of the sarcomere

and muscle contraction

Each myofibril consists of several sarcomeres, which are the basic contractile
elements in striated muscle cells and are constructed by a network of highly
specialized proteins. The essential structural multi-protein complexes of the
sarcomere (Figure 1.2.) are the Z-disc, the I-band (isotropic), the A-band
(anisotropic) being the largest part of the sarcomere, and the M-band. The
lateral border of one sarcomere is defined between Z-lines, connected by inter-
mediate filament proteins [64]. The contractility is possible through myofibrillar
components of the sarcomere that are interacting constantly. This functional in-
teraction is highly regulated. Mutations of genes coding for different sarcomeric
proteins, may lead to malfunction of the contractile apparatus and can therefore
cause cardiomyopathies or muscle dystrophies [16]. The main components of the
myofilament are the thin- (actin), thick- (myosin), titin-, and nebulin filaments.
The actin filament system is integrated into the Z-disc and extends to the
middle of the sarcomere, where it is positioned and functionally regulated by the
actin binding protein nebulin. Polymerization and depolymerization of actin
are regulated by the capping proteins tropomodulin and CapZ, which cover the
barbed and pointed ends of the actin filament, respectively [58]. Connected to
actin is the regulatory protein troponin through end-to-end linked tropomyosin
molecules. Tropomyosin inhibits the attachment site for the myosin crossbridge,
thus preventing contraction in a relaxed muscle. Contraction of a muscle cell
is stimulated by an action potential, causing calcium channels to open in the
sarcoplasmic membrane and release calcium into the sarcoplasm [23]. Large
stores of calcium ions initiate in the sarcoplasmic reticulum where they are
sequestered and then released upon excitation-contraction coupling when the
muscle cell is stimulated [23]. Calcium-binding to troponin exposes binding
sites for myosin on the actin filaments. The binding of myosin to actin causes
crossbridge formation, resulting in muscle contraction [43]. Contractile forces

are generated when the thin filaments and thick filaments interact in the A-band



region. The thick myosin filament is anchored in the H-Zone and extends from
the A-band to the M-band and associates with the myosin binding protein-C.
The third filament of the sarcomere is titin (also referred to as connectin), it
spans a half-sarcomere, and represents with a thread-shaped appearance about

10 % of the overall muscle mass [64].

muscle fiber myofibril
/

s sarcomere S
z| I | A IM A | | |z

thick (myosin) filament Z
TITIN thin (actin) filament

Figure 1.2.: Model of structural units of muscle tissue from the diaphragm, muscle
bundles, muscle fibers and myofibrils to the sarcomere, the smallest
contractile unit of striated muscle. The sarcomere comprises 3 major
filaments: the thin (mostly actin) filaments, the thick (mostly myosin)
filaments, and the giant filamentous molecule titin. The thin filaments
are anchored in the Z-disk, where they are cross-linked by a-actinin.
The thick filaments are centrally located in the sarcomere and constitute
the sarcomeric A-band. The myosin heads, or cross-bridges, on the
thick filament interact with actin during activation. Titin spans the
half-sarcomeric distance from the Z-band to the M-band, thus forming
a third sarcomeric filament. [17].



1.3. The molecular structure of titin

Titin is the largest protein found in the human body with a size of 1000 nm
and is encoded by a single gene [86]. The human titin gene is located on
chromosome 2q3l with a size of 294 kb [34]. There are 363 exons in the human
titin gene encoding 38.138 amino acids for a putative protein with a maximum
size of 4.2 MDa [86]. It has been discovered by the scientific community in
the 1980’s [134] with the help of electron microscopy (Figure 1.3.) and specific
antibodies. Titin, a molecular spring-like giant sarcomeric filament is known to
be involved in functional, physiological and pathological processes, particularly
in muscle tissue. The N-terminus of the molecule is anchored within the Z-disk
and the C-terminus within the M-band. It additionally has an elastic part
in the I-band region as well as a thick filament-binding area in the A-band.
The A-band, M-band and Z-disk parts of titin are playing important roles
in numerous signaling-dependent cellular processes regulating passive forces
of the titin molecule. In the I-band region, titin is extensible and functions
as a molecular spring that develops passive tension (PT) upon stretch, thus
the passive forces also emerge during the diastole of the heart after sarcomere

stretching.

Figure 1.3.: Electron microscopy of the titin molecule with a molecular length of
0.9 um to 1.5 um, depending on sarcomere stretch (Prof. John Trinick,
www.astbury.leeds.ac.uk).

The I-band contains a tandem Ig segment consisting of serially linked im-
munoglobulin (Ig)-like domains [27], the PEVK region predominantly rich in

the following amino acids: proline (P), glutamic acid (E), valine (V) and lysine



(K) as well as the N2B segment including a heart specific N2B unique sequence
(N2-Bus) and smaller N2-A unique sequences (Figure 1.4.). Longer isoforms
additionally contain the so-called N2A region and were thus named N2BA iso-
forms. The I-band titin holds multiple binding sites for proteins associated with
contraction, metabolism, and regulation of gene expression. Furthermore, titin
overlaps with the thin filament system at the I-band region of the sarcomere,
providing two binding sites for sarcomeric actin. One of these interaction sites
is located at the Z-disc/I-band junction and suggested to anchor the I-band
region of the titin molecule in the sarcomere [136]. At the other interaction site,
actin filaments bind to titin’s PEVK domain, possibly regulating passive forces,
which is controlled by the calcium-binding protein S100A1 [105, 135]. The
stiffness of the PEVK region can also be increased by direct binding of calcium
to the PEVK domain [29]. Passive myocardial stiffness of the heart is based on
the passive forces of titin and the extracellular matrix. The total protein has a
size between 3 and 4 MDa made up of about 30.000 amino acids depending on
the splice variant [115]. For instance a 625 kDa Novex-3-isoform and a 3.7 MDa
huge form are found in human soleus, all deriving from the single titin gene
[131]. Titin is known to be a scaffolding protein assembling the sarcomere and
comprising it’s mechanical characteristics [69, 33]. Within the I-band region,
entropic spring-elements form an elastic part with different persistence lengths
(PL) [133]. The PL is an indicator for the stiffness of a polymer chain, where a
higher PL means less force is developed during elongation. The flexible parts of
the titin molecule are the proximal and distal Ig-Domains with a PL of about 10
pum, the PEVK-region with a PL of approximately 1 um and the cardiac specific
N2-Bus with a PL of about 0.65 um, extending sequentially during elongation
of the sarcomere [134] [66] [31] [117]. The elastic forces of titin in combination
with extracellular collagen form the passive stiffness of the muscles [71, 51].
Furthermore, titin interacts with a variety of proteins that are associated with
signalling processes [79]. Such interactions have been identified within the
Z-disc, the M-band, the N2-Bus and C-terminally located titin-kinase-domain.
Examples are telethonin strongly binding the Z1/Z2 domain, as well as nebulin
[65], filamin [115] and obscurin [98]. Other binding partners include the FHL1



and FHL2 or four-and-a-half LIM domain proteins binding the cardiac specific
N2-Bus and the three homologous muscle ankyrin repeat proteins also known
as MARPs, cardiac ankyrin repeat protein, diabetes-related ankyrin repeat
protein, and Ankrd2 (ankyrin repeat domain protein-2), binding the N2-A
region within titin’s I-band [79]. Moreover, in the Z-disc and I-band junction,
actin and titin filaments are associated [136]. Different isoforms of titin with a
distinct spring composition are generated, due to variable alternative splicing
of the titin gene. There are two major isoform types coexpressed in adult
mammalian hearts [87], the stiffer and shorter isoform named N2B with a size
of 3.0 MDa [86] and a group of more compliant and longer N2BA isoforms
with a size of 3.2 to 3.7 MDa. In cardiac muscle an additional fetal form
called fetal cardiac titin (FCT) is expressed [114]. However, there is only one
characteristic isoform (3.3-3.7 MDa) present in skeletal muscle, with the largest
form found in the soleus muscle [3, 71]. The N2B segment is a part of all
isoforms in the heart. The N2A segment however, is exclusively present in
the FCT as well as N2BA isoforms. Due to it’s shorter I-band composition,
the N2B isoform is much stiffer than the N2BA isoform and therefore stronger
forces are required for extension of this isoform [66]. Therefore, passive forces
of the sarcomere are very variable as they depend on expression level of titin
isoforms [111]. The expression ratio of the isoforms in cardiac sarcomeres is one
major determinant of titin based passive stiffness of the myocardium, due to
the size of the I-band region determining those forces. In the left ventricle of a
healthy human individual, this expression ratio is about 40:60 (N2BA:N2B)[22]
but has been shown to vary both ways in individuals suffering from particular
heart diseases [87]. The N2BA:N2B ratio is often increased in end-stage heart
failure, resulting in an increase of titin elasticity. Titin isoform composition is
differentially regulated in heart development and very often during progression
to heart disease, e.g. in heart failure, where an isoform shift takes place leading
to increased levels of the more compliant and longer N2BA isoform followed
by a reduction of titin based stiffness [51]. The distribution of N2BA:N2B
titin-expression ratios in mammalian heart varies massively, exemplary in rat

hearts the short N2B isoform predominates with approximately 90% of total



titin. The molecular mechanisms that control titin isoform composition are
not yet fully understood. However, previous studies suggest that titin isoform
expression is largely modulated by hormone-dependent activation [76, 74] of
the PIBK/AKT signaling pathway [75]. Furthermore, minimal isoform shifts
have been detected in STZ-Rats (Streptozotocin-diabetic rat model), whereas
patients with type II diabetes mellitus do not seem to develop significant titin
isoform expression changes. The complex splicing events of titin mRNA are
still to be investigated. However, the splicing factor RBM20 [130] has been
recently identified as a key player in the regulatory processes that control titin
isoform expression. Mutations of RBM20 not only drastically interfere with
titin isoform expression, but also involve splicing processes of 30 other cardiac
proteins [137]. Interestingly, decreased expression levels of RBM20 in heart
disease are possibly leading to an upregulation of titin isoforms with increased

compliance [130].
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Figure 1.4.: Layout of the third filament titin in the cardiac sarcomere, showing
the stiff N2B isoform coexpressed with compliant N2BA isoform. The
C- and N-termini of titin are anchored in the M-line and Z-disc,
respectively [132].

These changes in cardiac function due to titin isoform shifts can be considered
as a long term or chronic process, since they depend on expression level of
the respective isoforms. However, fast and therefore acute modifications can
be observed, too. They are primarily seen as adjustments of cardiac function
to external stimuli like for instance medication or exercise [18]. Titin can, as
it has already been indicated, be phosphorylated. This process is reversible
and means an additional phosphate-group is attached to the protein, possibly
leading to changes in activity and function [72]. Different kinases phosphorylate

titin [76, 19] within it’s I-band domains. Titin based myofilament stiffness can



modulated by phosphorylation of it’s elastic domains (N2-Bus and PEVK) by
different kinases, such as PKG, PKA, PKCa (Figure 1.5.) and ERK1/2 and
CaMKIIé [76, 77, 19, 106, 92]. The human N2-Bus contains several conserved
and not conserved serine residue (e.g. S497 and S469), phosphorylated by PKA
and PKG. Both kinases are cAMP- and ¢cGMP dependent and activated in
response to f-adrenergic stimulation by catecholamines and nitric oxide (NO)
or natriuretic peptides respectively [76, 77, 106, 4]. By increasing the PL, this
phosphorylation leads to a decrease in titin based passive myocyte stiffness of
approximately 20 % with no distinguishable differences between the protein
kinases [76]. In contrast, the Ca?*-dependent PKCa-mediated phosphorylation
at serine residue 11878 and 12022 (conserved) of the PEVK-region increases
passive fiber stiffness by approximately 15-20 % [18].
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Figure 1.5.: Layout of the titin-domain architecture and how titin stiffness can
be dynamically modified by antibody-detected phosphorylation of it’s
elastic I-band region through PKA, PKG and PKC, modified from
[78].

Furthermore, PKG has been shown to phosphorylate the N2-A domain with
no measurable effect on persistence length or Ig-domain stability of the N2A-

domain [76] and therefore no measurable influences on titin stiffness [76]. In



the A-band, titin is inextensible due to its strong interaction with the thick
filament [32]. The A-Band moreover comprises the major part of titin [86] with
a size of 2.1 MDa. The A-band segment is critically involved in the binding of
MuRF-1 (Muscle RING-finger protein-1 ligand) [119], which has been involved
in the downstream signaling pathway of the adjacent protein kinase domain
[116]. M-band titin interacts with myosin [120], obscurin (acting as a linker to
the sarcoplasmic reticulum [7]) and the obscurin-like 1-Protein (Obsl-1) [4, 98].
The M-band segment of titin can only be tightened due to active forces, making

it a potential indicator for contractile stress to the muscle [47, 49, 48].

1.4. Insulin, pharmacological treatment and the
association with cardiovascular disease in

diabetes mellitus

Muscle fibers belong to the tissue most important for insulin absorption. Here,
insulin regulates the vital carbohydrate metabolism of the human body. The
proteo-hormon insulin derives in the endocrine glands of the pancreas, where it
is stored, biosynthesized and secreted [42]. Insulin is synthesized as a single
precursor molecule called preproinsulin, which is posttranslationally modified
to construct the mature hormone [42]. Since insulin is necessary for insulin-
dependent tissue (besides muscle also brain and fat tissue) to uptake glucose
via the glucose transporters [68], essential for cell and body metabolism, defi-
ciencies lead to various severe symptoms [40]. Subsequently, the substrate-lack
within the cells and the glucose increase in the blood cause diuresis, glucosuria
and acidosis of the blood, which may result in a coma when untreated [40].
Therapeutically, only medication with artificial insulin is indicated in order to
compensate for the deficiency [40]. Glucose is the the most important regulator
of insulin gene expression, acting through a complex process that activates
transcriptional and posttranscriptional mechanisms [42]. Since glucose uptake

is increased in muscle tissue by insulin, glucose biosynthesis and glycolysis are
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subsequently promoted [42]. Here, insulin inhibits the glucagon-stimulated
glucogenesis. Furthermore, insulin decreases cyclic adenosine monophosphate
(cAMP)-levels, by activating phosphodiesterases 5A (PDE5A) known to reduce
cAMP and cyclic guanosine monophosphate (cGMP). A reduction of cAMP in
turn inhibts glycogen degradation and therefore stimulated glycogensynthesis
[42]. The previously described effect is initated acutely within seconds or
minutes. On a long term basis, insulin initiates growth and proteinbioynthesis
within hours and days. Recent studies also strengthen the importance of insulin
in gene transcription responsible for specific enzymes, key factors in regulating
carbohydrate and fat metabolism [42].

The intracellular effects of insulin are regulated by the binding of insulin to
the cell membrane-associated insulin receptor (IR), promoting the association
of insulin recpetor substrate (IRS) with the receptor. The IR can be a sub-
strate for the cAMP- and cGMP-dependent kinases PKA and PKG, as well as
for PKC [89]. PI3K binds the IRS substrate (IRS1) activating the catalytic
subunit of PISK. Hence, PDK and AKT are activated (Figure 1.6.), both
representing signal proteins important for transduction of insulin signalling for
glucose uptake of the cell [42]. Moreover, insulin is known to initiate signal
cascades similar to thyroid hormones. Angiotensin II and the thyroid hormone
triiodo-1-thyronine (T3) have been identified to contribute to titin modifications.
There are indications of thyroid hormone signaling being essential for tran-
scriptional regulation of titin-isoform composition [144, 75]. Hypothyroidism,
when pharmacologically induced in adult rats leads to a large re-expression
of the N2BA titin isoform, possibly due to a reduction in thyroid hormone
levels and reactivation of a fetal gene program [144]. In addition, T3 plays a
major role in cardiac development by regulating the expression of numerous
cardiac-specific proteins, including myosin heavy chain isoforms, phospholam-
ban, sarcoplasmic-reticulum, calcium ATPase, and collagen isoforms [112, 75].
T3 further has been identified to significantly stimulate the developmental
titin-isoform transition from fetal N2BA to stiff N2B in ERC [99, 57, 6, 75].
The titin isoform composition alterations initiated by T3 are mediated via

a non-genomic signalling pathway, namely the phosphatidylinositol-3-kinase
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(PI3K)-dependent signaling-cascade [75]. Downstream mechanisms controlling
splicing of titin mRNA and regulation of titin expression are thus far mainly
unknown. However, insulin has been identified to initiate the PI3K pathway
involving AKT and mTOR leading to a cardiac titin isoform switch with a
pattern similar to T3 [57, 99, 6, 75]. Insulin potentially activates the so called
'survival’-pathway acting via, PI3K, eNOS, and PKG (Figure 1.6.), known
to phosphorylate titin [75]. The NO-cGMP signaling has been identified to
protect the heart against various stressors, including pro-hypertrophic cardiac
stress [142, 6].

