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Introduction

1 Introduction

1.1 Cardiac hypertrophy and heart failure

The heart consists of different cell types: cardiomyocytes, non-myocytes and
surrounding extracellular matrix. Cardiomyocytes are muscle cells. The structure of
cardiac myocytes is formed by myofibrils containing myofilaments with sarcomeres
which are responsible for the contraction in the heart (Bernardo et al., 2010). Other
cell types present in the heart are non-myocytes such as fibroblasts, vascular smooth
muscle cells, endothelial cells and mast cells (Bernardo et al., 2010).

In the mammalian heart differentiated cardiomyocytes do not proliferate (Shimizu and
Minamino, 2016). Therefore, heart growth is only accomplished by an increase of
cardiomyocyte size which is determined by hemodynamic load (Jonker et al., 2010).
As a response to several physiological or pathological alterations cells can become
hypertrophic, atrophic or apoptotic (Shimizu and Minamino, 2016).

There are two different forms of cardiac hypertrophy: physiological and pathological
hypertrophy which differ at cellular, molecular and functional levels (Cacciapuoti,
2011) (Figure 1-1). Physiological hypertrophy is induced by exercise or pregnancy
and is characterized by a normal or enhanced cardiac function (Weeks and
McMullen, 2011).

In pathological hypertrophy, cardiac remodeling is taking place, which includes
processes such as cell death, fibrosis, an upregulation of fetal genes and a metabolic
switch which are explained in chapter 1.5 (Bernardo et al., 2010; Shimizu and
Minamino, 2016). Pathological hypertrophy occurs in various diseases with chronic
pressure or volume overload, for example by cause of hypertension or aortic stenosis
(Bernardo et al., 2010; Shimizu and Minamino, 2016).


http://topics.sciencedirect.com/topics/page/Fibroblast
http://topics.sciencedirect.com/topics/page/Endothelium
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RV
chronic exercise, hypertension,
pregnancy / Mrtic stenosis

Physiological hypertrophy Pathological hypertrophy
* normal or enhanced cardiac function * pressure or volume overload
= proportional chamber enlargement * 1 myocyte volume and heart size
* no fibrosis + fibrosis
« normal gene expression » upregulation of fetal genes

» | fatty acid oxidation, 1 glucese utilization

Figure 1-1: The two different forms of cardiac hypertrophy: physiological and pathological hypertrophy
and their characteristic morphology (adapted from Bernardo et al., 2010). RV: right ventricle; LV: left

ventricle.

The early state of cardiac hypertrophy is described as an adaptive “compensatory”
phase and this state can switch to a maladaptive phase characterized by LV
dilatation and heart failure (HF) (Figure 1-2) (Shimizu and Minamino, 2016).
Compensatory pathological cardiac hypertrophy is defined as an increase in heart
mass and increased pumping ability to counterbalance the increased chronic
pressure overload (Bernardo et al., 2010; Cacciapuoti, 2011; Cooper, 1987). Left
ventricular (LV) wall thickness increases to normalize wall stress (Lai et al., 2013).

HF is one of the main reasons of cardiovascular mortality and morbidity (Lai et al.,
2013; Nabeebaccus et al.,, 2016; Ponikowski et al.,, 2016a; Reddy and Borlaug,
2016).

In decompensated HF, the heart loses the ability to pump enough blood to provide
sufficient apply of nutrients and oxygen to the body (Levy et al., 1990; Shimizu and
Minamino, 2016) (Figure 1-2).
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cardiomyocyte cardiomyocyte
growth death
> _—
%
normal heart compensated decompensated
hypertrophic heart heart failure

Figure 1-2: Development of compensated cardiac hypertrophy and irreversible decompensated heart

failure (adapted from Diwan and Dorn, 2007).

HF is a progressive disorder and is divided into three forms: heart failure with
reduced ejection fraction (HFrEF or systolic heart failure), HF with preserved ejection
fraction (HFpEF or diastolic heart failure) and HF with midrange ejection fraction
(HFmrEF). As described in the European Society of Cardiology (ESC) guidelines the
different forms of HF are distinguished based on measurements of the Ejection
fraction (EF) (Ponikowski et al., 2016b; Yancy et al., 2013).

EF is a relative measure of the ejected blood volume in relation to the end-diastolic
blood volume. It is an important parameter to determine cardiac function (Shimizu
and Minamino, 2016) (Figure 1-3). A reduced EF indicates systolic cardiac
dysfunction.

amount of blood

EJECTION pumped out
FRACTION

amount of blood
in chamber

Figure 1-3: Definition of ejection fraction (EF).
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EF can be determined using different cardiac imaging techniques and its values
depend on the imaging technique, the performing investigator and the method of
analysis (Hayley and Burwash, 2012; Yancy et al., 2013). The gold standard to
measure the EF in out-off hospital settings is echocardiography (Ponikowski et al.,
2016b).

Half of patients with HF suffer from HFpEF with normal or almost normal values of EF
(= 50 %), non-dilated LV and concentric remodeling induced by cardiomyocyte
hypertrophy (Miljkovik and Spiroska, 2015; Nabeebaccus et al., 2016; Ponikowski et
al., 2016b; Reddy and Borlaug, 2016; Shimizu and Minamino, 2016). Concentric
remodeling is determined by an increase in wall thickness and cardiac mass but no
changes in chamber volume. In eccentric remodeling both, chamber volume and
cardiac mass are increased (Bernardo et al., 2010).

Patients with HFrEF have reduced LVEF (< 40 %) and dilated LV (Ponikowski et al.,
2016b). In HFrEF eccentric remodeling is induced by cardiomyocyte death and
increased LV stiffness (Reddy and Borlaug, 2016; Shimizu and Minamino, 2016;
Yancy et al., 2013). The ESC Guidelines for the diagnosis and treatment of acute
and chronic heart failure from 2016 determined a new form termed as HFmrEF for
HF patients with EF values between 40-49 % (Ponikowski et al., 2016b). Typical
characteristics, treatment and pathophysiology of this type of HF have to be

investigated.
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1.2 Cardiac Function and Histone Deacetylases

Histone deacetylases (HDACSs) and Histone acetyltransferases (HATS) are enzymes
responsible to keep the balance of reversible acetylation of core histones by
introducing or removing acetyl groups (McKinsey, 2012a) (Figure 1-4). In chapter 1.3

the process of histone acetylation will be explained more in detail.

Heterochromatin

NS

HDACs T 'I:‘ l HATs

acetyl group on histones

7~

/

Euchromatin DNA

Figure 1-4: Histone deacetylases (HDACs) and histone acetyltransferases (HATsS) keeping the
balance of reversible acetylation modifications at core histones (blue) by introducing or removing

acetyl groups at histone tails (adapted from http://cancergrace.org).

HDACSs play important roles in transcriptional regulation in every cell. A majority of
the investigations about HDACs take place in the heart, kidney and brain
(Kameshima et al., 2016; McKinsey, 2012a). Previous animal models of heart failure
and cardiac hypertrophy showed that HDAC inhibitors (HDACi) have protective
effects on the development of heart failure. However, the exact mechanism is not
clear (Ferguson and McKinsey, 2015; Kee et al., 2006; Kook et al., 2003; Lemon et
al., 2011). One of the first studies on HDACs and cardiac hypertrophy demonstrated
that HDACs interact with the transcription factor myocyte enhancer factor-2 family
(MEF2). MEF2 is involved in the process of cardiac hypertrophy because of calcium-
dependent signaling pathways (McKinsey et al., 2002).

Cao and colleagues showed that a non-selective HDACi Trichostatin A (TSA)

reverses preexisting cardiac hypertrophy in a Transverse Aortic Constriction (TAC)


http://cancergrace.org/
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mouse model (Cao et al., 2011). This protective effect of TSA on the development of
cardiac hypertrophy was also shown in another in vivo model where cardiac
hypertrophy was induced by angiotensin Il (Ang Il) infusion (Kee et al., 2006). A
study from Kong et al. 2006 showed the cardio-protective effect of TSA after 3 weeks
of treatment in a pressure-overload mouse model (Kong et al., 2006).

Most HDACI investigated in pre-clinical studies are non-selective HDACi (Lemon et
al., 2011; McKinsey, 2012a). An increasing number of isoform-selective HDACI are
tested to treat cardiac hypertrophy and heart failure to avoid severe systemic side
effects (McKinsey, 2012a).

Lemon and colleagues found out that the catalytic activity of HDACS6 is elevated in
the myocardium upon hypertensive stimuli but not under physiological conditions.
They concluded that HDAC6 has a pivotal role in the heart resulting from an
increased HDACSG6 catalytic activity in pathological cardiac hypertrophy (Lemon et al.,
2011). The induction of HDACG6 catalytic activity is linked with elevated HDACG6
expression.