Cardiac contraction is among others regulated by beta-adrenergic signaling
involving elevated levels of adenosine (cAMP) and guanosine (cGMP) cyclic
nucleotides. Increased cAMP enhances contractility by activation of PKA,
whereas simultaniuos stimulation of cGMP opposes this in part by activating
3’,5’-cyclic monophosphate (¢cGMP)-dependent PKG [13], which attributes
stimulation of the only known NO-receptor soluble guanylate cyclase (sGC)
by NO and is able to modulate cardiac function and structure, particularly
in hearts stimulated by mechanical stress or hormones [35]. Due to hormone
binding, an activation of the sGC within the intracellular domains results
in increased cGMP levels [96]. ¢cGMP then activates downstream effectors
(cGMP-dependent protein kinase, Ca?* channels and phosphodiesterases) to
ultimately cause muscle relaxation and vasodilation. Furthermore, sGC is
the target of the earliest class of cardiovascular drugs known [96]. ¢cGMP is
also regulated by catabolic phosphodiesterases such as phosphodiesterase 5A
(PDE5A), and PDESA inhibition by the vasodilatation enhancing drug sildenafil
and similar compounds increase cGMP levels in vascular tissue and has been
associated with titin phosphorylation and improvement of diastolic distensibility
in vivo [62]. However, the role for PDESA in regulating cardiac function
remains unclear. Thus, deeper knowledge about the basis of the underlying
pathways has become increasingly important, since they are the target for
chronic treatments of various diseases [35]. An additional downstream target
of PKG is the enzyme VASP (Vasodilator-stimulated phosphoprotein) which

is associated with filamentous actin formation and involved in cell adhesion,
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whether VASP participates in the anti-inflammatory effects of vascular NO
signaling remains unclear [13]. VASP is preferentially phosphorylated by PKG
at Ser239, and in rodent models of diabetes, actin cytoskeleton rearrangements
in vascular tissue have been correlated to reductions of both PKG and VASP
signaling [13]. Several observations indicate that endothelial NO (eNOS)
plays a physiological role to protect against vascular and cardiac disease [13].
Interestingly, restoration of normal NO levels through either pharmacological
or genetic interventions reduces insulin resistance and vascular inflammation.
On the contrary, experimental deficiency of eNOS has the opposite effect [13].

Furthermore, insulin is the mainstay of hyperglycemic control in diabetic
patients. Diabetes mellitus (DM) is a common metabolic disease based on
hyperglycemia, where glucose levels in the blood plasma are constantly increased
[80]. Glucose is essential for cell metabolism in mammals and the substrate for
glycolysis, used as an energy source and stored as glycogen (secondary short term
energy source) in muscle and liver tissue. Moreover, glucose triggers cytoplasmic
signaling including activation of phoshorylation cascades [110]. There are
mainly two different types of DM. Type I DM is an autoimmune disease [5] also
known as insulin dependent diabetes mellitus or juvenile diabetes. As a result of
chronic inflammation, the patients’ 5 -cells in the islets of Langerhans within the
pancreas undergo apoptosis and are therefore not able to produce and secrete the
anabolic hormone insulin [9, 42], leading to malfunctioning glycogen synthesis
[67]. Type II diabetes mellitus is a dominant and increasingly expanding disease
in western countries. Of all DM patients 90%-95% are suffering from the type
IT variant [80]. Type II DM can be induced through genetic predisposition
and several various environmental factors including diet, obesity and lack of
exercise [80]. In type IT DM, patients are suffering from insulin resistance, where
sufficient amounts of insulin are produced in the pancreas, but cell membranes
supposed to transfer the glucose into the cells indirectly via insulin receptors (IR)
are malfunctioning [67]. Mutations, low expression levels and insufficient insulin
binding can also be a reason for disturbed insulin homeostasis. The pancreas
is trying to compensate the lack of glucose in the cells by overproduction of

insulin which may in turn also reduce IR expression levels [67]. In patients
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suffering from type II DM, a co-morbidity like increased blood pressure is
often the case. Furthermore, obesity is frequently found along with DM and
is also named as a cause of the illness [126]. DM combined with obesity and
arterial hypertension is regarded to as prediabetes or metabolic syndrome,
known as a frequent precursor for cardiovascular disease [42]. In addition to
a genetic predisposition of the patients, obesity may also cause a resistance
of the insulin dependent tissue [101]. Here, the glucose-transporter type 4
(GLUT-4), localized in vesicles of mammals predominantly expressed in fat and
muscle tissue is disturbed [36]. When insulin binds the IR embedded in the cell
membrane (Figure 1.6.), GLUT-4 vesicles fuse with the membrane, stimulating
the channeling of glucose, which can then be processed to pyruvates necessary
for triglyceride production in fat cells or energy supply [36].

Type I DM patients are in fact associated with a 2-fold increase in cardio-
vascular death or hospitalization for heart failure (HF) [15]. Heart failure in
particular is a predominant and the leading cause of death in patients with type
IT DM [141]. Those patients have a predisposition to suffer from diastolic dys-
function, often considered to be an early characteristic of diabetes-induced heart
failure [129] and have increased risk factors for coronary heart disease (CHD), in
which hyperglycemia and hypertension play a major role [123]. Different causes
can trigger CHD, a dominant one is diastolic dysfunction [121], here cellular
and molecular backgrounds are still to be investigated. In detail, combined with
impaired left ventricular (LV) relaxation diastolic dysfunction forms the basis
for a form of CHD called heart failure with preserved ejection fraction (HFpEF)
[139]. HEpEF patients are additionally characterized by exercise intolerance.
This form of heart disease can be caused by altered calcium signaling within
the cardiomyocytes as well as by an increase in diastolic left ventricular (LV)
stiffness [21] due to either collagen based stiffening of the extracellular matrix
(higher fibrosis levels) or increased titin based passive stiffness [130]. HFpEF
animal model are characterized by titin stiffening through altered isoform com-
position and phosphorylation, both are contributers to increased LV stiffness
[93]. Whether the increase in titin based PT is a symptom of HFpEF or even

a trigger remains to be elucidated.
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HFpEF, also known as diastolic heart failure is increasing both in prevalence
and incidence [38]. In a group of patients with objective evidence of HFpEF and
reduced exercise capacity, the patients being additionally diagnosed with type
IT DM had a more severe disease phenotype characterized by more numerous
comorbidities, increased left ventricular hypertrophy, and increased circulating
markers of vasoconstriction, oxidative stress, inflammation as well as fibrosis
[139]. These findings support the assumption that diabetic HFpEF patients
are at particularly high risk given their comorbidity burden and somewhat dis-
tinctive pathophysiology [139]. However, how titin phosporylation is regulated
in diastolic dysfunction is not fully understood, but a titin phosphorylation
deficit in heart failure has been identified [139]. Increased titin phosphorylation
in diastolic dysfunction may serve as an explanation for HFpEF. A decrease in
titin phosphorylation might as well be due to oxidative stress, as suggests by
recent studies [139].

Insulin treatment in cell culture of primary rat cells leads to increased total
titin phosphorylation [75]. In line with this stands a hypo-phosphorylation of
titin in functional insulin deficiency in context with type II DM going along
with an increase in titin based myofilament stiffness [50]. Insulin induced
changes within the titin molecule being titin-isoform composition, total titin
phosphorylation, kinase activity and consequently altered titin based stiffness
(on bioartificial cardiac tissue) have been shown in cell culture models [75]. How
these affect patients, remains to be elucidated. To deepen the knowledge about
physiological processes of titin changes like posttranslational modifications and
isoform switching due to insulin and the commonly prescribed anti-diabetic
metformin treatment, responsible pathways (e.g. PI3K/AKT/mTOR pathway)
still need to be evaluated. Metformin is administered much more in type II DM
than insulin, due to it’s easier handling and effectiveness especially in order
to regulate patients” HbAlc (Glycated hemoglobin). However, exact cellular
and molecular mechanism action of the biguanide class oral antidiabetic drug
metformin are far from being fully understood [125, 44]. Metformin was already
clinically introduced in the 1950’s, it suppresses glucose production in the liver

and therefore increases peripheral tissue insulin sensitivity [25]. Metformin may
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Figure 1.6.: Illustration of the insulin-initiated PI3K-Akt-eNOS-NO survival signal-
ing and cardiovascular protection pathway. Insulin binds to cell mem-
brane insulin receptor, leading to the activation of PI3K-Akt-eNOS, re-
sulting in metabolic modulation and cardiovascular protection. Among
the insulin-activated signaling cascades, PI3SK-Akt-eNOS-NO repre-
sents a special link between insulin and the cardiovascular system with
regard to health and pathology. Activation of this signaling cascade,
together with other Akt-activated molecules can lead to vasodilata-
tion, anti-apoptosis, anti-inflammation, and anti-oxidative/nitrative
stress. Legend: CaMKII, Calcium/calmodulin dependent protein ki-
nase II; cGMP, cyclic guanosine monophosphate; eNOS, Endothelial
Nitric Oxide Synthase; ERK2, extracellular signal-regulated kinase-2;
GLUT4, glucose transporter 4; IRS, Insulin receptor substrate; MAPK,
mitogen-activated protein kinase; mTOR, mammalian target of ra-
pamycin; NO, nitric oxide; PDE5SA, ¢cGMP-specific phosphodiesterase
type 5; PDK, Phosphoinositide-dependent kinase; PI3K, phosphatidyl
inositol-3-OH-kinase; PKA, protein kinase-A; PKB, protein kinase-B;
PKC, protein kinase-C; PKG, protein kinase-G; sGC, soluble guanylyl
cyclase.
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additionally have therapeutic efficacy in other conditions, including different
forms of cancer like leukemia [122], diabetic nephropathy or ameliorative
property against tubular cell injury [45]. The cellular mechanisms including
activated pathways that control phosphorylation of I-band titin are not yet fully
retractable, also after either metformin or insulin stimulation. Modifications of
titin properties (either by phosphorylation, isoform ratio changes or passive
stiffness) are also found in diastolic dysfunction being a major condition going
along with DM [50]. For this study, patients with the same medical treatment
and cardiac surgery were sorted into two groups. The first group were formed
by those with a low HbAlc (indicating no diabetes or good compliance) and
served as the control group (named ”Control” in all figures). The second group
was formed by those with a high HbAlc (rather depicting diabetes and bad
compliance), and was therefore named ”Diabetic” in all figures. HbAlc levels
are dictated by both basal and postprandial glucose levels forming an indicator
for well medicated patients [85], either with insulin or the more often clinically
applied, orally given substitute metformin. In the study at hand, all patients
were medicated with metformin. Those pharmacological treatments may serve
as a possible explanation for high variability in titin phosphorylation shown
in former studies. Samples from both patient groups were measured for their
titin based passive myocyte stiffness, domain specific (N2-Bus and PEVK)
analysis of titin phosphorylation as well as isoform ratios were investigated.
For further pharmacological analysis, embryonic rat cardiomyocytes (ERC)
as well as adult rat cardiomyocytes (CM) were stimulated with insulin and
metformin. In ERC members of the mTOR (mechanistic target of rapamycin)
pathway were examined, as metformin influences the mTOR pathway and
AKT and mTOR are essential for the insulin pathway. Within the N2BA
phosphorylation seems to be of particular importance for myofilament stiffness
[50]. Consequently, insulin- and metformin- dependent signal-cascades leading
to titin phosphorylation were investigated in cell culture models of primary

cells from adult and embryonic cardiac tissue.
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1.5. Physical exercise-related modifications in the

heart

Exercise is known to have a beneficial effect on the cardiovascular system.
Not only in healthy humans, but particularly in the setting of cardiovascular
diseases, such as heart failure (HF), regular exercise training has been shown
to improve cardiac outcome, including a stronger circulation and lower blood
pressure [30]. Hypertension in aging subjects is often associated with cardiac
p-adrenergic receptor (5-AR) dysfunction and over-activity of the sympathetic
nervous system (SNS) [88]. According to the current hypotheses regular exercise
at least partly restores the normal SNS activity and thereby improves cardiac
function [30]. In aged subjects this exercise-induced improvement has been
shown to be mediated by an enhanced left ventricular inotropic response to
CaT [2, 109]. Furthermore, exercise and insulin concentration are connected,
since glucose levels are dropping during exercise and are increasing during food
uptake [101]. Exercise is also found to improve insulin sensitivity by providing

a simplified glucose transfer into muscle cells [101].

1.6. Acute and chronic exercise as modulators of

skeletal and cardiac titin

Studies suggest that changes in the passive titin based myofilament stiffness
may also contribute to the beneficial effects of physical activity such as running
on a treadmill [20]. There is a connection between titin stiffness and ventricular
function and it has been shown that increased titin compliance improves diastolic
function (reviewed in Linke and Hamdani 2014 [94]). On the other hand, titin
stiffening may also support the length-dependent activation involved in the
Frank Starling mechanism of the heart, which is responsible for the elevated
cardiac output in response to increased preload [82]. In recent experiments,
adult mice were exercised for 3 weeks and biopsies of their cardiac tissue

were analyzed. Significant phosphorylation changes in the posttranslational
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modification of the two titin domains N2-Bus and PEVK were detected [20].
The investigated changes imply an exercise-induced decrease in cardiac titin
stiffness, which may help diastolic filling and thereby improve cardiac output
in the trained animals. In contrast, the changes in titin modification detected
in trained skeletal muscles suggest an increase in titin stiffness, which may help

to maintain the structural integrity of the exercised muscle tissue [20)].
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1.7. Aim

Insulin has been identified to be involved in the regulation of isoform switching
and signal transduction leading to phosphorylation of the essential scaffolding
muscle protein titin. Since insulin signaling is altered in heart disease such as
diabetic cardiomyopathy, titin-dependent changes in a specific disease setting
where insulin homeostasis is disturbed are to be identified, resulting in the basic
hypothesis of the work at hand. Therefore, the aim of this study was to firstly
investigate how phosphorylation of the molecular spring titin and associated
cardiac proteins are controlled and influenced in heart muscle tissue of diabetes
mellitus type II patients that underwent cardiac surgery. Moreover, how the
anti-diabetic drug medication and already modified insulin signaling in DM
might subsequently have an impact on titin based myofilament stiffness in the
myocradium, possibly explaining diastolic dysfunction frequently associated
with DM. In order to investigate the direct influence of anti-diabetic medication
on cardiac titin and on the basis of previous findings, treatment with insulin
and metformin in cell culture models with primary isolated cardiomyocytes
from adult and embryonic rats were performed.

In the second part, the effect of different types of exercise regimes with
adult rats were conducted in order to investigate physiological effects on heart
and skeletal muscle titin. Specifically, the modification of titin based passive
stiffness, the phosphorylation status and pathway interactions of cardiac and

skeletal titin upon physical exercise were investigated.
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2. Materials and Methods

2.1. Materials

All kits, reagents and stains were if not noted otherwise applied as recommended

in the manufacturer instructions.

i. Laboratory equipment

Device Type Manufacturer
Centrifuge Biofuge 13 Heraeus
Centrifuge Megafuge 1.0 Heraeus
Centrifuge Rotofix 32 Heraeus
Chemiluminescence imager FUSION SOLO Vilbert

CO2 Incubator Heracell 1501 Thermo scientific
Electro - blotting Trans Blot Turbo Biorad

Electro - blotting Fastblot B44 Biometra
Electrophoresis - board Mini-Twin Biometra
Freezer Typ 311104 Liebherr
Infrared imaging system Oyssey Licor

Magnetic mixer IKA RTC Classic TKA

Micro centrifuge mini CX73.1 Roth
Microscope 1D03 Zeiss
Microwave Micromat 135 AEG

Mixer KL2 Bohler

Monitor screen Flatron E22 10T LG

Myocyte force measuring device Force Transducer System 403A | Aurora Scientific
Orbital shaker Shaker DOS 10L Neo Lab
Perialstic pump Miniplus 3 Gilson

Personal computer Paola FX Chieftec

pH meter MP220 Mettler Toledo
Phospho-Chemiluminescent Imager | LAS-4000 Fuji

Power supplies Power Pack P25 Biometra
Reagent shaker (Vortex) 444-1372 VWR
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Refrigerator KT1730 Liebherr
Rotating and swaying mixer RMS-30V CAT
Rotation mixer SB2 IKA

Scale Kern 572 Kern
Special accuracy weighing machine Ael63 Mettler
Stereo mikroscope S8APO Leica
Thermo mixer Compact 5350 Eppendorf
Thermostat Thermo C10 Haake
Ultra-Turrax VOS 14 VWR
Vacuum pump NO 2522-02 Welch
Water quench Julabo 20B Julabo
Water treatment Milli Q Millipore
Work bench Safe 220 Thermo scientific

Table 2.1.: Inventory of the laboratory equipment used for experiments
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. Buffers and solutions

Buffer

Composition

Anode buffer

300 mM Tris(hydroxymethyl)amino methan 100 mM
Tricine/ HCL, pH 8.8

Blocking solution

3% BSA in 1x TBST

Collagenase solution

Collagenase B 1 mg/mL Low Ca2+-solution 10 mL, 0.03

mM Calcium chloride

Coomassie stain

40 % Methanol 10 % Acetic acid 50 % aq. dest. 0.1 % Serva
blue G

Coomassie destain 1

50 % Ethanol 7 % Acetic acid

Coomassie destain 2

5 % Ethanol 7 % Acetic acid

Gelatine solution

1% Gelatine in PBS

Cathode buffer

300 mM Aminocaproic acid 30 mM Tris / HCL , pH 8.7

LB Medium

10 g Bacto Tryptone 10 g Sodium chloride 5 g Bacto Yeast
Extract

LB Medium with agar

10 g Bacto Tryptone 10 g Sodium chloride 5 g Bacto Yeast
Extract 15 g Agar

10 x Running buffer

250 mM Tris (hydroxymethyl) amino methan 1.92 M Glycine
1% Sodium dodecyl sulfate

Low Ca2?T solution

120 mM sodium chloride 5.4 mM Potassium chloride 5 mM
Magnesium sulfate 5 mM Sodium pyruvat 20 mm Taurin 10
mM HEPES 20 mM Glucose 6.9 mM Sodium hydroxide, pH
6.9

Medium

79.9% Iscoves Modified Dulbecco’s Medium (IMDM) 20%
(v/v) Foetales calf serum (FKS) 1 % (v/v) Penicillin-
Streptomycin Aoution (10.000 U/mL) 1 % (v/v) Non-
Amino Acids (MEM, 100x) 0.1 % (v/v)B-
Mercaptoethanol 5 ng/mL bFGF (Fibrocytegrowfactor)

Essential

Phosphat buffered saline

150 mM Sodium chloride 2.5 mM Potassium chloride 1.5
mM Potassium diehydrogen phosphate 3 mM Disodium hy-
drogen phosphat

ProQ Fixations buffer

50 % Methanol 10 % Acetic acid

ProQ Washing solution

10 % Methanol 7 % Acetic acid

ProQ Destain solution (1L)

50 mM Sodium acetate, pH 4.0 20 % Acetonitrile

Phosphatase Inhibitor Cocktail

500 M Sodium Fluoride, 10 mM Sodium Orthovanadate, 100
mM Sodium Pyrophosphate, Decahydrate, 100 mM beta-
Glycerophosphate

PVDF stain

0.075 % Serva Blue in Methanol

PVDF destain

10 % Acetic acid 40 % Ethanol 50% Aqua bidest

Relaxation solution

10 mM Imidazole 3 mM Ethylene glycol tetraacetic acid 10
mM Adenosine 5’triphosphate disodium salt 3 mM Magne-
sium chloride 47.7 mM Creatinphosphate 2 mM Dithiothre-
itol

SDS collection gel buffer

500 mM Tris / HCL pH 6.8 0,4% (v/v) Sodium dodecyl
sulfate

SDS departing gel buffer

1,5M Tris / HCL pH 8.8 0.4% (v/v) Sodium dodecyl sulfate
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SDS sample buffer

8 M Urea 2 M Thiourea 3% (v/v) Sodium dodecyl sulfate
0.035 Serva Blue 10% Glycerol

Stripping buffer

6M Guanidin hydrochloride 20 mM Tris 0.2% Nonident P40
0.1 M B-Mercaptoethanol

50 x TAE 50 mM Ethylendiaminetetraacetic acid 2 M Tris /HCL pH 8
17.5% Acetic acid
10 x TBST 0.5 M Tris/ HCL, pH 8.0 1.5 M Sodium chloride 0.5% Tween

- 20

Table 2.2.: List of the buffers and solutions used for experiments
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iii. Chemicals

Chemical Company
Albumin fraction V Roth

2,3 Butanedione monoxime Sigma
Acetic acid Appli Chem
Acetone Sigma
Acetonitrile Merck
Acrylamide Roth
Active charcoal VWR
Adenosine 5‘triphosphate disodium salt Sigma
Agarose Biozym
Aminocaproic acid Appli Chem
Ammonium persulfate Appli Chem
Angiotensin II human Sigma
Blebbistatin Sigma
Boric acid Sigma
Bovine Serum Albumine Sigma
Bromphenolblue Sigma
Calcium chloride Sigma
Carnitine Sigma
Collagenase B Roche
Collagenase Typ 2 Worthington
Creatine Sigma
Creatinphosphate Na2CrP Appli Chem
Cytocholasin D Sigma
Dithiothreitol Appli Chem
ECL (Western blotting detection reagent) GE Healthcare
Ethanol Sigma
Ethylene glycol tetraacetic acid Sigma
Ethylene diamine tetraacetic acid Sigma

Fetal Calf Serum PAA
Glucose Sigma
Glutathione Sigma
Glycerol Sigma
Glycine MP
Guanidine hydrochlorid Appli Chem
Heparin Calbiochem
Hepes Sigma
Hydrochlorid acid 37% Appli Chem
Igepal Sigma
Imidazol Sigma
Imperial protein stain Pierce
Insulin Sigma
Isofluran Baxter AG
Isopropyl fl-D-1-thiogalactopyranoside Sigma
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Laminin Roche
L-Name (n-Nitro-L-Arginine Methyl Esther Hydrochl) | Sigma
Lysozym Sigma
LY294002 Cell Signalling
Magnesium acetate Sigma
Magnesium chloride Sigma
Magnesium chloride hexahydrat Sigma
Magnesium sulfate Sigma
Medium 199 PAA
Metformin Sigma
Methanol Sigma
Mowiol 4-88 Roth

Non Essential Amino Acids Biochrom
Nonfat dried milk powder Appli Chem
Nonident P40 Sigma
P-Aminobenzamidine Agarose Sigma
Penicillin Streptomycin PAA
Phenol Red Sigma
Glycoprotein Staining Kit Pierce

ProLong Gold Antifade Mountant

Life Technology

Potassium chloride Sigma
Potassium dihydrogen phosphate Sigma
Potassium hydroxide Sigma
Pro Q diamond Invitrogen
Protease Inhibitor Cocktail Sigma
Protease XIV Sigma
Pyruvate Sigma
Rubidium chloride Merck
Saponin Sigma

Serva Blue R

Serva Electrophoresis

Skimmed milk powder Appli Chem
Sodium acetate Sigma
Sodium chloride Sigma
Sodium dihydrogen phosphate Sigma
Sodium dodecyl sulfate Appli Chem
Sodium hydroxide Roth
Sodium pyruvate Sigma
[B-Mercaptoethanol Sigma
Sypro Ruby Invitrogen
Taurine Sigma
Temed Appli Chem
Tergitol Sigma
Thiourea Appli Chem
Tricin Sigma

Tris (hydroxymethyl) amino methan Appli Chem
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Triton X Appli Chem
Trizol Invitrogen
Tween 20 Appli Chem
Urea Appli Chem
Xylenxyanol Sigma

Ladder page ruler 26616 Thermo scientific

Table 2.3.: Overview of the chemicals used for experiments
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iv. Antibodies

Antibody Dilution | Company

« Actinin 1:1000 Cell Signaling

anti a Actinin 1:1000 Sigma

anti o Actinin 1:1000 Sigma

PKA C phospho (Thr 197) 1:1000 Cell signaling

PKA C « 1:1000 Cell signaling

anti PKC a Phospho 1:1000 Abcam

PKC «a 1:1000 Cell Signaling
Phospho-VASP (Ser239) 1:1000 Cell Signaling
Phospho-VASP (Ser157) 1:500 Cell Signaling

VASP 1:500 Cell Signaling

anti PDESA 1:500 Abcam

anti sGC 1:100 Abcam

anti Insulin Receptor (phospho Y972) | 1:1000 Abcam

Phospho Insulin Rezeptor 5 1:1000 Cell Signaling

anti GAPDH 1:1000 Sigma

anti Guanylyl Cyclase beta 1 (SGC) 1:100 Abcam

Insulin Rezeptor 8 (4B8) 1:1000 Cell Signaling
Phosphalamban A1l 1:1000 Badrilla
Phosphalamban phospho 1:1000 Badrilla

anti mouse IgG HRP 1:3000 Cell Signaling

anti mouse IgG HRP 1:3000 Cell Signaling

Anti rabbit IGG HRP 1:5000 Acris

Anti mouse IGG HRP 1:3000 Cell Signaling
phospho-PEVK rat 1:100 Eurogentec DE11216
PEVK-control rat 1:1000 Eurogentec
phospho-N2Bus rat (S28) 1:200 Eueogentec DE11215
N2B- control rat 1:1000 Eueogentec

Phosho N2-Bus human 4010 1:500 Eueogentec DE12041
N2B- control human 4010 1:500 Eueogentec
phospho-N2Bus 4099 1:500 Eueogentec ED12002
N2B- control 4099 1:500 Eueogentec

p- N2-Bus 5469 1:500 Eueogentec

N2-Bus S469 1:500 Eueogentec

p- N2-Bus S267 1:500 Eueogentec

N2-Bus S267 1:1000 Eueogentec

p - N2Bus S383 1:500 Eueogentec

N2Bus S383 1:1000 Eueogentec

phospho eNOS 1:1000 Cell Signaling
RBM20 1:1000 Eueogentec

Table 2.4.:

Table of antibodies used for Western blotting and immofluorescent

stainings
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Primary and secondary antibodies

Polyclonal titin total as well as phopsho-specific antibodies were generated in
rabbits immunized with peptides containing phospho -Ser4010 (VRIEEGK-
SLRFPC), -Ser4099 (QANLFSEWLRNID), N2-Bus of full-length human titin,
here the peptide nomenclature refers to human cardiac titin; UniProtKB:
Q8WZ42), or phospho-Ser11878 (CEVVLKSVLRKR) from the PEVK-region.
All antibodies were made and affinity-purified by Eurogentech, Belgium. The
primary antibodies were diluted 1:1000. The incubation was done overnight at
4°C for primary antibodies.

Secondary antibodies were diluted 1:500 in 0.5% BSA in TBST. Incubation

was performed for 2 hours at room temperature.

v. Human heart samples

For this study 42 patients undergoing cardiac bypass surgery for a period
from June 2010 until May 2013 were selected. The group was separated
in diabetic (n=23) and non diabetic (n=19) patients. Biopsies were taken
from the right artrial auricle and directly deep-frozen in liquid nitrogen and
stored at —80°C for further analysis. The study has been approved by the
ethics committee of the university of Bonn, conforming with the principles
determined by the declaration of Helsinki. As all patient underwent similar
surgery procedures involving comparable medication, those patients not being
additionally associated with type II diabetes mellitus served as a control
group. For comparability and classification purposes, the clinical data of
patients obtained by their attending physician were anonymized and evaluated.
Hemodynamic data, including BP (blood pressure), LVPSP (left ventricular
(LV) peak-systolic pressure), LVEDP (LV end-diastolic pressure), CI (cardiac
index), LVESV (LV end-systolic volume), LVEDV (LV end-diastolic volume),
LVEDVI (LV end-diastolic volume index), LVEF (LV ejection fraction), LVPWT
(LV posterior wall thickness), IVST (interventricular-septum thickness), AVAI
(aortic valve area index) and LVMI (LV mass index) remain to be compared

for both groups.
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vi. Rat cardiac and skeletal muscle samples

Female Sprague Dawley rats were trained for the exercise study. They were
13 weeks old and had a weight of approximately 200 grams. Samples from
hearts and Latissimus Dorsi muscle (located posterior to the frontal extremities)
were obtained. For single cell measurements, Langendorff heart perfusion was
performed on hearts of 8-13 week old male Sprague Dawley rats, kept under
species-appropriate standard conditions. For ERC, pregnant female Wistar

rats were used, also being kept under species-appropriate standard conditions.

vii. Animals and exercise regime

The animals were exercised according to the ethics committee of the university
of Cologne and in accordance with the institutional and national guidelines
and regulations [90] [91]. All following experimental procedures were approved
by the local animal health and care unit as well. In particular, adult female
Sprague Dawley rats were exercised for acute exercise, using a treadmill (20
meters per minute) for a single 15 minutes level running bout of either level
running (concentric) or with a 20 degrees angle for downhill running (eccentric).
For chronic exercise, the animals had two training bouts per day at five days
a week over a period of six weeks, again either level or downhill with a 20
degrees angle of the treadmill and with a velocity of 20 meters per minute.
The chronic group performed a total of sixty training bouts compared to the
acute group with only one bout. All animals were euthanized directly after
finishing the last training bout. The control groups were not exercised at all
but directly euthanized. Muscle samples were dissected from the left ventricle
of the heart and the Latissimus Dorsi muscle (LAT). Samples were deep-frozen
in liquid nitrogen immediately after preparation and stored then at —80°C
until use. Cardiac tissue samples from 6 control animals and 3 level running
animals of the acutely and the chronically exercised group were tested. For
the skeletal muscle samples, 10 control and 6 level running LAT tissue samples

were obtained from both groups.
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2.2. Methods

i. Cell culture

All procedures regarding rat-tissue or cells, were conducted in accordance to
the guideline of the local animal care and use committee at the university of
Diisseldorf.

Preparation of adult rat cardiomyocytes

Adult rat cardiomyocytes (CM) were isolated using a Langendorff perfusion
system. Therefore, adult male Sprague Dawley rats with an age of 8 to 12 weeks
were terminally anesthetized with isofluran (2% in an exsiccator) followed by
an additional cervically dislocated. The thorax was then opened to disrupt the
diaphragm. The heart was removed surgically from the rat by dissecting the
aorta at a maximal cranial point behind the aortic arch. Cotton was used to
soak up following blood. The heart was then put into a prepared petri dish filled
with heparin solution to avoid the remaining blood inside from coagulating,
as it might impair the perfusion later. The aorta was then canulated and
connected to a perfusion apparatus (see figure 2.1.) filled with perfusion buffer.
The perfusion buffer was gassed with 100% oxygen and left to perfuse with 5
mL/min for as long as the eluate contained blood. After about 7 minutes, the
heart was perfused with an enzymatic buffer containing collagenase and protease
for about 25-35 minutes depending on the weight of the heart. Afterwards, the
heart had a light reddish coloration and a very soft consistency. The heart was
then carefully removed from the perfusion apparatus and transferred into a
dish with another enzymatic solution containing calcium. Here, the heart was
smoothly torn apart with forceps, then pipetted into a 50 mL falcon and then
left in a gently shaking waterbath with 37°C. The suspension was pipetted up
and down every 5 minutes during this incubation. Thereafter, the solution was
put through a 200 pum filter to remove excess tissue that could not be dissolved.
The cells were spun in a falcon for 2 minutes at 300 rpm. The supernatant was

pipetted off the top carefully to remove the enzyme but no cells. The cells were
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then transfered into a low concentrated calcium solution, spun again like before
and the supernatant was again discarded. This step was repeated another time
with a high concentrated calcium solution. The cells were then transferred
into prewarmed M199 Hanks cell culture medium containing Pen/Strep and
resuspended. Cells were counted and plated (10000/cm?) on dishes previously
coated with laminin, to be then left to settle. The medium was augmented
with the calcium desensitizer Blebbistatin (12.5 nM) to prevent contraction of
the cells. Depending on later experiments the following stimuli were added to
the medium: Insulin with a concentration of 175 nM, metformin with 20 mM,
the inhibitor 1.Y294002, PLB, PKCa, PKG and PKA.
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Figure 2.1.: Graphic of the isolated perfused heart, modified from [56].
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Preparation of embryonic rat cardiomyocytes

For the isolation and primary cultures of embryonic rat cardiomyocytes (ERC),
pregnant rats (gestanial day 18) were anesthetized with isofluran (2%) and
killed by cervical dislocation. The 7- 14 embryos were removed from the womb
and then decapitated. Their torso was opened with a scissor and the hearts
carefully pulled out with forceps and then collected on ice in a petri dish
containing PBS. The hearts were first mechanically dissociated with scalpels
following enzymatic digestion for 15 to 20 minutes in 30 mg/mL Trypsin and
1 mg/mL collagenase Typll in digestion-puffer at 37°C. The solution was
occasionally pipetted up and down. After 45 minutes 250 uL of prewarmed
1x Trypsin-EDTA-solution was added. 15 minutes later the cell suspension
was strained with a 40 pum cell strainer, spun, the supernatant removed and
after sedimentation suspended in 15% FBS DMEM. The ERC were plated
on gelatine-pre-coated six-well plates (0.5 million/well) and cultured at 37°C
and 5% CO,. After one night, the medium was changed carefully in order to
remove dead cells. On day 2 the cells were serum-starved (1% FBS-starved)
for 24 hours. For insulin (10 pg/mL) or metformin (20 mAM) stimulation, the
control cells were supplemented with LY294002 (LY) (50 pM) one hour before
stimulation. The stimulations were performed for 15, 30 and 45 minutes and
96 hours (only metformin was added on day 8 of cultivation) following lysis in

titin sample puffer.

Isolation of rat cardiomyocytes and passive force measurements

For isolation of single rat cardiomyocytes, small samples (3-6 mg) were obtained
from left ventricular muscle strips and transferred into relaxing solution (7.8
mM ATP, 20 mM creatine phosphate, 20 mM imidazole, 4 mM EGTA, 12 mM
Mg-propionate, 97.6 mM K-propionate, pH 7.0), freshly supplemented with 30
mM 2,3-butanedione monoxime (BDM), 1 mM dithiothreitol (DTT), 1:100
Protease Inhibitor Cocktail (PrIC), and 1:200 Phosphatase Inhibitor Cocktail
(PIC). Samples were then repeatedly homogenized with an ultrathurrax at

750 rpm. The myocyte suspension was then centrifuged with 1000 rpm for 3
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minutes, resuspended and permeabilized for 3 minutes in the relaxing solution
additionally supplemented with 3% Triton-X-100. Myocytes were washed in
three to five centrifugation steps at 4 °C and 2000 rpm using relaxing solution.
After each centrifugation step the supernatant was discarded and the myocyte
pellet was resuspended in fresh relaxing solution without Triton-X-100 . The

final cardiomyocyte suspension was kept on ice until further experimental use.
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ii. Biochemical methods
Protein isolation

The adherent cells were carefully washed with PBS, afterwards 500 gL titin
sample buffer (for recipe see table 2.5.) were added to the 2 cm cell culture
dish and then cells were harvested with a cell scraper to be transferred into
an Eppendorf tube afterwards. The solution was kept on ice or at —20°C for
further use. Tissue samples were removed from the —80°C freezer, put on a
watch-glass on ice together with 80-500 pL of titin sample buffer (depending on
tissue size) and then mechanically sheared with scalpels. The thick and sticky
dilution was transfered into a tube and kept on ice before use. Before applying
the sample solution to either SDS-gels or titin-gels, samples were vortexed,
spun with a table centrifuge for up to 3 minutes and then heated to 96 °C to

be then centrifuged again for another 1-3 minutes.