Furthermore, a study from Demis-Davies and colleagues showed that HDACG6
inhibition by a specific HDACG6 inhibitor (HDACGi) Tubastatin A in mice and in HDAC6
null mice seem to regulate the systolic function of the heart (Demos-Davies et al.,
2014). Also in the progression of atrial fibrillation, HDAC6 plays an important role in
the microtubule structure reorganization due to a-tubulin proteostasis (Zhang et al.,
2014). In the study from Zhang and colleagues, they identify that HDACG6i protects
against atrial fibrillation. Moreover, they demonstrated that HDAC6 activation can
lead to a derailment of a-tubulin proteostasis, which change the microtubule
structure. a-tubulin is an important component in the stability and function of the
cytoskeleton which is described more in detail in chapter 1.3.1. HDAC6 deacetylate
a-tubulin (Hubbert et al., 2002). It was shown that in atrial fibrillation, HDACG6
inhibition in HL-1 cardiomyocytes and Drosophila pupae hearts by using Tubacin, a
specific HDACGi, preserved the microtubule structure and prevented depolymerized
a-tubulin from degradation. In another study cardiac fibroblasts were treated with
Tubacin, leading to reduced fibroblast activation and thereby attenuated fibrosis (Tao
et al., 2016).

Taken together previous studies showed that specific HDACG6i prevents against

cardiac remodeling. In our study for the first time, the effect of a specific HDACGi
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Tubacin was investigated on the development and progression of cardiac

hypertrophy and cardiac fibrosis.

1.3 Histones and HDACs

Histones are large proteins that are crucial for the structural integrity of eukaryotic
chromatin. DNA is wound up around histones, allowing the whole genome to be
tightly packed and condensed (Khorasanizadeh, 2004) (Figure 1-4). Histones and
DNA are termed as nucleosomes. Units of nucleosome are highly dynamic structures
and can be folded into higher-order chromatin fibers (Kornberg, 1977). A single
nucleosome DNA contains 147 base pairs (bp) and DNA forms a left-handed double
superhelix (Khorasanizadeh, 2004; Luger and Richmond, 1998; Luger et al., 1997).

In total, there are five families of histone proteins. Dimers of highly conserved core
histones H2A, H2B, H3 and H4 are organized into an octamer in one nucleosome
(Khorasanizadeh, 2004; Luger et al., 1997). Core histones contain histone-fold
regions and flexible histone tails with amino termini that stick out of the nucleosome
(Jenuwein and Allis, 2001; Luger and Richmond, 1998; Luger et al., 1997). The fifth
histone family are ‘“linker” histones which connect and compact repeating
nucleosomes and therefore have a function for the stabilization of the DNA (Luger
and Richmond, 1998; Luger et al., 1997).

Histone tails are making up about 28 % of the core histone mass and are
accountable for histone-histone and histone-DNA interactions (Dorigo et al., 2003;
Luger et al., 1997). The amino acid side chains from histone tails are regulated by
different post-translational modifications, for example acetylation, phosphorylation,
methylation, ubiquitination and ADP-ribosylation. These alterations can affect
transcription, replication, recombination and repair of DNA (Jenuwein and Allis, 2001,
Luger, 2003). On one or more histone tails may have distinct modifications. The
combination of histone modifications affects chromatin structure and interaction of
histones with other proteins (Berger, 2002).

Histone acetylation is the most studied post-translational modification of histones and
was first described in 1964 by Allfrey and colleagues (Allfrey et al., 1964; Haberland
et al., 2009). Histone acetylation and deacetylation can occur at the lysine residues
on the amino-terminal tails of histones. Histone deacetylases (HDACS) remove acetyl
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groups at histone tails, so the DNA is in a heterochromatin order and is not that
accessible for the transcription than in the euchromatin structure. Histone acetylation
introduces an acetyl group to lysine residues resulting in a relaxed euchromatin order
(Haberland et al., 2009; Hong et al., 1993; Kuo and Allis, 1998; Norton et al., 1989;
Struhl, 1998) (Figure 1-4). Consequently, the possibility for transcription factors to
bind on their target genes increases (Haberland et al., 2009). Furthermore, it is
known that acetylation is associated with an activation of transcriptional co-activators
such as p300 (Han et al., 2009) and also non-histone nuclear transcription factors
e.g. p53 and Rb (Hubbert et al., 2002; Roche and Bertrand, 2016). In summary, the
modification of histones by acetylation/deacetylation can change nucleosomal
structure and result in gene regulation by suppressing or enhancing transcription
(Gregoretti et al., 2004; Hong et al., 1993; Lundby et al., 2012; Norton et al., 1989;
Struhl, 1998).

The catalytic core of histone deacetylases (HDACSs) was first described in a bacteria
named Aquifex aeolicus which shares 35.2 % sequence identity with the human
HDACL1 (Finnin et al., 1999). It is known that HDACs also deacetylase other proteins
such as tubulin, heat shock protein 90 (HSP90) and cortactin (Haggarty et al., 2003;
Kovacs et al., 2005; Li et al., 2011; Zhang et al., 2007).

Based on similarity to transcriptional repressors of yeast the 18 known mammalian
HDACs are divided into four classes (Table 1-1) (Ferguson and McKinsey, 2015;
Haberland et al., 2009; Kao et al., 2002; Roche and Bertrand, 2016).
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Table 1-1: Overview of all well-known HDAC classes.

class mammalian yeast | catalytic domain | localization length
o 400-500
HDAC 1, 2, 3 and o ubiquitously, )
8 RPD3 zinc ion Predominanﬂy amino
in the nucleus acids
~ 1000
HDAC 4, 5, 7 and o shuttle _
Il a HDA1 zinc ion between amino
9 nucleus and _
cytoplasm acids
primarily in 1215
b HDAC 6 HDA1 zinc ion the amino
cytoplasm acids
~ 1000
o nucleus and _
b HDAC 10 HDA1 zinc ion amino
cytoplasm )
acids
Nucleus: 310-757
[l Sirtuine 1-7 Sir2 NAD+ SIRT 1,6 and amino
7 acids
347
\Y HDAC 11 zinc ion nucleus amino
acids

HDACs are dysregulated in different cardiovascular or metabolic diseases and in

tumor formation (Van Dyke, 2014). They are involved in many cellular processes

because of their ability to affect transcription by deacetylation of histones. For the

expression of various genes which are involved in DNA repair and synthesis HDACs

activities are crucial (Zwergel et al., 2016).

In the heart HDACs control hypertrophy, autophagy, fibrosis and energy metabolism

and therefore, HDACs are intensively studied in cardiovascular disease (Cao et al.,
2011; lyer et al., 2010; McKinsey, 2012a; Montgomery et al., 2008).
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1.3.1 HDACS6

HDACEG is expressed in the heart and there it has an essential role. As described in
chapter 1.2, HDACS is involved in various processes such as cytoskeletal dynamics
and autophagy (Figure 1-5). In many cell types, including cardiomyocytes, autophagy
occurs and functions as an important regulator of protein quality control. Hence,
dysregulated protein degradation in the heart is linked with cardiac dysfunction
(Zheng and Wang, 2010).

Protein degradation

Angiogenesis

Cell survival

Transcription

Cell motility Cell signaling
Inflammation

Figure 1-5: Involvement of HDACSG in different biological processes.

HDACG6 was discovered in 1999 (Li et al., 2011; Verdel et al., 2000). HDAC10 and
HDACSG represent the class Ilb families of the HDACs (Table 1-1).

In humans the HDACG6 gene is located on the X-chromosome in the chromosome
region Xpl1-23 (Mahlknecht et al., 2001). Predominantly, mammalian HDACG6 is
localized in the cytoplasm but it also controls core functions by regulating the
transcription. HDAC6 deacetylases several non-histones target proteins such as
tubulin, heat shock protein 90 (HSP90) and the F-actin binding protein cortactin (Li et
al., 2013). This results in degradation of structural proteins (Ferguson and McKinsey,
2015; Valenzuela-Fernandez et al., 2008; Verdel et al., 2000; Zhang et al., 2006).
Human HDACG6 has 1255 amino acid residues, including a conserved leucine-rich
motif, which is also known as nuclear export signal or NES. NES is CRM1/exportinl-
dependent and important for the transport of proteins from the nucleus to the
cytoplasm (Li et al.,, 2011; Verdel et al., 2000). HDACG6 is characterized by two

10
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catalytic domains and an ubiquitin binding domain termed as ZnF-UBP domain or
BUZ (Ferguson and McKinsey, 2015; Haberland et al., 2009; Valenzuela-Fernandez
et al., 2008) (Figure 1-6). HDACSG is the only HDAC with two catalytic deacetylase
domains (Grozinger et al., 1999; Li et al., 2013). Between the second deacetylase
domain and ZnF-UBP is a domain which is a tetradecapeptide repeating Ser-Glu
(SE14) (Bertos et al., 2004; Valenzuela-Fernandez et al., 2008). This domain allows
a stable cytoplasmic localization of HDAC6 (Bertos et al., 2004; Valenzuela-
Fernandez et al., 2008).

DMB
(dynein motor binding)

( Deacetylase l [ Deacetylase }_-__-
N-|NES }— [ sE14 | p— C
Domain 1 Domain 2 m

) \ ]

Nuclear catalytic Cytoplasmic  Ubiquitin
Exclusion activity anchor Binding

Site

Figure 1-6: Domain structure of HDACG6. Blue boxes show the deacetylase domain 1 and 2. SE14,
SerGlu-containing tetradecapeptide repeats. ZnF-UBP, ubiquitin binding domain (adapted from

Valenzuela-Fernandez et al., 2008).