Solution Concentration

Urea 8 M
Thiourea 2M

Tris/HCL, pH 6.8 0.05 M
Glycerol (v/v) 10%
TEMED 3%

SDS (v/v) 150 L

DTT 0.075 M

Serva Blue 0.035 g

Table 2.5.: Titin sample buffer (modified Lammli-Buffer) recipe

Protein concentration measurement

In order to obtain specific protein concentration a colorimetric protein assay
was applied, which is based on an absorbance (in nanometer) shift of the dye.
Bradford-reagent was used as instructed in the manual, protein concentration

within a solution (in aq. dest.) was measured in a 96-well plate with a
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Luminometer. An amount of 20 microgramm dry weight per lane was applied

for titin analysis.

Gel electrophoresis

To separate the proteins smaller than titin such as PDE5SA (105 kDa), sGC
(77 kDa), VASP (46.5 kDa), IR (156 kDa), AKT (56 kDa) and GAPDH (37
kDa), samples with the same protein concentration were loaded onto a 12.5 %
denaturating Sodiumdodecylsulphate-Polyacrylamide (SDS)-gel. Firstly a sep-
aration gel was poured between two clean glass plates and after polymerization

a collection gel was poured on top. The recipe for these gels is shown in table
2.6..

Solution Separation gel Collection Gel
30%Acrylamide-/ 6.25 mL 0.667 mL
Bisacrylamide
H>0O, deionised 5 mL 3.65 mL
H,0O/Glycerin 0.75 mL -
Lower Tris Buffer 3.75 mL -
Collection Buffer - 0.625 mL
TEMED 7.5 ulL 15 pL
10% APS 75 plL 50 pL

Table 2.6.: SDS gel recipe

To separate the titin molecule, a different recipe for SDS gels was applied.
Due to the enormous size of the protein, a much lower acrylamide concentration
was used to increase the pore size within the gel to allow all smaller proteins to
pass whereas titin can be trapped (Table 2.7.). For titin gels, all ingredients but
APS and agarose must be mixed in a beaker and heated to approximately 48 °C.
Afterwards, freshly made APS solution and in the microwave shortly melted
and cooled down agarose-solution (60 °C, monitored with a thermometer) were

added. The mixture was directly pipetted between clean glass plates. Gels
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were kept at 4°C for 3-5 hours to polymerize and then loaded with cells or
tissue diluted in titin sample buffer to be run over night in 1 x running buffer

for at least 12 hours at 2 mA with a mini-twin electrophoresis system.

Solution 2.1%
H,O 6.5 mL

Lower Tris Buffer 5mlL
30 % Acrylamide- / 1.45 mL

Bisacrylamide

20 % SDS 100 uL
TEMED 115 uL

APS 150 L
1.5 % Agarose 6.78 mL

Table 2.7.: Titin gel recipe

Isoform detection with Coomassie Brilliant Blue R-250 SDS gel staining

To detect the separated titin isoforms and estimate their size and ratio, the
organic stain Coomassie Brilliant Blue R-250 or Imperial Stain was used as
instructed in the manual to stain the protein bands within the SDS gel. After
Coomassie staining, two separate destains were necessary to remove surplus

staining solution.

Total protein phosphorylation

Total titin phosphorylation was evaluated using the phosphoprotein stain ProQ
Diamond. Titin gels (as described above) were incubated in fixation solution
for 2 x 40 minutes after running. Afterwards, they were washed carefully in
H50O for 3 x 10 minutes. Then, 35 mL of the ProQQ Diamond staining solution
were added to stain all phosphorylated proteins present and the gels were kept
in a dark room to incubate for 1 hour. After destaining of 40 minutes, the gels
were scanned with a Fuji LAS-4000 with an excitation of 530-550 nm and an

emission of 580-600 nm. To normalize the phospho-signal to the overall protein
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amount, the gels were then incubated with Sypro Ruby staining solution (35
mL) over night. On the next morning, gels were destained to be then scanned
again with excitation peaks at about 280 nm and 450 nm as well as emission
maxima near 610 nm. The same protein band was stained and scanned twice
to evaluate the amount of phosphorylated protein and the total amount of

protein within the sample to detect the total phosphorylation status of titin.

Total protein glycosilation

Glycosilation of titin was detected by running SDS gels specifically modified for
the size of the molecule (see above) to be then stained with a magenta based
stain, detecting all proteins glycosilated in the gel. Afterwards a destain was
applied. Both solutions were taken from the Pierce Glycoprotein Staining Kit
and used as recommended in the instructions given. SDS gels were photographed
with the FUSION SOLO Chemiluminescent Imager for densitometric analysis.

Western Blotting

Separated protein bands on SDS gels were transferred with the turbo blot
system to a PVDF membrane to evaluate expression or phosphorylation level
through immunodetection. To transfer the protein bands, four 3 MM Whatman-
papers were cut to the size of the gel and then soaked in anode buffer and
put onto the blotting apparatus. A same-sized PVDF-membrane was firstly
activated in methanol, then equilibrated in anode buffer and then positioned
on top. The SDS gel followed, as well as another four 3 MM Whatman-papers
generously soaked in cathode buffer. Protein transfer of all proteins but titin
took 30-50 minutes at about 230 mA, whereas titin was blotted for up to
5 hours at 500 mA with the Biometra system and about 20 minutes at 1.5
mA with the Trans-Blot Turbo Transfer System from Bio Rad. After the
blotting procedure, membranes were stained with a PVDF-stain to check for
successful protein transfer, then destained with the respective destain (see
solution list ii. above) to be then washed with 1 x TBST solution to remove

left destain residues. Subsequently, the membrane was incubated with 5%
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BSA in TBST for blockage of possible unspecific binding-sites of the antibody.
Primary antibodies were added after 1 hour with their respective concentration
diluted in 1 x TBST and left to incubate over night at 4°C on a shaker. On
the next morning, the membrane was washed three times thoroughly with 1 x
TBST to be then incubated for 1 hour at room temperature with the respective
secondary antibody diluted in 1 x TBST as well. Afterwards, the membrane
was washed again to be then scanned after adding the ECL- detection reagent
for detection of horseradish peroxidase (HRP) enzyme activity with either the
Fuji LAS-4000 or the FUSION SOLO Chemiluminescent Imager with exposures
depending on antibody properties.

Fluorescence immunostaining

Cells were fixated on a laminin-coated cover slip previously placed in a 24-
well-cell culture plate with PFA. In order to permeabilize the cell membrane
0.5% Triton X-100 or Saponin was pipetted on top and left to incubate for 10
minutes. Afterwards, the cells were washed with PBS twice for 5 minutes at a
time. Then the first antibody (in 2% BSA) was left on the cells for an hour and
was then washed of again three times with PBS. A control group was incubated
with PBS in 2% BSA instead of the first antibody, to avoid unspecific binding.
The secondary antibody (in 2% BSA) was applied in the dark (FITC, DAPI
or Cy3-linked) for another hour, to avoid light reactions. Three washing steps
with PBS later, the cover slips were mounted onto a microscope slide with a
drop of Mowiol or ProLong Gold, already containing DAPI. They were left
to dry at RT over night. Some cells were stimulated in advance, namely with
insulin (175 nM), metformin (20 mM) and a control (Aq. dest.), adult rat
CMs were only stimulated for 15 minutes due to their fragility and shorter life

span after isolation.

Fluorescence immunostaining of stretched adult rat cardiomyocytes

After isolation of the adult rat cardiomyocytes with a Langendorff perfusion,

cells were transferred into an Eppendorf tube containing perfusion buffer and
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a medium calcium concentration. Cells were skinned with 0.5% Triton. The
first antibody (see above) was added directly to the tube. It was then gently
inverted and left on a slow shaker to incubate. The second antibody was
pippetted into the cell-suspension containing tube, after covering it with tin
foil to keep it from light. All washing steps were performed particularly careful
to avoid damaging of the fragile cells. A small drop of already stained cell
suspension was then pipetted onto a slide and then cells were sorted under
the microscope and fixated between a force transducer and a length controler

(Figure 2.2.) to take pictures under slack and stretched conditions.

iii. Biophysical methods
Force measurements on isolated cardiomyocytes

PT measurements were performed on adult rat CMs isolated by Langendorff
perfusion as described above, and on human cardiomyocytes isolated from
tissue biopsies as previously described [1]. Therefore, biopsies (3-6 mg) from
diabetic and control patients were therefore transferred into relaxing solution
and then repeatedly homogenized with an ultrathurrax to disrupt the small
tissue samples at 750 rpm for 3 seconds. These mechanically isolated human
cardiomyocytes and with the help of Langendorff perfusion isolated adult rat
cardiomyocytes were at all times kept in relaxing solution supplemented with
BDM-30 mM 2.3-butanedione monoxime, PrIC-Protease Inhibitor Cocktail
(P8340), DTT- Dithiothreitol and PIC-Phosphatase Inhibitor Cocktail (PP1).
Afterwards, they were permeabilized in this respective solution continuing 3%
Triton X-100 for three minutes. Several centrifugation steps were performed
in order to wash the pellet and remove the detergent containing supernatant.
Therefore the cells were spun at 4 °C and 2000 rpm and then kept on ice until
use. The CM-suspension was then transferred on a cover slip mounted on an
inverse phase contrast microscope (Nikon eclipse Ti) were one single cell was
fixated between a piezoelectric motor and a force transducer 403A (aurora
scientific) both tipped in silicone glue (Dow Corning) (Figure 2.2.). Passive

tension (PT) of each cell was determined in correlation with the sarcomere

41



Force

— <— Piezo electric motor (length controler)
transducer

_ glass pipette

% ;

1.2mm

Figure 2.2.: Overview of the stretching device used for isolated cardiomyocytes.
Sledges, mounted to an optical railing system, allow for coarse manual
positioning and support precise alignment of piezo translators that
are used for fine control during force-length manipulations. Passive
tension (mN over mm ?2) of single cardiomyocyte fixed between a
force transducer and a piezo-controlled length driver are measurable,
modified from [41].

42



length in a range of 1.9 um to 2.4 pm with an IMPERX camera. Stretching of
one cell was performed with a step-wise protocol until 150% maximum slack
length was reached.

Cells were stretched from slack SL (average, 1.8 um) in five steps to a
maximum sarcomere length (SL) of 2.6 gm. In between the stretches a short
hold period of 5 seconds was performed to wait for stress relaxation. Following
the last stretch-hold, cardiomyocytes were released back to slack SL to test for
possible shifts of baseline force. During the stretch protocol, sarcomere length
was recorded with the camera. From the recordings the force at the end of each
hold period (near steady-state force) was analyzed. Passive force was related
to cross-sectional area (passive tension) determined from the diameter of the

cardiomyocytes (assuming a rectangular shape).

iv. Data analysis

For statistical evaluation, bands stained with Imperial, Coomassie stain, ProQ-
Sypro Ruby or from Western Blot analysis were measured densitometrically
with Multi Gauge V4.2 (Phoretix). The values shown represent the mean and
the corresponding standard error of the mean (SEM). Each experiment was
replicated three to seven times independently for statistical relevance. Statistical
analysis was performed using unpaired student t-test and the Mann-Whitney

U test. p-Values under 0.05 were taken as statistically significant.

v. Software

Apart from being mentioned in context, primarily used software included
TeXworks, Microsoft Excel, Microsoft Powerpoint, Multi Gauge V3.2., sigma
plot 10, OriginLab 9.1, Correl Draw, Photoshop, texmaker and science slides.
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3. Results

3.1. Clinical characteristics and titin isoform
expression of patients with aortic stenosis

and aortic stenosis with diabetes mellitus

Clinical data of a group of aortic stenosis patients all undergoing cardiac surgery
were medically examined and registered at the heart and thorax surgery ward
of the university clinic of Bonn, according to medical standard procedures
(see table 3.1.). These included physical characteristics, sex, age and their
medication. In particular anti-diabetic drugs for the aortic stenosis patients
concomitantly suffering from type II diabetes mellitus. Therefore, the data
were used to classify patients clinically into a type II DM and a non-type II
DM group, due to their insulin and metformin administration and check for
their comparability. However, classification of samples regarding clinical data
and pharmacological treatment lead to the result, that no significant changes
in titin isoform composition were detectable in patients with type IT DM (DM)
compared to the patients with no type II DM (Control). In non diabetic heart
samples, the average titin isoform composition was 50.5 + 1.1% N2B and 49.5
+ 1.1% N2BA and 45.5 + 0.88% N2B and 54.5 + 0.88% N2BA (Figure 3.1.).
Interestingly, some DM-patients were associated with low or near to normal
HbAlc levels, indicating high compliance and optimal medication. In contrast
to the previous classification, the patient pool was therefore separated into
two groups of those with an HbAlc (see table 3.1.) of less than 6.5% and

those showing HbAlc values over 7.5% resulting in significant titin composition
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changes measurable. The patients’ HbAlc has been correlated with their
N2BA composition, being significantly increased in those with elevated HbAlc
values. Figure 3.1. shows the N2BA expression increase to 64 + 0.91% N2BA
and for the N2B subsequent reduction to 36 £ 0.91%. The two groups of
patient-biopsies compared in this study, remained separated by their HbAlc
for all following results, but were marked as diabetics, since the group with a
high HbAlc (above 7.5%) exclusively contained type II diabetics, whereas the
control also includes well medicated and compliant type II diabetics, with low
HbAlc values below 6.5%.

Criteria Control Group Diabetic Group
(Aortic stenosis) (Aortic stenosis -
(n=19) Diabetes mellitus)
(n=23)
Age, v 68.8 + 7.4 68.2 + 8.6
Male, n 16 17
Body mass index, kg/m? 28.9 + 6.1 29.7 + 4.8
Obesity, n 6/19 10/23
Hypertension, n 19/19 23/23
Insulin 0/19 0/23
Metformin 0/19 12/23
B-blocker 17/19 17/23
HbAlc 5.6 £ 0.25 7.1 £0.71

Table 3.1.: Clinical characteristics of aortic stenosis and aortic stenosis-diabetes
mellitus patients
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Figure 3.1.: Titin isoform composition from control and diabetes mellitus patients
(N2BA+N2B=100%) on the left determined from coomassie-stained
SDS gels and N2BA titin isoform in correlation to HbAlc on the
right. Samples were taken from right atria of diabetic (n=12) and
non diabetic (n=9) patients that underwent cardiac surgery due to
coronary artery disease. Statistical significance is marked by asterisks
(p <0.05 in Student’s t-test).
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3.2. Passive tension of cardiomyocytes from type
Il diabetics with elevated HbA1lc levels

Skinned and relaxed cells of the patients diagnosed with diabetes in compar-

ison to the control were measured for their passive tension by obtaining the

correlation between the passive length-tension and the sarcomere-length (see

figure 3.2.). Although significant changes were detectable by grouping patients

by their diagnosis and not their blood test results, like already applied for

isoform analysis (see figure 3.1.) the patient pool was firstly again differenti-

ated by their status of being diabetic and not their increased HbAlc levels.

Those patients diagnosed with diabetes showed significantly higher PT values at

SL from 1.9 u to 2.2 p compared to the control group (see figure 3.2. left graph).
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Figure 3.2.: Force extension curve (left) showing passive tension of patients with
a diagnosed diabetes compared to passive forces of cardiomyocytes
from a pool of patients with no diabetes serving as a control group
(DM diagnosed: n=6, No DM diagnosed: n=8, at least three different
cells per individual for both groups) and force extension curve (right)
showing passive tension of cardiomyocytes from diabetic and non
diabetic patients when classified according to their HbAlc. Statistical
significance is marked by asterisks (p <0.05 in Student’s t-test).
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When grouping the patient pool according to their HbAlc (also serving as
an indicator for the degree of the illness) (high HbAlc, n=6 and low HbAlc,
n=>5) differences in PT were even more pronounced (see figure 3.2. right graph).
Between 1.9 pum and 2.2 um passive tension of the group with an HbAlc >7.5%
was significantly higher (At SL 1.9 um by over 500%, at SL 2.0 um by over
600%, at SL 2.1 pum by over 300%, and at SL 2.2 um by close to 300% ) than in
the group with a HbAlc <6.5% and differences in passive forces were even more
dominant than in comparison to the graph on the left in figure 3.2.. Statistical
significance of passive forces at different sarcomere lengths for the diabetic and
control patient pool is highlighted in a bar graph in figure 3.3.. The patient pool
marked as control had a HbAlc lower than 6.5% and only contained patients
never diagnosed as diabetic or particularly well medicated and compliant type
IT DM patients. The patient pool marked as diabetic only contained patients
with a HbAlc higher than 7.5% and a type II diabetes diagnosis.
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Figure 3.3.: Bar graphs highlight the statistically significant differences in passive
tension of cardiomyocytes from diabetic patients with a high HbAlc of
>7.5% and non diabetic patients with a low HbAlc of <6.5% (Control)
when classified according to their HbAlc at sarcomere length (SL) 1.9,
2.0, 2.1 and 2.2 um (high HbAle: n=>5, low HbAlc: n=6, at least three
different cells per individual for both groups). Statistical significance
is marked by asterisks (p <0.05 in Student’s t-test).
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3.3. Cardiac titin phosphorylation in type Il
diabetic mellitus patients with elevated
HbAlc levels

The biopsies from type II DM patients with a high HbAlc (Diabetic) and the
control group were further analyzed in order to identify differences in titin
phosphorylation which may result in altered passive stiffness of the patients’
cardiomyocytes. Phosphorylation at specific sites within the titin molecule was
determined with the help of immonublotting and custom-made phosphospecific
antibodies to N2-Bus Ser4010 (targeted by PKA and ERK) and Ser4099
(targeted by PKG) of full-length human titin and the PEVK region Ser11878
(targeted by the PKCa).

The average phosphorylation of titin N2-Bus at Ser4099 and for the N2BA
isoform at Ser4010 was significantly lower in the DM group versus the control.
For Serine residue 4010, type II diabetics showed 16% to 0.844 0.05 less
phosphorylation of the N2BA isoform and for the N2B isoform 10% to 0.9+
0.08 less phosphorylation (without significance compared to the control for the
N2B). The second Serine residue analyzed was 4099, where diabetics showed
21% (0.794 0.015) less phosphorylation of the N2BA isoform and over 30% less
phosphorylation to 0.65+ 0.027 of the N2B isoform (Figure 3.4.). In contrast,
the average PEVK phosphorylation at Ser11878 showed a significant increase
to 1.274+ 0.024 of the N2BA and to 1.494 0.048 of the N2B isoform in the
diabetic group compared to the control (Figure 3.5.).
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Figure 3.4.:

Western blot analysis of membranes probed with antibodies recognizing
either pSer4010 (left) and pSer4099 (right) in the titin N2-Bus region
(n=9 control and n=12 diabetics). Statistical significance is marked
by asterisks (p <0.05 in Student’s t-test).

Bottom: Representative Western blots show titin bands visualized by
antibodies to total N2-Bus and the respective phosphosite (pN2-Bus).
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Figure 3.5.: Western blot analysis of membranes probed with antibodies against
the pSer11878 in the PEVK region of titin (n=9 control and n=12
diabetics). Statistical significance is marked by asterisks (p <0.05 in
Student’s t-test).

Bottom: Representative Western blots show titin bands visualized by
antibodies to total PEVK and the respective phosphosite (pPEVK).
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3.4. Phosphorylation and expression levels of
myocardial proteins involved in titin

phosphorylation

The increased phosphorylation of titin’s PEVK region at Serine residue 11878
suggested elevated activity of PKCa. Phosphorylation at T497 indicated
activation of the PKCa and was determined by Western blot analysis using
phospho-specific antibodies. Indeed PKCa T497 levels were higher in diabetic
samples, but results were not statistically significant. The next aim was
to find possible reasons for reduced titin phosphorylation levels at Serine
4099 of diabetic patients. The PKG signal cascade was examined, as PKG
phosphorylates the titin molecule at this specific site. Factors limiting the
cofactor cGMP of PKG are sGC, stimulated by PKG and PDES5SA (that
selectively degrades cGMP), inhibited by PKG.

Antibodies targeting the phosphodiesterade 5A (PDE5A), soluble guanyl
cyclase (sGC), Vasodilator-stimulated phosphoprotein (VASP), Insulin Receptor
(IR) and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) were applied
to Western blot membranes in order to identify the expression level of the
respective protein in biopsies of diabetic and control patients (see figure 3.7.).
Expression levels of IR, PDE5SA and sGC were normalized to the expression
levels of GAPDH, which serves as a loading control. PDE5A catalyzes cAMP
and ¢cGMP hydrolysis, expression level can therefore be correlated to PKG
activity. sGC in turn promotes cGMP production, which in turn can be
inhibited by PDESA. It can therfore additonally be correlated to expression
levels of the PKG which in turn phosphorylates the giant protein titin on many
different phosphosites, causing substantial changes in titin-based passive tension
of cardiomyocytes in the myocardium. VASP is a PKG substrate and therefore
also serves as an indirect activity indicator. The Insulin Receptor Y972 being
a tyrosine kinase receptor is present in cell membranes of insulin sensitive
tissue and expressed upon insulin production in the pancreas. Expression
levels of PDE5SA showed an increase to 2.19 + 0.13, whereas sGC levels were
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significantly decreased by nearly 50% to 0.52 £ 0.11. VASP, showed increased
level of activity since phosphorylation was over 20% higher at 1.23+ 0.04 in
diabetic patients (Figure 3.8.). The Insulin Receptor Y972 showed a 20%
significant elevation to 1.22 + 0.05, when normalized to GAPDH expression
level (see figure 3.8.).

1.4 o 'r
1.2 1

1.0 1 -L
0.8 -
0.6 -
0.4 -

0.2 ;
0.0

—H

PKCa T497
relative phosphorylation

Control Diabetic

PKCarer

PKCa™"

Figure 3.6.: Detection of total and phospho (T497) PKCa in diabetics with high
HbAlc levels (>7.5%) compared to the control (Control and Diabetic
(n=3, respectively). Statistical significance is marked by asterisks (p
<0.05 in Student’s t-test).
Bottom: Representative Western blots show PKCa bands visualized by
antibodies to total PKCa-pan and the respective phosphosite (PKCa
T497).
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Analysis of PDE5SA (n=5) expression levels (left) normalized to
GAPDH and expression of myocardial sGC (n=4) (right) in diabetics
with high HbAlc levels (>7.5%) compared to the control, analyzed
with Western blot methodes. Statistical significance is marked by
asterisks.

Bottom: Representative Western blots show PDE5SA and sGC bands
visualized by antibodies to both cardiac proteins and GAPDH.
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Western blot analysis of VASP (n=3) level applying anti phospho VASP
and anti total VASP antibodies (left) and relative phosphorylation
of IR Y972 (right) in diabetic patients with increased HbAlc levels
(>7.5%) compared to the control group, normalized to GAPDH (n=4).
Statistical significance is marked by asterisks (p <0.05 in Student’s
t-test).

Bottom: Representative Western blots show VASP and IR bands
visualized by antibodies to total VASP (PAN) and the respective
phosphosite (VASP 5329) as well as total IR (Y972) and GAPDH.
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3.5. Titin N2-Bus phosphorylation in insulin and

metformin treated adult rat cardiomyocytes

In order to specifically analyze insulin-dependent signaling in cardiomyocytes,
cell culture models were applied. Thus, the phosphorylation status at Ser4099
of titin’s N2-Bus after stimulating adult rat cardiomyocytes isolated via Lan-
gendorff perfusion with insulin and metformin in vitro was determined. The
culture medium was supplemented with insulin (175 nM) or metformin (20
mM) with or without addition of the PI3K-inhibitor LY294002 (LY) (50 puM).
Cells were stimulated with insulin for 15 min in order to check for immedi-
ate effects and for 24 hours to evaluate longer lasting effects regarding titin
phosphorylation. After 15 minutes of insulin stimulation (n=17), a significant
increase of 40% to 1.4+ 0.05 in N2-Bus phosphorylation at Ser4099 was de-
tectable (Figure 3.9.). Insulin-induced titin phosphorylation was successfully
and significantly inhibited by LY294002 (n=9) to 0.75+ 0.11 with insulin and
to 1.09+ 0.14 without stimuli. After 24 hours (n=13) a over 30% increase
to 1.324 0.08 of Ser4099 phosphorylation was still detectable, compared to
the control. Inhibition indicated less phosphorylation than in stimulated cells.
Metformin stimulation for 15 minutes (n=6) showed comparable results titin
N2-Bus Ser4099 phosphorylation. After 15 minutes of stimulation to 1.38+
0.09 as well as for 24 hours (n=3) of metformin stimulation to 1.254+ 0.12 and
inhibition (n=3) with LY and metformin to 0.95+ 0.18 and without stimuli to
1.09+ 0.14.
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Figure 3.9.: Phosphorylation status of titin’s N2-Bus at Ser4099 in isolated adult rat
cardiomyocytes after treatment with insulin (175 nM) for 15 minutes
and 24 hours respectively, and after treatment with the PI3K inhibitor
LY294002 (left), (Insulin, 15 min n=17; 24h n=13; LY + Insulin, 15
min n=9; LY, 15 min n=4). Phosphorylation status of titin’s N2-Bus
at Ser4099 in isolated adult rat cardiomyocytes after treatment with
metformin (20 mM) for 15 minutes and 24 hours respectively, and
after treatment with the PI3K inhibitor LY294002 (right), (Metformin,
15 min n=6, 24h n=3; LY, 15 min n=4; LY 4+ Metformin, 15 min n=3;
LY, 15 min n=4). Statistical significance is marked by asterisks (p
<0.05 in Student’s t-test).
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3.6. Titin PEVK phosphorylation in insulin and

metformin treated adult rat cardiomyocytes

The phosphorylation status of titin’s PEVK after stimulating adult rat car-
diomyocytes isolated via Langendorff perfusion with insulin and metformin in
vitro was determined. The culture medium was supplemented with insulin (175
nM) or metformin (20 mM) with or without addition of the PI3K-inhibitor
LY294002 (LY) (50 puM). Cells were stimulated with insulin or metformin for
15 min in order to check for immediate effects and for 24 hours to evaluate
longer lasting effects regarding titin phosphorylation. After 15 minutes of
insulin (1.02+ 0.38 and with LY: 1.09+ 0.36) and metformin (1.11+ 0.11 and
with LY: 0.99+ 0.21) stimulation as well as after 24 hours (insulin: 1.12+
0.26 and metformin: 1.02+ 0.31) and exclusively with LY (left bar graph:
1.194+ 0.24 and right bar graph: 1.11+ 0.31), no significant changes in PEVK
phosphorylation at Ser11878 were detectable, compared to the control (Figure
3.10.).
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Figure 3.10.: Phosphorylation status of titin’s PEVK at Ser11878 in isolated adult
rat cardiomyocytes after treatment with insulin (175 nM) for 15
minutes and 24 hours respectively, and after treatment with the PI3K
inhibitor LY294002 (left), (Insulin, 15 min n=3; 24h n=3; LY +
Insulin, 15 min n=3; LY, 15 min n=3). Phosphorylation status of
titin’s PEVK at Ser11878 in isolated adult rat cardiomyocytes after
treatment with metformin (20 mM) for 15 minutes and 24 hours
respectively, and after treatment with the PI3K inhibitor 1.Y294002
(right), (Metformin, 15 min n=3, 24h n=3; LY, 15 min n=3; LY +
Metformin, 15 min n=3; LY, 15 min n=3) (p <0.05 in Student’s
t-test).
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3.7. Relative titin glycosilation

In order to investigate, whether altered insulin signaling associated high glucose
levels insulin treated(like in type IT DM-patients) increase titin glycosilation,
the post-translational modification glycosilation (direct binding of glycans) on
titin upon stimulation for 15 minutes with insulin (175 nM) and metformin
(20 mM) in vitro in primary cells from adult rats was evaluated (Figure 3.11.).
Titin gels were analyzed with a specific glycosilation stain, showing significantly
increased levels of titin glycosilation of over 40% to 1.46+ 0.08 after insulin-

and over 30% to 1.324+ 0.13 after metformin-treatment.

*
14 1
122
IEO
0.8 1
0.6 1
0.4 1
Qs
0.0

——

Relative glycosylation

Control Insulin Metformin

TitingY

Figure 3.11.: Sensitive and specific staining of glycosylated titin in adult rat car-
diomyocytes treated with insulin and metformin, compared to a
control group with no treatment (n=3). Statistical significance is
marked by asterisks (p <0.05 in Student’s t-test).

Bottom: Representative SDS gels show titin bands visualized glycosi-
lation stain, targeting glycosilated proteins.

61



3.8. AKT phosphorylation in insulin treated adult

rat cardiomyocytes

To confirm activation of the insulin signaling cascade relative AK'T phospho-

rylation was determined in isolated adult rat CMs treated with insulin (175

nM) in vitro for 15 minutes. Similar results for both phosphosites at Ser473
and at Thr308 can be observed. For Serd473 a 100% to 1.99+ 0.36 increase was
measurable and for Thr308 it was over 70% to 1.78+ 0.19 (Figure 3.12.). For

detection purposes phospho-specific antibodies were applied to WB membranes.
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Figure 3.12.: AKT phosphorylation at Ser473 (left) and T308 (right) in adult
rat CMs (treated with insulin and untreated, n=3, respectively).
Statistical significance is marked by asterisks (p <0.05 in Student’s

t-test).

Bottom: Representative Western blots show bands for Ser473 and
Thr308 visualized by binding of phospho-specific antibodies for both
AKT-phosphosites and GAPDH for normalization.
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3.9. eNOS phosphorylation in adult rat

cardiomyocytes upon insulin stimulation

The endothelial nitric oxide synthase (eNOS) generates NO primarily blood
vessels and is activated by AKT via the PI3K-pathway. Hence, NO synthesis is
reduced in insulin resistant tissue. To investigate the direct effect of insulin
treatment in isolated adult rat cardiomyocytes, eNOS activity was analyzed,
since it is additionally known to have cardio-protective properties (Figure 3.13.).
In primary CM, eNOS activity was increased by about 30% to 1.33=+ 0.14 when
stimulated with insulin and seems to be inhibited (though not significantly
compared to the control), when treated with LY (LY 0.724 0.51 and insulin
with LY to 0.7+ 0.39). All stimulations were applied for 15 minutes in wvitro.
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Figure 3.13.: Activation of eNOS by relative phosphorylation in adult rat cardiomy-
ocytes treated with insulin, LY and both (for 15 minutes) compared
to the control (n=4). Statistical significance is marked by asterisks
(p <0.05 in Student’s t-test).
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3.10. Mechanical measurements of adult rat

cardiomyocytes

Adult rat cardiomyocytes isolated by Langendorff perfusion were additionally
stimulated. Therefore the culture medium was supplemented with insulin
(n=12) with 175 nM, metformin (n=4) with 20 mM, PKCa (n=3) with 125
units, or left untreated as a control (n=17) (Figure 3.14.-3.16). Furthermore,
cells were treated with PKG and PKA (125 units each), which showed no
evaluable alterations in passive stiffness of the cardiomyocytes (Data not shown).
In order to determine the stimulation effect on the passive force properties of
the CM, cells were attached with silicone adhesive between a force transducer
and a piezoelectric motor and measured for their PT. Between a SL of 2.0 pm
and 2.4 um, treated cells were significantly stiffer compared to the control. For
insulin treatment at SL 2.0 um by over 200%, at SL 2.1 um by nearly 250%, at
SL 2.2 um by close to 240%, at SL 2.3 um by nearly 200% and at SL 2.4 um
by close to 250%) treated cells were up to 300% increased in passive stiffness
as well as those treated with metformin at SL 2.0 ym by over 150%, at SL 2.1
pm by nearly 60%, and at SL 2.2 um by close to 170%) and with PKCa at SL
1.9 um by over 350%, at SL 2.1 um by nearly 60%, and at SL 2.2 um by close
to 30%.
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Figure 3.14.: Passive tension of adult rat CMs stimulated with insulin for 15
minutes (n=12) in comparison to untreated cells (n=17). Statistical
significance is marked by asterisks (p <0.05 in Student’s t-test).
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Figure 3.15.: Passive tension of adult rat CMs stimulated with metformin for 15
minutes (n=4) in comparison to untreated cells (n=17). Statistical
significance is marked by asterisks (p <0.05 in Student’s t-test).
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Figure 3.16.: Passive tension of adult rat CMs stimulated with PKCa for 15 minutes
(n=3) in comparison to untreated cells (n=17). Statistical significance
is marked by asterisks (p <0.05 in Student’s t-test).
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3.11. Isoform shift in ERC induced by metformin

treatment

ERC serve as a very stable in vitro-model, depicting adult cardiac tissue reliably.
To investigate whether metformin directly affects titin isoform composition,
ERC were cultured for 8 days under control conditions and then treated with
the anti diabetic drug in vitro until day 12 (Figure 3.17.). The relative N2B
content of the cells was determined by evaluating Imperial-stained titin gels
densitometrically. After 96 hours of stimulation, relative N2B content was

significantly lowered by 20% to 0.794 0.02 compared to the untreated control.
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Figure 3.17.: Metformin (20 mM; 96h) negatively affects titin isoform composition
in ERC after 12 days in culture (n=5). Statistical significance is
marked by asterisks (p <0.05 in Student’s t-test).