The ubiquitin-proteasome system (UPS) and autophagy are the main protein
degradation pathways in the cell, needed for the clearance of tremendous amount of
misfolded proteins (Li et al., 2011). If the degradation of proteins in the heart is
impaired, this can lead to cardiac dysfunction including cardiac hypertrophy. HDAC6
seem to play an important role in intracellular protein degradation pathways (Pandey
et al., 2007).

Autophagy is induced by different stimuli like starvation or stress mainly to ensure
regular cell function. Alterations of the autophagy-activity can end in pathological
processes such as cancer and neurodegenerative disorders (Cao et al.,, 2011).
During autophagy misfolded proteins aggregate and are carried along the
microtubules towards the microtubule organizing center (MTOC) (Kawaguchi et al.,
2003; Ouyang et al., 2012). Then they build a large aggregate called aggresome at

the MTOC. The formation of aggresomes prevents the accumulation of protein

11
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aggregates (Li et al., 2011). Within the aggresome misfolded proteins are cleared.
Autophagy is a lysosomal degradation process where formation of double-membrane
vesicles known as autophagosomes take place (Kawaguchi et al., 2003; Ouyang et
al., 2012; Yan, 2014).

HDACG6 is known as a microtubule-associated deacetylase which interacts with
polyubiquitinated proteins (Hubbert et al., 2002; Kawaguchi et al., 2003). It can bind
to ubiquitinated proteins with the ZnF-UBP domain and HDACSG6 interacts with dynein
motors by the dynein motor binding domain (DMB) (Boyault et al., 2006; Hook et al.,
2002; Li et al., 2011; Ouyang et al., 2012). Binding of HDACG6 to dynein support the
transport of the misfolded proteins along microtubules (Batchu et al., 2016). Both,
ubiquitinated proteins and dynein motors are components of the degradation
machinery that eliminates misfolded proteins produced during different cellular
processes.

a-tubulin was the first identified non-histone protein which is deacetylated by HDAC6
(Hubbert et al., 2002). a-tubulin polymerizes into microtubules and regulates
microtubule stability and function and therefore, it is important for the habitus of the
cell (Hubbert et al.,, 2002; Piperno et al., 1987). Microtubules are cylindrical
components of the cytoskeleton in eukaryotic cells and consist of a- and B-tubulin
which form a stable structure named tubulin-heterodimer (Chakraborti et al., 2016;
Zhang et al., 2003). a-tubulin have three structural different domains: N-terminal,
intermediate and C-terminal domain (Chakraborti et al., 2016). HDAC6 reversible
acetylates a-tubulin on a lysine residue (Lys40) close to the N-terminus (Matsuyama
et al., 2002). Accordantly, HDACG6 has an influence on cell motility.

In summary, HDACG6 seems to be a promising molecule in the development of new
therapeutic regimes because of its essential role of the transport of misfolded protein
aggregates to the dynein motor and aggresome formation (Kawaguchi et al., 2003;

Valenzuela-Fernandez et al., 2008).
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1.3.2 HDAC inhibitors

HDACi were used and investigated as therapeutic targets especially in cancer
research because of its major influence in oncogenic cell transformation (Aldana-
Masangkay and Sakamoto, 2011; Roche and Bertrand, 2016). Nowadays, increasing
number of investigations focus on HDACI also in the context of other diseases such
as neurodegenerative and cardiovascular diseases (Batchu et al., 2016). Inhibiting
HDACs by HDACI leads to an accumulation of acetylated histones and other proteins
which results in various cell responses such as proliferation, differentiation and cell
death (Wang and Dymock, 2009).

The general HDACI structure consist of three primary domains: a zinc binding group
(ZBG) chelating the zinc ion and masking it thereby, a chain imitating the lysine side
chain named linker chain and a functional cap group binding to the substrate-binding
region of the enzyme (Batchu et al., 2016) (Figure 1-7). Variations of the cap group
seem to be most important for isoform selectivity (Batchu et al., 2016; Dallavalle et
al., 2012).

HDACi

DD2 —

Figure 1-7: HDAC inhibitors (HDACI) comprise a characteristic domain structure: a cap, a linker chain
and a zinc-binding group (ZBG). The catalytic domain (DD2) with the cap and ZBG where it binds to
the deacetylase domain 2 (DD2) of HDACG6 (adapted from Batchu et al., 2016).
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There are four main classes of HDACI: hydroxamic acid, benzamides, short-chain
fatty acids and cyclic peptides according to the chemical structure of the ZBG (Li et
al., 2011; McKinsey, 2012a; Wang and Dymock, 2009). In this study an unspecific
HDACI Trichostatin A (TSA) and a specific HDACIi6 Tubacin were investigated and
both belonging to the class of hydroxamic acids. Most of the HDACI like TSA are
broad-spectrum inhibitors, which mean that they inhibit several HDACs, leading to
undesirable side effects such as diarrhea, thrombocytopenia, nausea and fatigue. In
order to provide therapy with less side effects selective HDACI such as Tubacin are
investigated. The specific inhibition result in a decreased cytotoxicity potency
(Dallavalle et al., 2012).

Two HDACI are FDA-approved (Food and Drug Administration): HDACI, Vorinostat
(SAHA, Zolinza, Merck&Co., White House Station, NJ, USA) and Romidepsin
(Istodax, FK228) a depsipeptide HDAC inhibitor (HDACI). Both are approved for
anticancer therapy (Dallavalle et al., 2012; Wang and Dymock, 2009).

Vorinostat is a naturally-occurring hydroxamic acid and was in 2006 the first
approved HDACI for the treatment of cutaneous T-cell lymphoma (Wang and
Dymock, 2009). Trichostatin A (TSA) inhibits class | and Il HDACs at nanomolar
concentrations and was the first identified natural product of the hydroxamic acid
class (Kelly and Marks, 2005).

Furthermore, there are several HDACI in clinical trials, for example Belinostat and
Panobinostat which are investigated in the treatment of cancer (Agarwal et al., 2016;
Thomas et al., 2016). Until now, there are just a few selective HDACG6 inhibitors
(HDACSGI) described (Haggarty et al., 2003).

14
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Figure 1-8: Chemical structure of the unspecific HDAC inhibitor Trichostatin A (TSA) and of the
specific HDACG inhibitor Tubacin.

In 2003, Tubacin (tubulin acetylation inducer) was the first identified selective
HDACGi (Haggarty et al., 2003). It inhibits a-tubulin deacetylation but does not affect
histone acetylation, gene expression profiling or cell-cycle progression in mammalian
cells. Like TSA, Tubacin inhibits HDAC6 deacetylase activity by chelating a Zn**
cation resulting in hyperacetylation (Simms-Waldrip et al., 2008).

Other specific HDACG6i are Tubastatin A, Rocilinostat (ACY-1215) and ACY-241,

which also increase a-tubulin acetylation and not global histone acetylation.
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1.4 Cellular signaling networks in pathological cardiac hypertrophy

As mentioned in chapter 1.1, in this study we focused on the development of
pathological cardiac hypertrophy using Transverse Aortic Constriction (TAC). In this
form of cardiac hypertrophy, induced by pressure overload, several vasoactive,
autocrine and humoral factors such as endothelin 1 (ET-1), angiotensin Il (Ang II)
and noradrenaline (norepinephrine, NE) are released and subsequently trigger
cardiac growth by activating intracellular signaling pathways. These autocrine factors
bind to their G protein-coupled receptors (GPCR) which are present on the surface of
cardiomyocytes: endothelin receptors (ETa and ETb), Ang type | receptor (AT:
receptor), a- and B-adrenergic receptors (ARs) (Arai et al., 1995; Bernardo et al.,
2010). Figure 1-9 shows a simplified model of one of the best described signaling
cascades responsible for mediating pathological cardiac hypertrophy. Activation of
the G protein a q subunit (Gaq) pathway induced by various diseases increase the
expression of mitogen activated protein kinases (MAPKS), protein kinase C (PKC),
calmodulin and calcineurin, which are calcium-dependent signaling molecules
(Bernardo et al., 2010; Berry et al., 2008). It is known that alterations in calcium

homeostasis in the cardiomyocytes trigger hypertrophy (Zhang et al., 2003).
Pathological growth

stimulus:
e.g. pressure overload

ET-1, NE,
Ang Il
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Figure 1-9: Signaling cascade implicated in mediating pathological cardiac hypertrophy in

cardiomyocytes. Ang Il (angiotensin IlI), ET-1 (endothelin-1), GPCR (G protein-coupled receptor),
MAPK (mitogen-activated protein kinase), NE (norepinephrine) and PKC (protein kinase C); (adapted
from Bernardo et al., 2010).
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1.5 Mechanisms implicated in pathological cardiac remodeling

Pathological cardiac remodeling affects cardiomyocytes and other cells in the heart
on electrophysiological, transcriptional and signaling levels. These functional and
structural events are maladaptive. The mechanisms which are implicated in the
process of pathological cardiac hypertrophy such as metabolic remodeling, fibrosis,
inflammation and the upregulation of fetal genes are described in the following
chapters (Burchfield et al., 2013) (Figure 1-10). To investigate if HDACEG is involved in

the development of cardiac remodeling, these mechanisms are examined.

metabolic
remodeling vascular
remodeling
Pathological cardiac remodeling
cardiomyocyte
cardiomyocyte
hypertrophy @

Figure 1-10: Overview of mechanisms implicated in pathological cardiac hypertrophy.

increased
expression of
fetal genes

electrophysiological
remodeling

1.5.1 Metabolic remodeling

ATP is the energy source crucial for the contractile function of cardiomyocytes,
necessary for blood circulation in the organism (Doenst et al., 2013). Under
physiological conditions adenosine triphosphate (ATP) is derived from various
carbon-based substrates such as fatty acids, carbohydrates, amino acids and
ketones (Aerni-Flessner et al., 2012). The main metabolic pathway providing energy
for the adult heart is fatty acid oxidation that produces 70-90 % of cardiac ATP. Only
10-30 % of ATP is produced by glucose and lactate metabolism (Aerni-Flessner et
al., 2012; Bernardo et al., 2010). The heart has the ability to alter substrate utilization
depending on their availability, which is known as the metabolic switch (Aerni-
Flessner et al., 2012). In both, physiological and pathological hypertrophy ATP

utilization differs according to the stimulus (Allard, 2004).
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Under pathological conditions such as pressure overload less fatty acid oxidation
takes place. Hence, metabolic switch from fatty acids to glucose utilization is
induced. This metabolic switch to predominantly glucose utilization depends on
workload and allows a continuous supply with ATP. The process is comparable to
fetal hearts where fatty acid utilization is very low and glucose is predominantly used
(Bernardo et al., 2010; Stanley et al., 2005). In contrast, in physiological cardiac
hypertrophy fatty acid oxidation increases and glucose utilization decreases (Figure
1-11). Parallel to glucose oxidation cellular glucose transport is increased in
pathological hypertrophy. Members of the glucose transporter (GLUT) family are
responsible for glucose transport into the cardiomyocytes. GLUT1 and GLUT4 are
the most studied GLUTs in mammalian tissue (Aerni-Flessner et al., 2012). GLUT4 is
insulin-responsive and the main transporter in the adult heart (Studelska et al., 1992).
In fetal and pathological hearts predominantly GLUT1 is present (Aerni-Flessner et
al., 2012; Razeghi et al., 2001).

Several genes allowing fatty acid transport and metabolism are expressed in the
heart. Cluster of Differentiation 36/fatty acid translocase (CD36) facilitates cellular
uptake of fatty acids from the extracellular space, Acyl-CoA synthetase (ACSL)
generates fatty acyl-CoA. Carnitine palmitoyltransferase 1 beta (CPT1b), enables
acyl-CoA uptake into the mitochondria, where R-oxidation generates reducing
equivalents.

In this study, we wanted to know if Tubacin and TSA have an effect on the energy
consumption in pathological cardiac hypertrophy.

fatty acid utilization

____

Pathological glucose utilization Physiological

hypertrophy - hypertrophy

Figure 1-11: Differences in energy utilization between physiological and pathological hypertrophy in

adult mammalian hearts (adapted from Bernardo et al., 2010).
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1.5.2 Inflammation and fibrosis

Inflammation and fibrosis are not isolated processes. Chronic inflammation regarding
to volume or pressure overload induces the development of cardiac fibrosis
(Dobaczewski and Frangogiannis, 2009). Chronic inflammation is a persistent
immune response accompanying repair processes and tissue remodeling (Wynn,
2008). Repair processes are induced by stimuli which trigger the production of
inflammatory cytokines (TGF-f), tumor necrosis factor (TNFa), interleukin 1  (IL-1B),
interleukin 6 (IL-6)) and activation of proteases which further facilitate cardiac
hypertrophy. These signaling molecules support the remodeling process, which
destroys the tissue architecture and integrates connective tissue (Dobaczewski and
Frangogiannis, 2009; Shimizu and Minamino, 2016; Wynn, 2008). Inflammatory cells
such as monocyte-derived macrophages are produced due to stress or cardiac injury
and infiltrate cardiac tissue (Shimizu and Minamino, 2016).

Cardiac injury also induces cardiomyocyte death, which in turn activates leukocytes
leading to protease activation and matrix degradation.

Then, phagocytes facilitate the reparative process by clearing damaged cell
components. Accumulated myofibroblasts produce more extracellular matrix (ECM)
proteins (Dobaczewski et al., 2010). Under physiological conditions, ECM serve as a
frame for the cellular component, enclose the cardiomyocytes and are responsible for
the transfer of the contractile force (Bernardo et al., 2010; Kong et al., 2014; Travers
et al., 2016).

Pathological cardiac fibrotic remodeling is induced by cardiac diseases such as
hypertension or aortic stenosis to maintain the structural integrity and the capacity of
the heart to preserve adequate blood circulation (Travers et al.,, 2016). The
development of pathological cardiac hypertrophy is characterized by an increased
rate of cardiomyocyte death and development of interstitial fibrosis. This leads to
increased stiffness, which can result in diastolic and systolic impairment. Cardiac
fibrosis is characterized by an accumulation of extracellular matrix (ECM) produced
by cardiac fibroblasts (CF). Alterations of the ECM composition induced by cardiac
diseases transform CFs to myofibroblasts producing and releasing higher levels of
ECM proteins such as collagen, growth factors and cytokines. It mediates an

activation of matrix metalloproteinases (MMPs). MMPs control the turn-over of ECM
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and therefore, they are important in fibrogenic process (Robert et al., 2016). There
are MMPs which have anti-fibrotic as well as profibrotic functions (Giannandrea and
Parks, 2014; Robert et al., 2016).

Collagen type | and collagen type Il are present in the myocardium: type | about 85
% and type Il about 11 %. Collagen type | is organized in thick fibers, while collagen
type Il forms thin fibers (Kong et al., 2014). The major physiological function of
collagen fibrils is structural support. But focussing on pathological conditions, an
increasing accumulation of collagen is a hallmark of cardiac fibrosis (Jugdutt, 2003;
Kong et al., 2014). Besides collagen, gylcosaminoglycans, glycoproteins and
proteoglycans are the other main components of the ECM (Kong et al., 2014).

There are several studies, which investigate cardiac fibrosis and inflammation
combined with HDACs. Among those, Kang and colleagues identified that inhibition
of HDACs diminished cardiac hypertrophy and fibrosis in spontaneously hypertensive
rats (Kang et al., 2015).

In our study, we were interested if the specific HDACG6 inhibitor Tubacin modulates

the development of cardiac fibrosis.

1.5.3 Biomarker for pathological cardiac hypertrophy

Atrial natriuretic peptide or atrial natriuretic factor (ANP, ANF) and B-type natriuretic
peptide (BNP) belong to the natriuretic peptides (NPs). They are predominantly
expressed in the cardiomyocytes and are released from myocytes into the circulation
(Nemer et al.,, 1986; Volpe et al., 2014; Woods, 2004). NPs are hormones that
regulate the balance of cardio-renal homeostasis by reducing preload in failing hearts
to inhibit the renin-angiotensin/endothelin systems, thereby enabling renal elimination
of water and salt (Woods, 2004). Circulating ANP and BNP have vasodilating effects
and several other cardiovascular effects, which are shown in Figure 1-12. ANP and
BNP are so called pathological markers in cardiac hypertrophy, since the degree of
their release and plasma levels are linked with the heart’s dysfunction. They are also
known as fetal marker genes because their gene expression levels are highly

expressed during fetal development (Taegtmeyer et al., 2010; Volpe et al., 2014).
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Figure 1-12: Cardioprotective effects of circulating atrial natriuretic peptide (ANP) and B-type
natriuretic peptide (BNP) (adapted from Woods, 2004).

Besides ANP and BNP, beta myosin heavy chain (B-MHC), a-skeletal actin and atrial
Megalencephalic Leukoencephalopathy with Subcortical Cysts 1 (MLC-1) are part of
the fetal gene setup. An upregulation of these genes is an established indicator for
pathological cardiac hypertrophy and heart failure (Bernardo et al., 2010).

Two isoforms of MHC are expressed in the mammalian heart: a- and B-MHC. They
are part of myosin, which is an ATPase motor protein driving contractility in muscle
cells. In several cardiovascular studies it was shown that HDACi diminish the
expression of those pathological markers (3-MHCH, ANP and BNP) meaning HDACI
have a protective role in the heart (Kee et al., 2006; Mathiyalagan et al., 2014)
(Figure 1-13).

diseased heart restored heart
¥ a MHC aMHC 4
4 B MHC B MHC ¥
HDACIi
4 anp — ANP ¥
% NP BNP ¥

Figure 1-13: Gene expression levels of pathological markers. In cardiac diseases pathological
markers beta myosin heavy chain (3-MHCH), atrial natriuretic peptide (ANP) and B-type natriuretic
peptide (BNP) are elevated and by treatment with HDACi these pathological markers are diminished

(adapted from Mathiyalagan et al., 2014).
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2 Aim of study

The main focus of this study was to characterize the role of HDAC6 activation in the
development of cardiac hypertrophy, fibrosis and inflammation in a pressure overload
model in mice and in an Isoproterenol-induced cardiomyopathy model.