Bottom: Representative SDS gels show titin bands visualized with
Imperial-stain for protein detection.
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3.12. RBM20 expression levels in ERC are

reduced by metformin treatment

To investigate whether metformin directly affects titin splicing factor expression
levels, ERC were cultured for 8 days under control conditions and then treated
with the anti diabetic drug in wvitro on day 12 (Figure 3.18.). Antibodies
targeting the gene encoding RNA binding motif protein 20 were applied to WB
membranes in order to identify the relative expression levels. After 96 hours
of stimulation, relative RBM20 expression levels were significantly lowered by
40% to 0.6 0.04, when compared to the untreated cells.
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Figure 3.18.: Metformin (20 mA/; for 96h) significantly decreased expression levels
of the titin splicing factor RBM20 in ERC after 12 days in culture
(n=b). Statistical significance is marked by asterisks (p <0.05 in
Student’s t-test).
Bottom: Representative Western Blots show RBM20 bands visualized
by antibodies to the titin splicing factor and GAPDH.
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3.13. Insulin and metformin induce
phosphorylation of titin N2-Bus, PEVK and
PKCa in ERC

In order to investigate whether insulin and metformin directly affect titin
phosphorylation, ERC were isolated and cultured under control conditions
and then treated with the anti diabetic drugs n vitro. Cells were harvested
after different time points of insulin stimulation (175 nM) and metformin
stimulation (50 nM) in order to compare them to unstimulated cells serving as
a control. To correlate the treatment effects on titin to insulin signaling the
insulin pathway was activated for 0 minutes, 15 minutes, 30 minutes and 45
minutes and inhibited at the time point with 15 minutes of stimulation with
the PI3 kinase inhibitor LY294002 (LY) (50 nM). Phospho-specific antibodies
targeting the Serine residues 4010 and 4099 within titin’s N2-Bus, were applied
to Western blots. Insulin and metformin increased the PKG (Ser4099) and
PKA (Ser4010) dependent titin phosphorylation significantly, whereas the
inhibition by LY blocked the increase (Figure 3.19. and Figure 3.20.). For
insulin treatment a maximum of over 250% to 254.33 + 36.33 increase was
measurable after 45 minutes of stimulation at Serine residue 4010. At Serine
residue 4099 an increase to 162.44 £ 18.32 was detected already after 30 minutes.
For metformin treatment a significant maximum of 170.54 £ 32.12 was detected
after 45 minutes of stimulation at Serine residue 4010, for Serine residue 4099
the maximum was after 30 minutes of metformin treatment increased to 169.78
+ 21.45.

Insulin and metformin induced changes in PKCa dependent PEVK phos-
phorylation were detected with a phospho-specific titin antibody for Serine
residue 11878. This phosphosite showed increased phosphorylation levels after
insulin and metformin treatment and furthermore a successful inhibition with
the PI3K inhibitor LY (Figure 3.21.). A maximum of over 500% increase to
548.31 + 41.32 was detected after only 30 minutes of insulin stimulation and to
182.22 4+ 23.21 after 30 minutes of metformin treatment at pSer11878. Accord-
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ingly, PKCa activity was detected with an antibody specifically binding the

phosphorylated Threonine residue 497. After 30 minutes of insulin treatment

a significant increase to 261.58 £ 47.76 was detectable. In metformin treated
cells, PKCa activity was drastically elevated to 1340.90 + 372.59. For both
treatments, PKCa activation was again effectively inhibited with the PI3K

inhibitor LY (Figure 3.22.).
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Figure 3.19.: Insulin-induced changes in titin N2-Bus Ser4010 (PKA- and ERK-
specific) and Ser4099 (PKG-specific) phosphorylation in ERC. Bar
graphs show N2-Bus phosphorylation changes under different stimula-
tion conditions (n=3). Statistical significance is marked by asterisks

(p <0.05 in Student’s t-test).

Bottom: Representative Western blots show titin bands visualized by
antibodies to total N2-Bus and the respective phosphosite (pN2-Bus).
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Figure 3.20.: Metformin-induced changes in titin N2-Bus Ser4010 (PKA- and ERK-
specific) and Ser4099 (PKG-specific) phosphorylation in ERC. Bar
graphs show N2-Bus phosphorylation changes under different stimula-
tion conditions (n=3). Statistical significance is marked by asterisks
(p <0.05 in Student’s t-test).

Bottom: Representative Western blots show titin bands visualized by
antibodies to total N2-Bus and the respective phosphosite (pN2-Bus).
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Figure 3.21.: Antibody-based detection of titin and phospho-titin (Ser11878, PKCa«
specific). Embryonic rat cardiomyocytes were treated with or without
insulin and metformin including the negative control and the inhibitor
LY294002 (n=4). Statistical significance is marked by asterisks (p
<0.05 in Student’s t-test).

Bottom: Representative Western blots show titin bands visualized
by antibodies to total PEVK (pan) and the respective phosphosite
(pPEVK S11878).
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Figure 3.22.: Antibody-based detection of total and phospho (T497) PKCa. Em-
bryonic rat cardiomyocytes were treated with or without insulin and
metformin including the negative control and the inhibitor LY294002
(n=4). Statistical significance is marked by asterisks (p <0.05 in
Student’s t-test).

Bottom: Representative Western blots show PKCa bands visualized
by antibodies to total PKCalpha (pan) and the respective phosphosite
(T497).
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3.14. PKCa-phospho localization in slack and

stretched adult cardiomyocytes

In order to locate phosphorylated PKCa in adult rat cardiomyocytes being
slacked and stretched (mimicking diastolic and systolic conditions) and as a
proof of concept, cells were isolated (Langendorff perfusion) and cultivated under
standard conditions. To determine the sarcomere and to serve as a positive
control, cells were additionally stained with a-actinin antibodies (specific for
a-skeletal and a-cardiac muscle actinins) targeting the Z-disc. In order to
investigate a potential binding of PKCa to the sarcomere during slacking or
stretching, pictures were taken of the same cell under both circumstances
(Figure 3.23.). Results may qualitatively indicate less PKCa phosphorylation

when the SL is increased and the cells are stretched.

phase-contrast aactinin PKCa-phospho  merge

~

stretched e

Figure 3.23.: Localization of T497 phosphorylated PKCq« in primary adult rat car-
diomyocytes. Co-stained with the a-actinin (specific for a-skeletal and
a-cardiac muscle actinins) and PKCa phospho and total antibodies
as well as fluorescent-linked secondary antibodies. The cardiomyocyte
was photographed when in slack and in stretched position (scale bar:
25 pum).
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3.15. PKCa-phospho localization in ERC and
adult cardiomyocytes at different time

points

To locate and identify interaction between PKCa (total and phosphorylated)
and the titin filament under physiological and medicated (metformin and insulin)
conditions, embryonic and adult rat cardiomyocytes were analyzed. The cells
were cultivated with different stimuli and harvested at different time points
after stimulation in order to differentiate PKCa localization amounts on a time
scale and in an earlier (ERC) and an advanced (adult CM) stage of cardiac
development. In adult CMs without stimulation, stained directly after isolation,
less phosphorylated PKCa (T497) appeared to be visible than of the total
PKCa (Figure 3.24.). Similar pictures were taken, when scanning embryonic
rat cardiomyocytes stained with a PKCa-phospho and -total antibody directly
after preparation (Figure 3.25.). When stimulating adult CMs for 15 minutes
with insulin, metformin and as a control with aq. dest., the phosphorylated
PKCa was found to be more dominantly present in those cells being stimulated
than the ones with no insulin or metformin treatment (Figure 3.26.). ERC were
stimulated for different time periods. After 15 minutes no particular increase
in phosyphorylated PKCa was visible in those cells being stimulated compared
to the control (Figure 3.27.). After 30 minutes of stimulation (Figure 3.28.)
pPKCa appeared more dominant in cells being stimulated with insulin. This
might be even better differentiated after 45 minutes of treatment with insulin,
see in figure 3.29.. A direct interaction of PKCa and titin can not be concluded.
However, a localisation of PKCa at the sarcomere was visible in the pictures
obtained, indicating a link previously assumed by Western blot analysis of
PKCa and PEVK phosphorylation levels of titin.
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Figure 3.24.: Localization of T497 phosphorylated PKCa in primary adult rat
CM. Co-stained with the a-actinin and PKCa antibodies as well as
fluorescent-linked secondary antibodies (scale bar: 20 pm).

a-actinin PKCa merge
' Phospho T497

B

Figure 3.25.: Localization of PKCa (T497) phosphorylation in primary ERC, cul-
tured, fixated and then co-stained with the a-actinin and PKCa
phospho and total antibodies as well as fluorescent-linked secondary
antibodies (scale bar: 15 um).
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Figure 3.26.:

a-actinin PKCa-phospho merge

Localization of PKCa (T497) phosphorylation in primary adult rat
cardiomyocytes, cultured and stimulated for 15 minutes with either
insulin, metformin or aq.dest. as a control, fixated and then stained
with the primary a-actinin (specific for a-skeletal and a-cardiac
muscle actinins), PKCa phospho antibodies and fluorescent-linked
secondary antibodies (scale bar: 10 um).
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Figure 3.27.:
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Localization of PKCa (T497) phosphorylation in primary embry-
onic rat cardiomyocytes, cultured and stimulated with either insulin,
metformin or aq.dest. as a control for 15 minutes, fixated and then
co-stained with the a-actinin (specific for a-skeletal and a-cardiac
muscle actinins), PKCa phospho antibodies and fluorescent-linked
secondary antibodies (scale bar: 15 um).
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Figure 3.28.:

a-actinin PKCa-phospho merge

Localization of PKCa (T497) phosphorylation in primary embry-
onic rat cardiomyocytes, cultured and stimulated with either insulin,
metformin or aq.dest. as a control for 30 minutes, fixated and then
co-stained with the a-actinin (specific for a-skeletal and a-cardiac
muscle actinins), PKCa phospho antibodies and fluorescent-linked
secondary antibodies (scale bar: 15 um).
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Figure 3.29.:

a-actinin PKCa-phospho merge

Localization of PKCa (T497) phosphorylation in primary embry-
onic rat cardiomyocytes, cultured and stimulated with either insulin,
metformin or aq.dest. as a control for 45 minutes, fixated and then
co-stained with the a-actinin (specific for a-skeletal and a-cardiac
muscle actinins), PKCa phospho antibodies and fluorescent-linked
secondary antibodies (scale bar: 15 um).
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3.16. Exercise acutely changes cardiac titin

phosphorylation in adult rats

The effects of acute and chronic physical exercise under different conditions
(downhill and level running) on titin I-band phosphorylation determining cardiac
passive myofilament stiffness were analyzed by using phosphosite-directed
antibodies to Ser4010 (PKA- and ERK2-targeted) and Ser4099 (PKG-targeted)
in the cardiac-specific N2-Bus region, and to Ser11878 and Ser12022 (PKCa
and CaMKIIo-targeted) in the ubiquitously expressed part of the PEVK region.
Relative phosphorylation was determined by normalizing the phospho:total

ratio of the control group to that of the exercised group.

i. Cardiac titin phosphorylation changes in acutely level

running adult rats

Phosphorylation of residue Ser4010 in the N2-Bus differed largely among the
analyzed exercise samples, due to the large standard errors. With an increased
relative phosphorylation of over 25% to 1.26 + 0.97 compared to the control
group the observed changes were not statistically significant (Figure 3.30.). In
contrast, relative phosphorylation of Ser4099 in the N2-Bus was significantly
reduced in the cardiac tissue of acutely level exercised animals by nearly 40%
to 5.91 4+ 0.12 compared to the control level (Figure 3.30.). Additionally,
changes in phosphorylation at Ser11878 and Ser12022 in the PEVK region of
titin were analyzed. Applied Western blot analyses detected that the relative
phosphorylation of Ser11878 was significantly increased in the acute level
exercised samples by over 200% to 2.15 £ 0.26 compared to control samples;
whereas relative phosphorylation of the Serine residue 12022 was significantly
decreased by 40% to 0.62 £ 0.14 (Figure 3.31.).
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Figure 3.30.:

N2BA
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Titin phosphorylation in cardiac tissue from acute-level-exercised
(Exercised, n=7) and sedentary (Control, n=7) animals. Bar graphs
show statistical data from Western blot analysis using antibodies rec-
ognizing pSer4010 (left) and pSer4099 (right). Statistical significance
is marked by asterisks (p <0.05 in Student’s t-test).

Bottom: Representative Western blots show titin bands visualized by
antibodies to total N2-Bus and the respective phosphosite (pN2-Bus).
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Figure 3.31.: Titin phosphorylation in cardiac tissue from acute-level-exercised
(Exercised, n=7) and sedentary (Control, n=7) animals. Bar graphs
show statistical data from Western blot analysis using antibodies
recognizing pSer11878 (left) and pSer12022 (right). Statistical signifi-
cance is marked by asterisks (p <0.05 in Student’s t-test).

Bottom: Representative Western blots show titin bands visualized by
antibodies to total PEVK and the respective phosphosite (pPEVK).
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ii. Cardiac titin phosphorylation changes in acutely and

chronically downhill running adult rats

In acutely exercised rats running downhill on a treadmill, relative phosphoryla-
tion of Ser4099 in the N2-Bus remained unchanged (1.04 + 0.12) in cardiac
tissue, whereas relative phosphorylation of the PEVK (Ser11878) was signifi-
cantly decreased by over 50% to 0.47 £ 0.19 (Figure 3.32.).

In chronically exercised rats running downhill on a treadmill, relative phos-
phorylation of Ser4099 in the N2-Bus was significantly reduced in the cardiac
tissue by about 90% to 0.13 + 0.01, whereas relative phosphorylation of the
Serine residue 11878 in the PEVK was significantly increased by nearly 700%
to 6.64 £+ 0.44 (Figure 3.33.).
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Figure 3.32.: Titin phosphorylation in cardiac tissue from acutely downhill exer-
cised (Exercised, n=7) and sedentary (Control, n=7) rats. Bar graphs
show statistical data from Western blot analysis using antibodies
recognizing pSer4099 (left) and pSer11878 (right). Statistical signifi-
cance is marked by asterisks (p <0.05 in Student’s t-test).
Bottom: Representative Western blots show titin bands visualized
by antibodies to total N2-Bus/PEVK and the respective phosphosite

(pN2-Bus/pPEVK).
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Figure 3.33.: Titin phosphorylation in cardiac tissue from chronically downhill
exercised (Exercised, n=7) and sedentary (Control, n=7) animals.
Bar graphs show statistical data from Western blot analysis using
antibodies recognizing pSer4099 (left) and pSer11878 (right). Statis-
tical significance is marked by asterisks (p <0.05 in Student’s t-test).
Bottom: Representative Western blots show titin bands visualized
by antibodies to total N2-Bus/PEVK and the respective phosphosite
(pN2-Bus/pPEVK).
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3.17. Exercise increases passive cardiac

myofilament stiffness

To determine the effects of exercise on the passive properties of the myocardium,
mechanically isolated single cardiomyocytes were measured to determine the
passive tension in relation to the sarcomere length. For this purpose, car-
diomyocytes were stretched in five steps to sarcomere lengths ranging from
1.9 to 2.4 um and passive forces were recorded for each step. Passive tension
(PT) was significantly higher in cardiomyocytes isolated from exercised animals,
compared to controls (Figure 3.34-3.37). In acute level running adult rats
(Figure 3.34.), passive tension was increased at SL 2.0 um by nearly 300%, 2.2
um by close to 200%, and at SL 2.4 um by over 150%. In those rats running
acutely downhill (Figure 3.35.) passive stiffness of single CMs was increased at
SL 2.0 pwm by more than 150%, at SL 2.1 pm by nearly 350%, and at SL 2.2
pm by close to 50%. The group of rats running chronically level (Figure 3.36.)
meaning concentric muscle straining, only showed increased passive stiffness at
SL 1.9 pm with nearly 200%. In contrast, in chronically downhill running rats
(Figure 3.37.) passive stiffness of single CMs was increased at SL 1.9 pm with
nearly 250%, at SL 2.0 um by more than 250%, at SL 2.1 pum by nearly 500%,
at SL 2.2 pm by nearly 250%, at SL 2.3 um by nearly 50% and at SL 2.4 um
by close to 200%.
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Force extension curve showing PT (mN /mm?) of acute level exer-
cised compared to control CM. Bar graphs highlight the statistically
significant differences in PT at SL 2.0, 2.2 and 2.4 pum. Statistical
significance is marked by asterisks (p <0.05 in Student’s t-test).
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Figure 3.35.:

Force extension curve showing PT (mN /mm?) of acute downhill ex-
ercised compared to control CM. Bar graphs highlight the statistically
significant differences in PT at SL 2.0, 2.1 and 2.2 um. Statistical
significance is marked by asterisks (p <0.05 in Student’s t-test).