Additionally, the animal studies were complemented by in vitro experiments,
performed in HL-1 cells to identify HDACG6-inhibitors as potential compounds for the
treatment of cardiac dysorders.

We aimed to:

1. analyse the effect of the general HDAC inhibitor (HDACI) Trichostatin A (TSA)
and the specific HDACG6 inhibitor (HDACG6i) Tubacin upon hypertrophic
stimulation in vitro. The question was if the HDACI exerts anti-hypertrophic

effects in HL-1 cells.

2. identify the functional importance of HDACG6 in the development of cardiac
hypertrophy by using the HDACG6 specific inhibitor Tubacin, and an unspecific
HDACSs inhibitor Trichostatin A (TSA) in a pressure overload-induced cardiac
hypertrophy model in vivo.

3. characterize the metabolic phenotype of Tubacin-treated mice.

4. investigate the functional importance of HDACS6 in the development of cardiac

fibrosis and inflammation in an Isoproterenol-induced cardiomyopathy model.

5. identify the molecular mechanism beneficial for anti-hypertrophic effect of

Tubacin.
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3 Material

3.1 Laboratory equipment

Table 3-1 Laboratory equipment

Name

Manufacturer

Accu-jet® pro Pipette Controller

BrandTech Scientific (Essex, USA)

Bioruptor, Tissue ruptor

Diagenode (Liége, B)

Camera CFI60

Nikon

Centrifuge 5810R

Eppendorf (Hamburg, D)

Centrifuges

Eppendorf (Hamburg, D)

Curix 60 Processor

AGFA (KdIn, D)

Heracell™ 150

Thermo Scientific (Hamburg, D)

Laminar Airflow Clean Bench (Holten)

Thermo Scientific (Hamburg, D)

Microscope

Olympus (Hamburg, D)

Mikro 20 and 22R Centrifuge

Hettich (Hanau, D)

Microscope

Keyence Deutschland GmbH (Neu-Isenburg,
D)

Multipipette® Stream

Eppendorf (Hamburg, D)

Nanodrop® ND-1000 spectrophotometer

PegLab (Erlangen, D)

pH-Meter pH211

Hanna Instruments (Kehl am Rhein, D)

Neubauer-Zahlkammer

Marienfeld GmbH (Lauda-Konigshofen, D)

Real-time PCR-System Mx3000P

Stratagene (La Jolla, USA)

Scale BL 150 S

Sartorius AG (Gdttingen, D)

Sonopuls (sonication device)

Bandelin (Berlin, D)

Thermomixer comfort

Eppendorf (Hamburg, D)

Vortex-Genie® 2T

Scientiis (Baltimore, US)

Waage BL 1500S

Sartorius AG (G6éttingen, D)

Water bath

Memmert GmbH (Schwabach, D)

Western blot equipment
(Electrophoresis, blot chamber)

Bio-Rad (Minchen, D)

Mark™ Microplate Absorbance

Spectrophotometer

Bio-Rad (Minchen, D)
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3.2 Laboratory material

Table 3-2 Laboratory material

Name

Manufacturer

96-well multiply PCR plates

Sarstedt AG (Numbrecht, D)

Amersham hybond PVDF (0.45 um)

GE Healthcare (Solingen, D)

Amersham hyperfilm ECL

GE Healthcare (Solingen, D)

Cell culture flasks and plates

BD Bioscience (Heidelberg, D)

Cell scraper Sarstedt AG (Nurmbrecht, D)
Cryo tubes Nunc (Roskilde, DK)
Descosept® Dr. Schumacher (Malsfeld, D)

Falcons, pipetts, tips

BD, Sarstedt, VWR, Eppendorf

Glass covers,12mm

neolLab Migge Laborbedarf-Vertriebs GmbH

Mr. Frosty™ Freezing Container

Thermo Fisher Scientific (Hamburg, D)

Omnifix syringes, different sizes

Braun Melsungen (Melsungen, D)

Parafilm® M Barrier Film

SPI supplies (Glasgow, UK)

RNasezZap™

Sigma-Aldrich GmbH (Steinheim, D)

Rotilabo® Spritzenfilter (syringe filter)

Carl Roth GmbH (Karlsruhe, D)

Sealing tape, optically clear

Sarstedt (Nimbrecht, D)

Sterican cannulas, different sizes

Braun Melsungen (Melsungen, D)

Whatmanpaper

Whatman plc (Minchen, D)

3.3 Animal facility equipment and material

Table 3-3 Animal facility equipment and material

Name

Manufacturer

26-G needle

Beckton Dickinson (Heidelberg, D)

Animal cages type 2 IVC

Ehret Labor-
(Schonwalde, D)

und Pharmatechnik

Animal scale PK2000

Mettler-Toledo (Giessen, D)

Aquasonic 100 Ultrasound Transmission Gel

Parker Laboratories, Inc.

Baby-Mixter Hemostat - Curved 14 cm

Fine Science Tools (Heidelberg, D)

BD Microlance 3

Beckton Dickinson (Heidelberg, D)

Bepanthen

Bayer Vital GmbH

Blood glucose test stripes “Contour next”

Bayer Vital GmbH
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Braunol

Braun Melsungen (Melsungen, D)

Castroviejo Micro Needle Holder -
Curved w/Lock 9 cm

Fine Science Tools (Heidelberg, D)

ETHIBOND EXCEL green braided, USP 6/0

Medionex (Gyér, H)

Graefe Forceps - 0.8 mm Tips Curved

Fine Science Tools (Heidelberg, D)

Glucosteril

Fresenius Kabi Deutschland GmbH (Bad
Homburg, D)

Heated pad

Sanitas (Uttenweiler, D)

Iris Scissors - ToughCut Straight 9cm

Fine Science Tools (Heidelberg, D)

Iris Scissors - ToughCut Tungsten
Carbide Straight 11.5 cm

Fine Science Tools (Heidelberg, D)

Microscope MZ12.5

Leica (Biberach, D)

Mouse Ventilator minivent Typ 845

Hugo Sachs Elektronik - Havard Apparatus
GmbH (March-Hugstetten, D)

Fresenius Kabi Deutschland GmbH (Bad

Nacl Homburg, D)
ls\lel\:lizs”(ECho MRI mouse) “Minispec mq Bruker Corporation

Non-Sterile Suture Thread - 6/0

Fine Science Tools (Heidelberg, D)

PERMA-HAND silk black braided, USP 6/0

Medionex (Gyér, H)

Spectra 360 Electrode Gel

Parker Laboratories, Inc.

Spinal Cord Hook — 12 cm

Fine Science Tools (Heidelberg, D)

TSE Labmaster

TSE Systems GmbH (Bad Homburg, D)

Veet hair removal creme with Aloe vera for
sensitive skin

Reckitt Benckiser (Slough, E)

Vevo 770 high-resolution imaging system
with a RMV 707 scan head

VisualSonics (Toronto, Ontario, CA)

Vevo 3100 Imaging Platform

VisualSonics (Toronto, Ontario, CA)

3.4 Solutions and buffers

Table 3-4 Solutions and buffers

Solutions

Manufacturer

BCA protein assay reagent

Thermo Scientific (Langenselbold, D)

Claycomb medium

Sigma-Aldrich GmbH (Steinheim, D)

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich GmbH (Steinheim, D)

Fetal bovine serum (FBS) (#12J1001)

Sigma-Aldrich GmbH (Steinheim, D)

G153A+B Developer

AGFA (K6In, D)

G354 Rapid Fixer

AGFA (K6In, D)
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M-MLV RT 5x Buffer

Promega (Mannheim, D)

Penicillin/streptomycin (P/S)

Biochrom AG (Berlin, D)

Phosphate buffered saline (PBS)

Gibco by Life technologies (Karlsruhe, D)

Qiazol

Qiagen (Hilden, D)

Restore™ Western Blot Stripping Buffer

Thermo Scientific (Langenselbold, D)

Buffers

Components

0.5 M stacking buffer

1.5 M separating buffer

6 x probe buffer for Western blot

10 x electrophoresis buffer

RIPA Buffer

Tris 6.05 g
Add H20; set pH to 6.8 with HCI

Tris 18.15¢
Add H20 and set pH to 8.8 with HCI

Tris 1 M (pH 6.8)

SDS1g

glycerol 1 ml

dithiothreitol 0.93 g
bromphenol blue (2%) 60 ul

Tris-Base 0.25 M
Glycin 19.92 M
SDS 10 %

Add H20.

Tris pH 7.5 50 mM
NaCl 150 mM
MgClI2 5 mM
Nonidet P-40 1 %
Glycerol 2.5 %
EDTA 1 mM
Na3vO4 1 mM
NaF 50 mM
Na4P207 10 mM
Phenylmethylsulfonylfluorid 100 uM

Protease inhibitor «Com. Mini» 1 tablet in 50
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ml

PhosStop 1 tablet in 10 ml

10 x TBS Tris0.2 M
NaCl 1.4 M
pH was set to 7.6 with HCI, and ddH20
added.

TBST 10 x TBS 100 ml
Tween 20 1 ml
ddH20 900 ml

Towbin buffer Tris 25 mM
Glycin 192 mM
SDS 0.05 %
Methanol 20 %
Add ddH20.

3.5 Chemicals and compounds

Table 3-5 Chemicals and compounds

Name Manufacturer

Acrylamid/bis (30%)

Serva Electrophoresis (Heidelberg, D)

Ammoniumpersulfat (APS)

Sigma-Aldrich GmbH (Steinheim, D)

Bromphenol blue

VWR (Darmstadt, D)

2-Mercaptoethanol

Sigma-Aldrich GmbH (Steinheim, D)

Chloroform

Merck (Darmstadt, D)

Deoxynucleotide triphosphates (dNTPSs)

Promega (Mannheim, D)

Dimethylsulfoxid (DMSO)

Sigma-Aldrich GmbH (Steinheim, D)

Endothelin-1 (powder)

Sigma-Aldrich GmbH (Steinheim, D)

Ethanol 96 %

Merck (Darmstadt, D)

Fibronectin

Sigma-Aldrich GmbH (Steinheim, D)

Fluorescent Mounting Medium

Dako

Forene 100 % (isoflurane)

Abbott GmbH (Wiesbaden, D)
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Formaldehyde

Merck (Darmstadt, D)

Gelatin from bovine skin

Sigma-Aldrich GmbH (Steinheim, D)

Goat serum

Sigma-Aldrich GmbH (Steinheim, D)

Hydrochloride acid (HCI)

Merck (Darmstadt, D)

Isoproterenol hydrochloride

Sigma-Aldrich GmbH (Steinheim, D)

Ketamine hydrochloride

Sigma-Aldrich GmbH (Steinheim, D)

Collagenase Type Il

Worthington Biochemical Corporation

L-Ascorbic acid, Sodium salt

Sigma-Aldrich GmbH (Steinheim, D)

L-Glutamine Sigma-Aldrich GmbH (Steinheim, D)
Methanol Merck (Darmstadt, D)
NacCl Merck (Darmstadt, D)
NaOH Merck (Darmstadt, D)

Norepinephrine [(x)arterenol]

Sigma-Aldrich GmbH (Steinheim, D)

Novaminsulfon-ratiopharm (metamizole)

Ratiopharm GmbH (UIm, D)

PageRuler™ Prestained Protein Ladder

Thermo Fisher Scientific

PhosSTOP Inhibitor Tablets

Roche Diagnostics (Mannheim, D)

Power SYBR Green PCR Mastermix

Applied Biosystems (Darmstadt, D)

Random Primers

Promega (Mannheim, D)

Rimadyl (carprofen)

Pfizer GmbH (Berlin, D)

RNAsin

Promega (Mannheim, D)

Sodiumdodecylsulfat (SDS)

SERVA Electrophoresis (Heidelberg, D)

Tetramethylethylenediamine (TEMED)

Sigma-Aldrich GmbH (Steinheim, D)

Tris-Base

Merck (Darmstadt, D)

Triton-X

Sigma-Aldrich GmbH (Steinheim, D)

Trichostatin A

Sigma-Aldrich GmbH (Steinheim, D), Holzel

Diagnostika

Tubacin

Sigma-Aldrich GmbH (Steinheim, D), Holzel

Diagnostika

Trypsin inhibitor Type I-S, Soybean

Sigma-Aldrich GmbH (Steinheim, D)

Trypsin-EDTA

Sigma-Aldrich GmbH (Steinheim, D)

Tween 20°

Carl Roth GmbH (Karlsruhe, D)

Ultra Pure Water (UP-H20)

Biochrom AG (Berlin, D)

Xylazine hydrochloride

Sigma-Aldrich GmbH (Steinheim, D)
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3.6 Kits and markers

Table 3-6 Kits and markers

Name Manufacturer

Pikro-Siriusred for Kollagen | & 1l Morphisto (Frankfurt am Main, D)
RNeasy® Micro Kit Qiagen (Hilden, D)

RNeasy® Mini Kit Qiagen (Hilden, D)

RT2 SYBR Green ROX gPCR Mastermix Qiagen (Hilden, D)

3.7 gRT-PCR primer sequences

Table 3-7 gRT-PCR primer sequences

Gene

Forward primer 5°-3’ Reverse Primer 5°-3’
(mouse)
18s TTAATGAGCCATTCGCAGTTTTC ACCTGGTTGATCCTGCCAGTAG
ACSL-1 CTCACCACCTTCTGGTATGC AGCCATCGTACATGGTTCTG
ANF AGGAGAAGATGCCGGTAG AAG A GCTTCCTCAGTCTGCTCACTCA
B2M CTGCTACGTAACACAGTTCCACCC CATGATGCTTGATCACATGTCTCG
BNP CACCGCTGGGAGGTCACT GTGAGGCCTTGGTCCTTCAA
CD36 GATTAATGGCACAGACGCAGC TCCGAACACAGCGTAGATAGACC
CD68 AATGTGTCCTTCCCACAGGCAG AGAGCAGGTCAAGGTGAACAGC
Coll CTGACGCATGGCCAAGAAGA ATACCTGGGTTTCCACGTC
Col3 CTGGTCCTGCTGGAAAGGAT TCCATTGCGTCCATCAAAGC
CPT1b CCCATGTGCTCCTACCAGAT CCTTGAAGAAGCGACCTTTG
Glutl TGTGGTGTCGCTGTTTGTTGTAG CAATGAAGTTTGAGGTCCAGTTGG
Glut4 GCTTTGTGGCCTTCTTTGAG CAGGAGGACGGCAAATAGAA
HDACG6 ACCGGTATGACCGTGGCACT TCCAGGGCACATTGACAGTGA
3-Actin GACAGGATGCAGAAGGAGATTACTG GCTGATCCACATCTGCTGGAA
3-MHCH TTCCTTACTTGCTACCCTC CTTCTCAGACTTCCGCAG
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3.8 Antibodies

Table 3-8 Antibodies

primary antibodies origin dilution Company

anti-acetylated Tubulin mouse 1:16 000 Santa Cruz Biotechnology, Inc.
anti-Actinin alfa mouse 1:400 Sigma-Aldrich GmbH (Steinheim, D)
a-Tubulin mouse 1:200 Santa Cruz Biotechnology, Inc.
3-Actin mouse 1:500 Santa Cruz Biotechnology, Inc.
secondary antibodies  origin dilution Company

anti-rabbit donkey 1:10000 Jackson ImmunoResearch
anti-mouse donkey 1:10000 Jackson ImmunoResearch
AlexaFluor 488 dye donkey 1:400 Thermo Fisher Scientific

DAPI 1:1000 Thermo Fisher Scientific, blue

3.9 Animals

Male C57BL/6J wildtype mice and male 129/SV were purchased from Janvier:

Janvier S.A.S.

Rout edes Chenes Secs
C.S. 4105 Le Genest-St-Isue
53941 St Berthevin Cedex

France
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3.10 Software and online tools

Table 3.10.9 Software and online tools

Software

Function

BZ-1I Analyzer software
Dynamic Cell Count Tool
Graphpad Prism 6
Primer Blast NCBI
PubMed

Stratagene MxPro
Biorad CFX Connect
Vevo 770 3.0.0

Vevo 3100

Word, Excel, Powerpoint

Zotero

Cell size analysis

Cell size analysis
Statistical analysis, Figures
Primer design for gRT-PCR
Literature research
gRT-PCR analysis
gRT-PCR analysis
Echocardiography analysis
Echocardiography analysis
Data analysis

Citation manager
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4 Methods

4.1 Cell culture experiments

In vitro experiments were performed with HL-1 cardiomyocytes, which are derived
from AT-1 mouse atrial cardiomyocyte tumor lineage, kindly provided by W.C.
Claycomb (Louisiana State University, LA) and cultivated in Claycomb Medium,
supplemented with 10 % FBS, 1 % P/S, Norepinephrine (0.1 mM) and L-glutamine (2
mM) until 70-80 % confluency.

4.1.1 Stimulation experiments with HL-1 cells

HL-1 cardiomyocytes were seeded into 6-well plates in triplicates. After an overnight
starvation with reduced FBS content (0.5 %) to stop proliferation, cells were
stimulated with 100 nM Endothelinl (ET-1), TSA and Tubacin for 6 h. Afterwards
cells were collected and frozen at -80° C until RNA isolation, or used immediately for

immunostaining (Figure 4-1).

HL-1 Cardicmyocytes

e RHNA isolation

—
" 2] /1
S . . Stimulation with ET-1,
. —— Overnight starvation —— Lo, " nd Tubacin for 6h

Immunostaining
first day second dIy third da)y

Figure 4-1: in vitro stimulation experiment set up
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4.1.2 Immunostaining with HL-1 cells

After 6 h stimulation (Figure 4-1), HL-1 cells were fixed with formaldehyde (3.7 %) in
phosphate—buffered saline (PBS) on cover slides. Permeabilization of the cell
membrane was performed with 0.5 % Triton X-100 in PBS for 5 min. Afterwards cells
were blocked with 10 % goat serum (in PBS containing 0.1 % Triton X-100) for at
least 1 h or overnight and incubated with primary antibody for sarcomeric alpha-
actinin, diluted in blocking solution for 1 h (1:400, Sigma-Aldrich GmbH). Then the
cells were washed three times with PBS for 10 min and light sensitive secondary
antibody (AlexaFluor 488-conjugated, 1:400, Thermo Fisher Scientific) was applied
for 1 h and washed again three times with PBS for 10 min. Nuclei staining was
performed with light sensitive 4',6-Diamidin-2-phenylindol (DAPI) (dilution 1:1000,
Thermo Fisher Scientific) for 7 min and washed three times with PBS. Finally,
mounting step was performed with Dako Fluorescent Mounting Medium (S3023).