88



Chronic-Level-Exercise

@ Control
= Exercised n.s.
20 1 ns. -
= S
E 159 2
£ 2
5 10 @ 2
-2 o
2 2
2 5] 5
§ é @ Control &
a O Exercised
0Q d %
18 19 20 21 22 23 24 1920 21

Figure 3.36.:
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Force extension curve showing PT (mN /mm?) of chronic level exer-
cised compared to control CM. Bar graphs highlight the statistically
significant differences in PT at SL 1.9, 2.0 and 2.1 pum. Statistical
significance is marked by asterisks (p <0.05 in Student’s t-test).
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Figure 3.37.:

Force extension curve showing PT (mN /mm?) of chronic downhill
exercised compared to control CM. Bar graphs highlight the statis-
tically significant differences in PT at SL 1.9 to 2.4 pum. Statistical
significance is marked by asterisks (p <0.05 in Student’s t-test).
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3.18. Exercise acutely modifies skeletal titin

phosphorylation

Furthermore, the effects of a single exercise bout on skeletal titin phospho-
rylation was identified by analyzing the relative phosphorylation of Ser11878
and Ser12022 in the PEVK region of titin from the latissimus dorsi muscle
(LAT). In order to determine putative differences in the response to concen-
tric and eccentric exercise, LAT samples from animals after 15 minutes level
running and from animals after 15 minutes downhill running were analyzed.
Interestingly, unlike in the cardiac tissue, Western blot analysis of the level-
exercised skeletal muscles showed that the relative titin phosphorylation at
Ser11878 was significantly reduced by over 80% to 0.12 £+ 0.02 compared to
sedentary controls (Figure 3.38.). At the same time relative phosphorylation
of Ser12022 was significantly increased nearly 200% to 1.84 + 0.06 (Figure
3.38.). At least for one phosphosite, similar results were obtained from LAT
muscles of downhill-exercised animals, in which relative titin phosphorylation at
Ser11878 was also significantly reduced by 80% to 0.21 + 0.09 but not altered
for phosphorylation at Ser12022, compared to the control (Figure 3.39).
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Figure 3.38.: Titin phosphorylation in skeletal (LAT) tissue from acutely level
exercised (Exercised, n=7) and sedentary (Control, n=7) animals.
Bar graphs show statistical data from Western blot analysis using
antibodies recognizing pSer11878 (located on the left) and pSer12022
(located on the right). Statistical significance is marked by asterisks
(p <0.05 in Student’s t-test).
Bottom: Representative Western blots show titin bands visualized by
antibodies to total PEVK and the respective phosphosite (pPEVK).
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Figure 3.39.: Titin phosphorylation in skeletal (LAT) tissue from acutely downhill
exercised (Exercised, n=7) and sedentary (Control, n=7) animals.
Bar graphs show statistical data from Western blot analysis using
antibodies recognizing pSer11878 (located on the left) and pSer12022
(located on the right). Statistical significance is marked by asterisks
(p <0.05 in Student’s t-test).
Bottom: Representative Western blots show titin bands visualized by
antibodies to total PEVK and the respective phosphosite (pPEVK).
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3.19. Exercise increases PKCa and PLB
phosphorylation at Thr497 in cardiac but
does not significantly increase PKCa

activity in skeletal muscle

It has previously been shown that the Threonine residue 497 is a critical
site for permissive activation of protein kinase Ca [111]. In a first attempt
to investigate the signaling cascades responsible for increased titin PEVK
phosphorylation after acute exercise we tested for changes in PKCa activity
by determining the relative phosphorylation of Thr497 in cardiac and skeletal
samples from exercised and non-exercised animals. In cardiac tissue from
level-exercised animals relative Thr497 phosphorylation significantly increased
to 3.23 £ 0.43 compared to sedentary controls (Figure 3.40.). In skeletal
muscle tissue relative phosphorylation of Thr497 was not significantly changed
with a relative Thr497 phosphorylation of 1.08 + 0.04 in LAT muscles after
level running exercise, and 1.02 £+ 0.06 in LAT muscles after downhill exercise
compared to sedentary controls (Figure 3.41.). Phospholamban, known to
regulate calcium pumps in membranes of skeletal and cardiac muscle myocytes
is phosphorylated by PKA at Serine residue 16, it showed a 20% increase to
1.19 + 0.03 in relative phosphorylation (pPLB S16), revealing elevated PKA
activity in acutely downhill running rats compared to the control group with

no exercise.
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Figure 3.40.: Relative phosphorylation of PKCa at Thr497 (left), and of the PKA
substrate phospholamban (pPLB S16) (right) in cardiac muscle tissue
from sedentary (Control) and acutely level exercised (Exercised)
animals. Statistical significance is marked by asterisks (p <0.05 in

Student’s t-test).

Bottom: Representative Western blots show PKCa bands visualized
by antibodies to total PKCa and the respective phosphosite (Thr497)

as well as pPLB (S-16) and GAPDH.
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Figure 3.41.: Relative phosphorylation of PKCa at Thr497 in skeletal LAT muscle

tissue from animals after (left) acute concentric exercise (Exercised)
and (right) acute eccentric exercise (Exercised) compared to sedentary
controls (Control).Statistical significance is marked by asterisks (p
<0.05 in Student’s t-test).

Bottom: Representative Western blots show PKCa bands visualized
by antibodies to total PKCa and the respective phosphosite (Thr497).
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4. Discussion

4.1. Titin isoform composition is dependent on
the HbA1c in type Il diabetes mellitus

patients

Diastolic dysfunction is known to be a prevalent comorbidity in type II diabetes
mellitus, however physiological and pathological molecular settings remain
unclear [26]. As an approach to deepen the insight in cellular processes leading
to increased risks of prevalent heart conditions like diastolic dysfunction, the
influences of both anti-diabetic drugs insulin and metformin on cardiac titin
stiffness were investigated in aortic-stenosis patients with HbAlc levels ranging
from 5% to over 9%, and in cell cultures of adult and embryonic rat cardiomy-
ocytes. Many type II DM patients suffer from diverse heart conditions, where
clinical and pharmacological treatments play a distinct role considering dose
and side effects possibly interfering with the cell metabolism in cardiomyocytes.
Thus far, only little is known about how insulin and particularly metformin
affect cardiomyocytes. The effect of generally disturbed insulin signaling in type
IT DM patients on passive forces of cardiomyocytes has not been investigated
until now. Regarding passive forces of the heart muscle, titin has been shown
to be the only factor for myofibre passive stiffness in skinned myocytes, when

evaluated in the physiological range of SLs from 1.9 ym to 2.2 pm [138]. In cell
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culture models, it has been shown that titin isoform shift towards the stiffer
N2-B isoform is influenced by T3 and insulin [75]. Consequently, decreased
levels of insulin could therefore lead to isoform shifts towards the more compli-
ant N2BA-isoform. This idea is supported by a small but significant isoform
shift towards N2BA-titin found in insulin-deficient STZ- rats [75]. A study by
Falcao-Pires et al. demonstrated that in biopsies from diabetic aortic-stenosis-
patients undergoing surgical valve replacement, titin isoform composition is not
changed in type II DM compared to controls. The study further reported that,
titin phosphorylation leads to increased passive tension of cardiomyocytes of
those patients investigated [50]. The results presented in the study at hand
are in line with those observations when comparing biopsies from type II DM
patients and non-diabetic patients. However, when additionally considering
the long-term blood glucose level indicated by the HbAlc value, the present
study shows that in patients with a HbAlc value higher than 7.5% the relative
expression level of the compliant N2BA titin isoform was significantly increased.
In contrast, in type II DM patients with a near to normal HbAlc value (below
6.5%), titin isoform composition was unchanged compared to non-diabetic
patients. Conclusively, titin isoform composition in diabetic patients seems
to be strongly dependent on long-term blood glucose levels. When generally
comparing isoform ratios of the studied patient pool with those in other studies
[22, 50], overall N2B contents are relatively low, suggesting an age, sex or
heart condition-related shift backwards towards the more compliant N2BA
from a ratio of ~ 40:60 (N2BA:N2B) to ~ 50:50. These profound differences in
isoform composition affect diastolic functioning of the heart, where underlying
mechansims are essential to be understood. In the human heart, increased
amounts of N2BA represent higher compliance of the heart tissue and therefore
may give rise to the passive stiffness changes. However, biopsies were obtained
from the atria and not like in other studies from the ventricle, which may serve

as a different possible explanation for this inconsistency.
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4.2. Phosphorylation status of titin and titin
based passive tension alterations in type |l

diabetes mellitus

Importantly, although the relative N2BA expression was significantly elevated,
titin based myofilament stiffness was not decreased, but significantly increased
in biopsies from diabetic patients. This increase is most probably caused by
the significantly altered titin phosphorylation status in type II DM samples.
Analysis of total titin phosphorylation using the phospho-protein stain ProQ
Diamond has previously suggested a hypophosphorylation of titin and a subse-
quent increase in PT in cardiomyocytes from type II DM patients [50]. Here,
titin domain phosphorylation was specifically analyzed by using phosphosite
directed antibodies. Results demonstrate a significant hypophosphorylation
of the elastic N2-B region of titin at position Ser4099 (PKG-targeted) and
Ser4010 (PKA and ERK-targeted), but at the same time a significant in-
crease in the phosphorylation of Ser11878 in the PEVK region. The observed
changes in phosphorylation have previously been associated with an increase
titin based myofilament stiffness [113, 76, 77, 78|, which is in line with the
increased passive tension measured in samples of patients with type II DM. The
findings also support previous observations that the ProQ-diamond stain [24],
frequently used to detect total titin phosphorylation, does not depict specific
titin phosphorylations in the PEVK region [18].

This result further suggests elevated activity levels of the protein kinase
responsible for PEVK phosphorylation. However, the kinase PKCa only shows
a non-significant tendency for an increased activity in diabetics. Relative
expression levels of the activated PKCa remain unchanged, but increases of
total levels of active PKCa are the case, making activity and expression level of
the PKCa a particular target of investigation. Potential phosphorylation of the

various phosphosites of titin upon insulin stimulation may cause a substantital
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effect on passive forces in the heart. The results further suggest a reduced
activity of the kinases phosphorylating the N2-B region (PKA, PKG, ERK and
possibly CaMKIIJ) in hearts from type IT DM patients.

Western blot analysis showed increased PDESA level and decreased sGC
level in diabetic patients, indicating significantly reduced cellular cGMP level.
Hence, it can be concluded that hypophosphorylation of Ser4099 in the titin
N2-B region results at least partially from reduced activity of PKG in hearts
from type II DM patients. It remains to be elucidated, whether the observed
increase in PDESA activity and the decrease in sGC activity, are due to the
HF state or are a specific effect of altered insulin signaling. Altered activity
of cGMP/PKG signaling has previously been reported in heart failure [95].
The NO pathway initiated upon oxidative stress targets titin, by activating
the PKG via sGC and cGMP. Oxidative stress leads to an decrease in PT by
phosphorylating the N2B. This nitric-oxide-signaling cascade that increases
cardiac muscle elasticity, makes the modulation of PKG or ¢cGMP levels a
therapeutic approach through reduced stiffness in diastolic heart by blocking the
PKG, normally decreased in heart disease [52]. It was additionally suggested
that the hormone-induced control of titin-isoform expression requires activation
of the PI3K/AKT/mammalian target of rapamycin (mTOR) signaling cascade
[75]. Dysregulation of proteins that are insulin-influenced may contribute to
altered cGMP concentrations and protein kinase G signaling, exacerbating

diastolic dysfunction [82].

The actin-dynamics-regulating VASP phospho-protein was analyzed because
VASP is a major substrate for cyclic nucleotide-dependent kinases and is
known to be involved in cardiac pathology and activity in diabetics with un-
derlying heart condition [61]. Phosphorylation of VASP at Serine residue 239
is specifically mediated by the cGMP-level-dependent PKG, making VASP
phosphorylation an indicator for PKG activity. Tissue experiments showed
a significant increase of active VASP (Ser239), thus indicating elevated PKG
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activity. This finding matches previously observed elevated VASP phospho-
rylation and expression in hypertrophy, suggesting VASP characteristics as a

marker for cardiac dysfunction [61].

Additionally, relative phosphorylation levels of the insulin receptor Y972 in
diabetic patients were analyzed. A decrease in IR activity would have been
expected [81], but instead the opposite was the case. Due to the fact that
other studies [146, 46] also rule out correlations between activity and protein
expression of the IR and diabetes or the IR activating tyrosine kinase activity
[97], it can be assumed that other factors but the IR phosphorylation levels
may cause insulin-uptaking cells to loose sensitivity or the ability for glucose

channeling in type II diabetes.

The striking interferences with passive stiffness of cardiomyocytes upon stim-
ulation could initiate the reevaluation of anti-diabetic drug doses, in particular
when metformin and insulin are medically applied to type II DM patients
with a heart condition. This could not only be the case in type II diabetics
with a diastolic dysfunction-background, but also when diabetes patients are
administered with insulin or metformin as a metabolic therapy to improve
cardiac function [39]. However, similar results of increased PT in CMs from
aortic stenosis patients with type II DM and isolated adult rat CMs treated
with anti diabetic drugs were unexpected. The human biopsies represent tissue
with disturbed insulin-signaling tissue, also due to the insulin resistance in
type II DM. Nevertheless, all patients donating biopsies for this study were
medicated with metformin, where the impact on cellular processes regarding
protein expression and PT are still to be investigated. Notably, the profound
differences in titin based passive tension of aortic stenosis patients diagnosed
with DM and without DM are possibly also due to disturbed activity or expres-
sion levels of the kinases being responsible for titin phosphorylations, which in
turn are able to regulate PT [18, 113].
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4.3. Insulin modifies titin characteristics in cell
culture models of adult and embryonic rat

cardiomyocytes

To gain further insight in disturbed insulin signaling, particularly titin phos-
phorylation in adult rat cardiomyocytes (as a mammalian model) triggered
by insulin or metformin, pathway activation in vitro upon stimulation was
investigated. When treating the cells with insulin and metformin acutely for 15
minutes as well as long-term stimulation over 24 hours, significant increases in
titin phosphorylation via PKG at Serine residue 4099 were detected. Since PKG
mediated phosphorylation of titin is also known to decrease passive stiffness
in myocytes [76, 79|, force measurements of stimulated cells were additionally
performed. Surprisingly, the latter revealed significant increases in PT after
only 15 minutes treatment with insulin and metformin. Different phospho-
sites within the PEVK region, known to increase PT of cardiomyocytes when

phosphorylated, possibly explain these findings [18].

Likewise, PEVK phosphorylation at Serine residue 12022 should be investi-
gated in adult CMs in order to identify this phosphosite as a possible reason
for the PT increases and PKCa involvement. Since the HbAlc value is linked
to glucose levels and insulin and metformin trigger glucose uptake, glycans
binding of titin was expected to be elevated after treatment [59]. Adult rat
CMs were further treated with insulin and metformin and tested for titin gly-
cosilation. Where and how titin is glycosilated, and whether titin glycosilation
is altered in a disease stetting like diabetes mellitus, has not been investigated
until now. However, it can be assumed that the binding of glycans to titin
possibly leads to PT-alterations, since the amino acids proline (P) and lysine
(K) are besides others predominantly glycosilated and both are particularly
frequent within the PEVK region of titin. The significant increase in titin

glycosilation observed, indicates an enhancement of insulin sensitivity. On
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an organ level, myocardial insulin resistance may play an important role in
the progression of diabetic cardiomyopathy and heart failure [28, 14, 124, 128].
Chronic hyperglycemia is a major characteristic of diabetes and also strongly
correlated with higher incidence of myocardial infarction and markers of cardiac
damage in humans [28, 37, 55]. Subsequently, disturbed insulin signaling may
as well cause a decrease in relative titin glycosilation. Furthermore, effective
glucose uptake and metabolism is of particular importance in ischemic hearts
(28, 104], as well as to prevent cardiac dysfunction associated with heart failure
[102, 28]. However, optimal glucose lowering interventions for the treatment
of diabetic complications pose unique challenges within the clinical setting
[100]. Thus, prevention of insulin resistance at an early stage is of utmost
importance to prevent cardio-metabolic complications [28]. In order to confirm
activation of insulin signaling via the PI3K pathway, AKT phosphorylation was
investigated. In fact, insulin-dependent AKT phosphorylation in adult CMs
on both Serine residues 473 and 308 were increased upon insulin stimulation.
Interestingly, strong correlation between AKT (also known as PKB) activation
and suppression of cell death with particular cardioprotection has been observed
[127]. In other studies, AKT activation was already measurable after 5 minutes
of insulin treatment on isolated mouse CMs, proposing an instant positive
feedback mechanism via the PI3K/AKT/mTOR signaling cascade [127]. AKT
also activates the endothelial nitric oxide synthase (eNOS), primarily present
in endothelial cells and responsible for blood pressure regulation and an im-
portant member in cardiac signaling [140, 73]. Furthermore, eNOS induces
the NO-survival pathway and therefore serves as a positive control for insulin
dependent activation of the PKG pathway [75]. A role of eNOS in modulation
of cardiovascular function in heart failure and insulin sensitivity is also assumed
[107, 140]. In the present study, significantly increased eNOS concentrations in
insulin and metformin stimulated cardiomyocytes, were detectable after only
15 minutes of stimulation. These findings indicate a very acute activation of
cardio-protective signaling and support the previously found association of
eNOS and type II DM to the increased incidence of cardiovascular disease and

obesity-associated insulin resistance [145].
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Primary embryonic CMs can be cultured longer and more stable than adult
CMs. They serve as a suitable model for adult hearts, especiallly after day 9,
where the isoform ratio is already 40:60 N2BA to N2B) and accordingly better
comparable to patients treated with metformin. Therefore, they can easily be
stimulated in vitro over longer periods of time. However, longer stimulation
periods exceeding 96 hours in culture seemed to induce cell death. Notably,
after 12 days in culture and metformin treatment for 96 hours, the relative
content of titin’s shorter and stiffer N2B isoform was significantly decreased.
Reduced N2B content does implicate an increase of myofilament compliance,

possibly altering systolic and diastolic performance.

These findings might identify a metformin-based potentially negative influence
on cardiac function. Metformin is known to inhibit mTOR [110], which in turn
has been identified to initiate titin isoform switch via the AKT-mTOR pathway
by stimulating protein synthesis [6, 74], and may therefore explain altered
isoform composition after metformin stimulation. Furthermore, metformin
inhibits glucose regeneration in the liver and glucose resorption in the colon
[110]. First studies indicate activation of AMPK signaling (known to improve
insulin sensitivity), possibly interfering with proliferation, growth and cellular
metabolism [110].