Cell images were taken with an inverted fluorescence phase-contrast microscope at
x20 and x40 magnification. Pictures were taken using a digital camera CFI60 (Nikon)
and cell size was analyzed using BZ-Il Analyzer software and Dynamic Cell Count

Tool (Keyence).

4.2 Animal experiments

4.2.1 Ethical approval

All animal procedures were permitted by the Landesamt fiir Gesundheit und Soziales
(LaGeSo, G 0091/13, Berlin, Germany) for the use of laboratory animals and
followed the latest version of the German Law for the Protection of Animals. All
animal procedures were carried out in accordance with the guidelines of the Charité

Medical University Berlin.
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4.2.2 Transverse Aortic Constriction model set-up and treatment

In the Transverse Aortic Constriction (TAC) model and in the Isoproterenol (Iso)-
induced cardiomyopathy model (see chapter 4.2.3), male C57BL/6J and 129/SV
were housed with a 12 h light-dark cycle in a temperature-controlled facility (25 C)
(Fliegner et al., 2010; Samuel et al., 2014). Mice were fed at libitum with a standard
diet. Body weight (BW) development was observed throughout the experiments.

In the cardiac hypertrophic model eight week old mice were randomized into six
treatment subgroups existing of TAC and SHAM-operated groups. In SHAM-
operated mice the thorax was opened and then closed again but ligation of the aortic
branch was not performed. After one week of pre-treatment and a baseline
echocardiography mice were subjected to TAC- or SHAM surgery:

1) SHAM-operated and Vehicle-treated (n = 7),

2) TAC-operated and Vehicle-treated (n = 9),

3) SHAM-operated and TSA-treated (n = 8),

4) TAC-operated and TSA-treated (n = 10),

5) SHAM-operated and Tubacin-treated (n = 8),

6) TAC-operated and Tubacin-treated (n = 10).

Vehicle, TSA and Tubacin were applied every day by intraperitoneal injection (i.p.)
(Img/kg/d, (Cao et al., 2011)) through the whole experiment with a short recovering
period of three days after the surgery. Six weeks after OP-intervention, the mice
underwent a final echocardiography and a metabolic phenotyping. For this, mice
were placed for 24 h in metabolic cages (TSE-Labmaster system) with integrated
indirect calorimetry to determined energy expenditure, physical activity and
drinking/feeding monitoring system. Furthermore glucose tolerance testing (GTT) and
analysis of body composition (NMR) were performed. At the end of the study animals
were sacrificed and tissue from different organs was removed for histological-, gene

expression- and protein analysis (Figure 4-2).
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Figure 4-2: Pressure overload induced cardiac hypertrophy model-Transverse Aortic Constriction

(TAC) animal set-up.

The TAC model is a pressure overload induced cardiac hypertrophy model (Figure
4-2). The method was established by Fliegner and colleagues (Fliegner et al., 2010).
According to the published protocol, mice were sedated by intraperitoneal injection
(i.p.) of 1 mg/ml per kg body weight (BW) Ketamine/Xylazin (100 mg/ml; 20 mg/ml
per kg BW). The fur was removed with depilatory creme and mice were placed in a
supine position on a heating pad under a dissecting stereoscope. Then the animals
were intubated and ventilated. Next, a partial thoracotomy to the second rib was
performed, the thymus was softly parted and adipose tissue was removed from the
aortic arch. Using a 6.0 silk suture positioned around a 26.6 gauge needle the aorta
was ligated between the innominate and left carotid arteries to minimize the cross-
section. After this procedure, the needle was removed. With the SHAM-operated
group of mice, the same intervention was performed without the final aortic ligation.
The thorax was closed using a 6.0 prolene suture. The animals received Rimadyl
(5.0 mg/kg BW; s. c.) after surgery and for the following 7 days Metamizol as
analgeticum, dissolved in the drinking water.

To demonstrate standardized TAC conditions of the different treated groups, six
weeks after surgery a trans-constriction pressure gradient was determined. In all
TAC-operated mice, trans-constriction pressure gradient were similar indicating

comparable TAC conditions (Figure 4-3).
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Gradient P was measured using following formula:

P =4+ ((AoVmax descilmm/s]/1000)"2 — (AoVmax ascend [mm/s]|/1000)"2)

Calculated according to the manufacturer’s instruction, P (pressure gradient), AoVmax desc. (blood flow
speed in the descending aorta) and AoVmax ascend. (blood flow speed in the ascending aorta) (Vevo
770, Standard measurements and calculations).
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Figure 4-3: Pressure gradient P after SHAM or TAC surgery from all different treated operated
animals. 888 p<0.001 vs. SHAM Vehicle, *** p<0.001 vs. SHAM TSA, ### p<0.001 vs. SHAM
Tubacin, && p<0.01 vs. TAC Vehicle; 2-way ANOVA (Bonferroni posttest).

4.2.3 Isoproterenol-induced cardiomyopathy model

To investigate the impact of HDACG6-inhibition on cardiac fibrosis and cardiac
inflammation, an experimental model for myocardial injury was carried out (Benjamin
et al., 1989). Therefore, male 129/SV mice (5-6 weeks old; Janvier, France) were
injected s.c. with Iso (25 mg/kg/d) or saline (Samuel et al., 2014). Tubacin (i.p.; 1
mg/kg/d) or Vehicle was administered by intraperitoneal injection.

The animals were randomized into four treatment groups:

1) Saline-Vehicle-treated (n = 10),

2) Saline-Tubacin-treated (n = 10),

3) Iso-Vehicle-treated (n = 10),

4) Iso-Tubacin-treated (n = 10).

At the beginning of the experiment, animals underwent a baseline echocardiographic
examination. After three days of pretreatment with Tubacin/Vehicle, mice were

injected with Iso/saline for four consecutive days to induce myocardial injury.
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Application of Tubacin/Vehicle was repeated once daily until the end of the
experiment. After 20 days, mice underwent a final echocardiography. Then animals
were sacrificed and tissue from different organs was removed for histological-, gene
expression- and protein analysis (Figure 4-4).

f
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Figure 4-4: Isoproterenol (Iso)-induced cardiomyopathy animal set up.

4.2.4 Echocardiography
4.24.1 TAC model

In the TAC model, echocardiography was performed using Vevo 770 high-resolution
imaging system (VisualSonics, Canada) with a RMV 707 transducer (centre
frequency: 30 MHz, axial resolution: 55 pm; VisualSonics, Canada) to analyze
hypertrophy-linked cardiac parameters. Animals received inhalational anesthesia (3
% isoflurane) and were fixed on a heated pad (37 °C) to stabilize body temperature.
During examination, Isoflurane was adjusted to values about 1.5 %.

M-mode images of the LV mid-papillary region in short axis view were analyzed for
diastolic and systolic wall thicknesses and -dimensions (left ventricular posterior wall
[LVPW], left ventricular internal diameter [LVID] and interventricular septum [IVS])
(Figure 4-5). The gradient across the aortic banding (“gradient P”) was assessed

using Doppler mode.
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Figure 4-5: Analysis of an M-mode image of the LV mid-papillary region in short axis view.
Determination of left ventricular posterior wall (LVPW), left ventricular end-diastolic diameter (LVID)
and intra ventricular septum (IVS) during two different heart cycles. Yellow line: respiration control;

green line: ECG-recording.

Left ventricular mass (LVM) was calculated according to the Penn cube formula
(Collins et al., 2003):

LVM = 1.05 X ((IVS,d [mm] + LVID,d [mm] + LVPW,d [mm])3 — (LVID,d [mm])3)

Ejection fraction (EF) is a parameter of systolic function and was calculated using the

following formula:

LV — LV
EF = vold Vols % 100
LVyora

Vol,d (end-diastolic left ventricular volume) and Vol,s (end-systolic left ventricular volume) (Vevo 770,

Standard Measurements and Calculations). Volumina were calculated from the M-Mode with the
Teichholz method (Vevo 770, Standard Measurements and Calculations,

http://www.echobasics.de/systole.html).
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Fractional Shortening (FS), also a relative measure, indicate the shortening of the left
ventricle during the systole in percentage. It was determined for the left ventricle

using the following formula:

_ LVID,d — LVID,s
N LVID,d

LVID,d (end-diastolic left ventricular internal diameter) and LVID,s (end-systolic left ventricular internal

FS x 100

diameter) (Vevo 770, Standard Measurements and Calculations).