The same metformin administration led to significantly decreased levels of
RBM20. The decrease in RBM20 levels may in fact explain the reduced N2B
isoform expression. The splicing factor of titin is jointly responsible for the
different titin isoforms co-expressed, due to incremental exon skipping between
exons 50 and 219 of titin mRNA [130, 118]. RBM20 is a putative RNA-binding
protein with one RNA recognition motif and one arginine-serine rich domain.
Until today, there are no mechanistic studies on RBM20. However, titin
splicing was found to be altered in a human cardiomyopathy with an a RBM20
mutation [118]. Post-transcriptional regulation is of particular importance in

cardiac function and alternative splicing plays a major role in cardiac adaptive
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responses [130]. The observed results indicate the role of metformin treatment
in this process, given that altered expression level of titin’s splicing factor
RBM20 may be the cause for isoform alteration in patients medicated with
metformin [130]. Furthermore, insulin treatment significantly increased relative
titin phosphorylation at Ser4099 (PKG-targeted), Ser4010 (PKA, CaMKIIé
and ERK-targeted) and at Ser11878 (PKCa-targeted) in ERC. It was identified
that, by inhibiting the PKG signaling cascade with LY, insulin induced titin
phosphorylation, particularly at Ser4099, largely seems to depend on the
activation of the NOS/sGC/PKG pathway.

In summary, disturbed insulin signaling in type II DM could explain the
observed hypophosphorylation of the titin N2-B region. However, in cell
culture experiments insulin treatment significantly activated PKCa and caused
a substantial increase in PEVK-phosphorylation at Ser11878. This finding
suggests that the increased Ser11878 phosphorylation in type IT DM samples
may not be a direct result of disturbed insulin signaling. Metformin however
reacts similar to insulin on a cellular level, in particular the likewise activation
of PKCa upon metformin treatment. There is a significant phosphorylation of
titin’s Ser11878 most likely via PKCa, Ser4010 probably via ERK and PKA
and furthermore Ser4099 via possibly PKG after stimulation with metformin.
Importantly, both insulin and metformin concomitantly increased passive forces
in isolated CM significantly, suggesting interference with overall cardiac output.
This provides grounds to reconsider prevalent and often even prophylactic

administration of the anti-diabetic drugs.

Possible translocation of PKCa from the cytosol towards titin’s Z-disc/I-
band region upon stimulation was investigated additionally, since a sarcomeric
location of PKCa would increase the probability of titin phosphorylation. The
kinase seems to be present at the sarcomer in activated and inactivated forms
and only in minor portions in the cytosol of myocytes treated with insulin

and metformin as well as the control. Notably, other hormones such as T3
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are known to trigger translocation from the cytosol to membrane fractions or
unique subcellular sites of the cell [83, 84, 143]. Similar patterns in response of
cellular reaction upon metformin and insulin stimulation can be shown here.
Nevertheless, how the heart is directly affected remains unclear. The data
obtained show, that metformin does lead to activation of titin phosphorylation

cascades in adult and embryonic cardiomyocytes.

By taking HbAlc levels into consideration for type II DM patients and compar-
ing metformin- and insulin-stimulated cardiomyocytes, insulin and metformin
can be identified as potent modifiers of titin. Both significantly alter isoform
composition, phosphorylation status and passive stiffnes (being regulated by
wide-range signaling) in diabetic patients and in cell culture. Phosphorylation
of titin strongly affects modifications in myocardial stiffness, thus overruling PT
changes due to titin isoform composition. Further experiments including animal
models are needed for a final understanding of oral antidiabetic drug-effects on

the diastolic function of the myocardium.
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4.4. Different modes of exercise cause cardiac

and skeletal titin alterations

Exercise training is an effective method to improve physical fitness and physio-
logical function in patients with type II diabetes [60]. How exercise beneficially
affects the heart and skeletal muscle is commonly known, but the impact on

titin in particular has been poorly investigated until now.

Therefore, effects of an acute exercise bout as well as chronic exercise (both
concentric and eccentric) on titin based myofilament stiffness in cardiac and
skeletal muscle tissue from adult rats were investigated. Eccentric muscle
activation is the controlled lengthening of the muscle under tension, whereas
contractions that permit the muscle to shorten, are referred to as concentric
contractions [108]. Outstanding is the observation that in cardiac tissue training
bouts of 15 minutes as well as long-term regular training bouts (period of six
weeks) of level and downhill treadmill running induce a dramatic increase
in passive cardiomyocyte tension. Analysis of Western blots from cardiac
samples of exercised rats suggest that this increase is mainly due to altered
titin modification. A significant decrease in the relative phosphorylation of
the PKG-targeted Serine residue 4099 in the cardiac-specific N2-Bus, and a
significantly increased phosphorylation of the PKCa-targeted Serine residue
11878 in the PEVK-region of titin was detectable in acutely level running and
chronically downhill running rats. Both modifications have previously been
identified to cause an increase in titin based myofilament stiffness [76, 18, 113].
The substantial activation of PKCe, indicated by an increased phosphorylation
of Thr497 in the activation loop of the kinase [111], is most likely causing
the increased phosphorylation of Serine residue 11878 in response to acute
level and chronic downhill exercise. These findings are in line with previous

studies demonstrating how acute exercise increases cardiac levels of PKCe
(pSer729), PKCa (pSer657) and PKC§ (pThr507) [70]. The PKCa targets
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the PEVK-region of titin not only at Ser11878 but also at Ser12022 [18]. In
the cardiac samples from acutely level exercised animals, a significantly lower
phosphorylation level of Ser12022 compared to sedentary controls was identified,
which stands in contrast to the simultaneously measured increase in PKCa
activation. Evidently, previous studies suggested that, based on differences in
the amino acid composition around the PKC phosphorylation motifs within
the PEVK region, PKCa has a lower affinity to Ser12022 than to Ser11878
[18]. Since the expression levels of PKCa were not changed within the 15
minutes exercise bout, the increased activity may be sufficient to increase
the phosphorylation status of the high-affinity site Ser11878, but not that
of the lower-affinity site Ser12022 [20]. Importantly, Ser12022 has also been
shown to be targeted by CaMKIId, whereas CaMKIId-induced phosphorylation
of Ser11878 is still in question [21, 95]. Hence, the adverse phosphorylation
status of the two phosphorylation sites in the PEVK-region might be a result
of differences in PKCa as well as CaMKII§ expression levels and activity.
Despite those differences, passive tension of isolated CMs was increased in
exercised compared to control animals. The detected decrease in Ser12022
phosphorylation might possibly be overruled by the altered titin modification
at Ser11878 and at Ser4099 in the N2-Bus region, which is targeted by PKG
[113]. The reduced phosphorylation of Ser4099 suggests an exercise-induced
decrease in ventricular PKG-activity. How cardiac PKG activity responses to

acute and chronic exercise is not yet investigated.

The observations in acutely downhill running animals stand in contrast to
the comparable results of acutely level and chronically downhill trained rats.
No significant changes in the relative phosphorylation of the Serine residue
4099 in the cardiac-specific N2-Bus region were detectable here. Furthermore,
significantly decreased phosphorylation of the Serine residue 11878 was mea-
sured. However, titin based myofilament stiffness was, as in all other exercised
groups, significantly increased compared to the control group with no training.

Certainly, a difference in cardiac tissue characteristics between downhill and
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level running animals was not expected. The forces on the heart are basically
identical, whereas they can be differentiated in skeletal muscle where they are
physically stressed eccentric or concentric. CMs of chronic level running rats
show a tendency towards an increase in titin based myofilament stiffness, but
no significant changes were measurable (except for forces at a SL of 1.9um)
and titin phosphorylation remains to be investigated with additional treadmill

experiments necessary.

In humans, acute exercise is accompanied by activation of the S-adrenergic
system, followed by activation of cAMP-dependent protein kinase A (PKA)
[30]. Due to this fact, titin phosphorylation at position Ser4010 in the N2-Bus
was analyzed in trained animals, which is targeted by ERK2 [8] and the PKA
[113]. In fact, relative phosphorylation of this site varied substantially among
the analyzed samples and therefore remained statistically unchanged for the
acutely trained animals. To analyze for exercise-induced activation of PKA, the
relative PKA-mediated phosphorylation of phospholamban at position Serl6
was determined, and a significantly increased activity of PKA in the exercised
samples compared to the control group was confirmed. This increase does
not influence phosphorylation of the PKA-sensitive site Ser4010 under the

investigated conditions.

Titin-related PT is closely associated with ventricular function and increases
in titin compliance are known to improve diastolic function [94]. Increased
titin stiffness may therefore support the length-dependent activation involved
in the Frank Starling Mechanism of cardiac muscle [82], and thus contribute to
improved cardiac output in response to acute exercise. The exercise-induced
effects on titin stiffness apparently seem to be different in chronically trained
animals. Investigation of titin phosphorylation at Ser11878 and Ser12022 in a
recent study involving animals trained for a period of 3 weeks shows a signifi-
cant decrease in Ser12022 phosphorylation, whereas relative phosphorylation of
Ser11878 remained unchanged [20]. The reduced Ser12022 phosphorylation of
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the cardiac tissue from trained animals was linked to a simultaneous decline in
PKCa expression. PKG-dependent titin phosphorylation was analyzed with a
back-phosphorylation assay and no exercise-induced differences among both
animal pools were discovered. From the study at hand, it can be concluded that
chronic exercise lowers titin based stiffness through altered PEVK phosphory-
lation at Ser12022 and thereby improves diastolic function of the chronically
trained heart [20]. These observations are interesting also from a clinical point
of view as they imply adverse effects of acute and chronic exercise on ven-
tricular function. Furthermore, acute exercise-induced titin modifications in
skeletal muscle tissue from Latissimus dorsi were investigated. The Latissimus
dorsi muscle was chosen for analysis, due to the fact that it is one of the key
muscles for running in quadruped animals. Moreover, the effects of concentric
(level running) and eccentric (downhill running) exercise were compared, too.
Unlike concentric exercise, eccentric contractions have been shown to result
in ultrastructural changes within the skeletal muscle fiber that involve severe
myofibrillar disturbances such as Z-band disruption and streaming [54]. These

disturbances usually result in muscle injury and soreness [53].

In LAT samples from rats exercised by level running, a significant decrease
in titin phosphorylation at position Ser11878, but a significant increase in
the relative phosphorylation of Ser12022 was detected. Interestingly, eccentric
downhill running also caused a decreased phosphorylation of Ser11878 but no
significant alteration at Serine residue 12022. PKCa phosphorylation at Thr497
was unchanged in exercised animals from both groups compared to sedentary
controls. This finding stands in contrast to previous reports demonstrating
that acute exercise bouts increase PKC activity in skeletal muscle within a few
minutes after onset of exercise [10]. However, increased expression levels of
PKCa may as well explain this discrepancy. Like in cardiac titin, Ser12022 from
skeletal muscle can also be phosphorylated by CaMKII), whose activity has
previously been demonstrated to be increased in skeletal muscles upon exercise

[12, 11]. Therefore, the substantial increase in skeletal muscle titin phosphory-
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lation at Ser12022 after 15 minutes treadmill running could possibly arise from
altered CaMKIIo activity in the LAT samples. It can be assumed that, like in
the cardiac tissue, the reduced relative phosphorylation of one serine residue
(here Ser11878) is likely overruled by the substantial increase in the relative
phosphorylation of another serine residue (here Ser12022), and will result in an
overall increase in titin based myofilament stiffness of the exercised skeletal LAT
muscle. Results are in line with a recent study reporting the effect of chronic
exercise by investigating the diaphragm of mice after a 3 week training period
with voluntary concentric treadmill exercise [20]. The study reports unchanged
titin phosphorylation at Ser11878 and significantly increased phosphorylation of
Ser12022 in exercised animals compared to sedentary controls. Importantly, in
that study PKCa expression was unaltered by the chronic exercise regime [20].
Regardless of the duration and the type of running exercise the skeletal muscle
seems to respond with rapidly increased titin based myofilament stiffening.
Considering that stiffening of the titin spring will support A-band re-centering
in the contracting sarcomere, the observed increase in phosphorylation-induced
titin stiffness could be important to maintain the structural integrity, especially
of the acutely exercised skeletal muscles [20]. In summary, data suggest that a
single exercise bout induces rapid changes to titin based myofilament stiffness,
which may help to improve cardiac output by supporting the Frank-Starling
mechanism, and further augment the structural stability of exercised muscle,

in order to prevent myofilament damage.

In a nutshell, the investigated effect of a single acute exercise unit on post-
translational modification of titin in cardiac as well as skeletal muscle, was a
first attempt to relate the observed changes to altered protein kinase activation.
Titin phosphorylation is regulated by complex signaling mechanisms to fine-
tune passive stiffness in myocytes. Results furhter indicate that exercise acutely
increases titin based myofilament stiffness and may therefore support the

positive inotropic response of the heart to the elevated physical activity.
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Further investigations of cellular processes involving titin, that are induced
by exercise and medication, are open for investigation. The influence of acute
and chronic physical activity as well as that of medication with metformin and
insulin on titin may be a key target in the future for improved medication
and therapeutic measures in patients with diabetes suffering from a variety of

comorbidities like heart conditions and obesity.
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5. Conclusion

Conclusively, the presented data show that phosphorylation of the giant sar-
comeric protein titin is regulated by complex signaling mechanisms to fine-tune
passive myocardial stiffness and can acutely be influenced by different physio-

logical and patho-physiological modulators:

e Insulin as well as metformin are powerful modulators of cardiac titin, and
may therefore play an important role in modifying myocardial stiffness
in human hearts. In type Il diabetes mellitus patients titin isoform

composition can be directly connected to their HbAlc levels.

e A single exercise bout affects titin domain phosphorylation and titin-
based myocyte stiffness with obviously divergent effects in cardiac and
skeletal muscle tissues. The observed changes in titin stiffness could play
an important role in adapting the passive and active properties of the

myocardium and the skeletal muscle to increased physical activity.
These findings deserve further efforts to elucidate the molecular mechanism of

stimuli-regulated titin modifications. The current work provides the foundation

for future studies.
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Abbreviations

Name Meaning

A Ampere

A-Band Anisotropoc Band

AMPK Adenosinephosphate-activated Proteinkinase
APS Ammoniumperoxodisulphate
Aq.dest. Aqua destilated

bp Base pairs

BSA Bovine Serum Albumin

Ca?t Calcium

CaCl, Calcium chloride

CaMKII§ | Ca**/calmodulin-dependent protein kinase IT delta
cAMP Cyclic adenosinmonophosphate
cGMP Cyclic guanosine monophosphate
cDNA Complementary desoxyribonuclease

°C Celsius

CHD Coronary heart disease

CM Cardiomyocyte

ctrl Control

Cy3 Cyanine

Da Dalton
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DMEM Dulbecco Modified Eagle Medium
DMSO Dimethylsulfide

DNA Desoxyribonucleicacid

dNTP Desoxyribonucleosidtriphosphate
DTT Dithiothreitol

EDTA Ethylendiamintetraacetate

et al. Et alii (lat. and others)

EM Electron Micrsocopy

eNOS Endothelial nitric oxide synthase
ERK Extracellular signal regulated kinase
FBS Fetal Bovine Serum

FHL Four-and-a-half LIM

Fig Figure

g Gramm

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
GLUT-4 Glucose-transporter type 4

h Hour

HFpEF Heart failure with preserved ejection fraction
HEK Human ebryonic kidney

Ig Immunoglobuline

IGF-1 Insulin-like growth factor
IMDM Iscove’s Modified Dulbecco’s Medium
Ins Insulin

IR Insulin Receptor

IRS Insulin Receptor Substrate

ITS Insulin-Transferrin-Sodium Selenite
kg Kilogramm

kDa Kilo Dalton

KO Knock Out

1 Litre
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LAT

Latissimus Dorsi Muscle

LV Left ventricle

LY LY294001 (PI3-Kinase-Inhibitor)

W Mikro

m Milli

M Molar

M-Band Middle Band

MAPK Mitogen-activated protein kinase
MARPs Muscle ankyrin repeat proteins
MDa Mega Dalton

MHC Myosin Heavy Chain

mRNA Messenger Ribonucleic acid
mTOR Mammalian target of Rapamycin
MuRF-1 Muscle RING-finger protein-1
MW Molecular weight

n Nano

NO Nitric oxide

oD Optical Density

Pa Pascal

PAGE Polyacrylamidegelelectrophoresis
PBS Phosphate buffered system
PBST Phosohate buffered system with Tween
PCR Polymerase Chain Reaction
PDESA cGMP-specific phosphodiesterase type 5
PDK1 3-phosphosinositide-dependent protein kinase-1
PEVK Proline glutamate valine lysin
PI3K Phosphatidyl-Inositiol-3-Kinase
PKA Protein Kinase A

PKB Protein Kinase B

PKC Protein Kinase C
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PKG Protein Kinase G

PL Persistence lengths

PVDF Polyvinyldifluoride
qRT-PCR Quantitative real-time PCR
Raptor Regulatory associated protein of mTOR
RBM20 RNA binding motif protein 20
RNA Ribonucleic acid

rpm Rounds per minute

SDS Sodium Dodecyl Sulphate

Ser Serine

sGC Soluble guanylate cyclase

SL Slack Length

T3 Thyroid hormone triiodo-l-thyronine
Tab Table

TAE Tris-Acetat-EDTA

TBS(T) Tris buffered Saline (with 0.1% Tween)
TE Butffer Tris EDTA Buffer

TEMED Tetramethylethylendimine

Thr Threonine

Tris Tris (hydroxymethyl)-aminomethan
U Unit

us Unique sequence

VASP Vasodilatator stimulating phospho protein
v/v Volume/Volume

WB Western Blot

WT Wild type

Table 6.1.: List of abbreviations
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