4.2.4.2 Isoproterenol-induced cardiomyopathy model

In the Iso-induced cardiomyopathy model, echocardiographic examination was
performed using a MX400 ultra-high frequency linear array transducer (18-38 MHz,
center transmit: 30 MHz, axial resolution: 50 um) coupled to a Vevo3100 device (both
VisualSonics, Canada). Wall thicknesses were assessed using the formulas
described in chapter 4.2.4.1. Since no alterations of global systolic function were
expected in this model, speckle tracking echocardiography (STE) was carried out
additionally in order to detect early and minor changes in ventricular function. STE
allows analyzing the deformation of the myocardium (“strain”) during the cardiac
cycle. Myocardial strain and strain rate can be assessed in the three principal planes
of deformation: longitudinal, circumferential and radial. Longitudinal and
circumferential shortening are expressed in negative strain values, radial thickening
results in a positive strain values, received by subtracting systole from diastole (Shah
and Solomon, 2012).

For the analysis, advanced cardiac analysis software was used (VevoStrain,
VisualSonics, Canada). The STE is based on the distance measurement between
two stable patterns (speckles) in the left ventricle in one heart cycle (Figure 4-6).
Speckle tracking images and analysis of the left ventricle were performed in the long
axis. Strain (S), strain rate (SR) and myocardial function parameters like EF were

determined using Vevo Lab software.
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Figure 4-6: Long axis image of the left ventricle from a Vehicle Vehicle-treated mouse (upper left side)

and three heart cycles with radial and longitudinal strain parameters (right side).

Strain analysis offers a more sensitive approach for early detection of cardiac
dysfunction than conventional echocardiography and enables to analyze changes of
the specific tissue sections of the heart (An et al., 2016; Barbosa et al., 2013;
Ponikowski et al., 2016b). Generally speaking, strain defines how much the

myocardial tissue has been deformed (Voigt et al., 2015):

S = AL/LO = (L1-L0)/LO
S (longitudinal strain); AL (absolute change in length) and Lo (baseline length) (Vevo 3100, Standard

Measurements and Calculations).
SR is the local rate of deformation or strain per unit time (Voigt et al., 2015):
SR = S/At = AL/LO/At

SR (strain rate); S (longitudinal strain); AL (absolute change in length), Lo (baseline length) and At

(absolute change per unit time) (Vevo 3100, Standard Measurements and Calculations).
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4.2.5 NMR

Metabolic phenotyping was performed based on body composition measurements of
mice, determined by nuclear magnetic resonance (NMR) at the end of the model of

pressure overload induced cardiac hypertrophy.
4.2.6 Metabolic cage system

Physical activity, energy expenditure and drinking/feeding monitoring were recorded
by using TSE-Labmaster (a combined indirect calorimetry system).

First, animals were adapted for 24 h to the system. The following 24 h the TSE-
labmaster recording was performed. The physical activity was recorded using a multi-
dimensional infrared light beam system.

The respiratory quotient (RQ) was defined as ratio between produced carbon dioxid

(CO2) and consumed oxygen (O2):

_ CO2produced
"~ 02consumed

To avoid possible confusing effects from variant body weight and fat mass the energy

expenditure was normalized to the lean body mass.

4.2.7 Glucose tolerance test

Animals were fasted overnight and received glucose injection i.p. (1g/kg body
weight). The baseline blood glucose level was estimated prior injection.

After glucose injection in the intervals of 15, 30, 60, 90, 120 and 150 min blood
glucose were measured from tail vain using blood glucose test stripes (“Contour

next”).
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4.2.8 General molecular methods

RNA isolation and quantification

Qiazol and RNeasy Mini Kit were used according to manufacturer's protocol to
isolate RNA from the cell culture experiments.

Left ventricular tissue was lysed in Lysis tubes containing RLT-3-mercapto-ethanol
buffer (RNeasy Micro Kit) in the speed mill (30 sec, 13000 rpm) according to the
manufacturer’s protocol. Afterwards the total RNA was isolated with the RNeasy
Micro Kit.

In both procedures DNA was digested with DNAse (DNase Set, Qiazol) by incubation
the RNA-samples for 15 min at room temperature. The final RNA concentration was
measured with a spectrophotometer (NanoDrop). Samples were stored at -80 ° C.

cDNA transcription

Using reverse transcriptase (RT), RNAsin, MLV-Buffer and dNTPs RNA samples
were reverse transcribed for quantitative real-time PCR analyses according to
manufacturer’s protocol. The reaction was carried out for 5min at 70 °C. 1 ug of the
total RNA and 1 pl random primers (1:5) were used.

Afterwards master mix or RT- mix (negative control, lacking reverse transcriptase)
was added and samples were incubated at 37 ° C for 1 h. cDNA in the final
concentration of 5 ng/pl (diluted 1:4, with UP-H20) were stored at -20 °C.
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Table 4-1: Protocol of reverse transcription

RNA amount in total volume 37.5ul 37.5 ul
Random Primers 1l 1ul
+ RT(+)-Mastermix RT(-)-Mastermix

50 ul 50 pl

UP-H20 - 0.5ul

M-MLV reverse transcriptase 0.5 ul -

RNAsiIn 0.5 ul 0.5 ul

M-MLV Buffer (5x) 10 pl 10 pl

dNTPs (10 mM) 1l 1l

Gene expression analysis with quantitative Real-time PCR (QRTPCR)

The fluorescent dye SYBRgreen cDNA was used in qRT-PCR reactions to determine
gene expression levels. Generally after normalization to murine 18S or 3-Actin the
relative amount of mMRNA was calculated with the 2-99¢t method (Livak and
Schmittgen, 2001). The measurements were performed in technical triplicates. Non-
template controls (NTC) were measured every time. Sequences of the primers which

were used for the analysis are listed in the material list (Table 3-7).

Protein isolation and concentration

Cells were washed with ice-cold PBS and then RIPA buffer including protease and
phosphatase inhibitors (Complete mini/PhosStop, Roche) was added. The cells were
lysed and the samples were sonicated to shear DNA (30 sec, 50 %) and centrifuged
to pellet DNA and membrane components (4 ° C, 14000 rpm, 30 min). For the
Western Blot the cytosolic protein containing supernatant was used. The
concentration of proteins was measured in the samples using BCA assay kit
(manufacturer’s protocol from Thermo Scientific). Animal tissue was lysed in Lysis-
tubes with ice-cold Ripa-buffer and was homogenized in the speed mill for 30 sec,
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then incubated for 60 min on ice and centrifuged (4 ° C, 13000 rpm, 30 min).

Samples were stored at -20 ° C

SDS-Polyacrylamid gel electrophoresis (SDS-Page) and Western blot

For Western blot analysis the samples with the same concentration of protein were
mixed with 6x probe buffer and incubated for 5 min at 95 ° C. Next, the samples were
spotted on an acrylamide-gel and subjected to SDS-PAGE electrophoresis at 120 V
for at least 1 h (depending on protein size) by using Bio-Rad equipment and
electrophoresis buffer. Prior to transfer of the proteins on a PVDF membrane, the
membrane was activated in methanol for 1 min. Blotting was performed in a tank
blotting chamber with cold Towbin buffer at 100 V for 60 min. Afterwards,
membranes were blocked in 5 % BSA (dissolved in TBST) at room temperature
under constant shaking. After 2 h the primary antibody dissolved in 5 % BSA was
added to the membrane. The membrane with the primary antibody was incubated
over night at 4 ° C as described above. Next day the membrane was washed 3 times
in 1x TBST and then incubated with the secondary antibody, dissolved in 1.5 % BSA
for 1 h at room temperature. Protein expression was visualized using enhanced
chemiluminescence kit (Amersham hyperfilm ECL, GE Healthcare). For further
analysis the membrane was stripped for 15 min with 16 ml Restore™ Western Blot
Stripping Buffer (Restore™Western Blot Stripping Buffer, Thermo Scientific) and
another primary and secondary antibody were used. As loading control the

abundance GAPDH or 3-Actin was analyzed.

4.2.9 Histological analysis of cardiac tissue

Histological analysis of heart tissue sections from all animal experiments was
performed together with Prof. Robert Klopfleisch from the Department of Veterinary
Pathology, Freie Universitat Berlin.

The cardiac tissue was fixed and embedded in paraffin (FFPE). The specific staining
of hematoxylin and eosin (H&E) and Picrosirius red were performed in the laboratory
of Prof. Klopfleisch (Klopfleisch et al., 2011).
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The size of the cardiomyocytes in the LV was determined. Randomly selected cells
were evaluated and cross sectional area was measured using Analysis Software
(Olympus).

Additionally, Picrosirius red staining was performed to visualize collagen
accumulation in the cardiac tissue. It was performed according to the manufacturer’s
instruction (Morphisto, Germany) with two additional incubation times of the cardiac
sections in 6 % acetic acid for 20 min.

The fibrotic content was calculated from microscopic images and was determined as

percent fraction of collagen regions from the total tissue area.

4.3 Statistical analysis

Mean values comparisons among the different groups were evaluated by two-way
ANOVA or ANOVA and Bonferroni posthoc-test. When appropriate, two-way ANOVA
with repeated measurements was performed. For the comparison of two groups with
normal distribution an unpaired t-test was used. In every figure the statistical analysis
is stated. Statistical analysis was performed with GraphPad Prism 6 Software.
Statistical significance was considered with the p<0.05. Vertical lines in the
histograms indicate + SEM.
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5 Results

Main focus of this study was to characterize the role of HDACG6 in cardiac function.

In vitro experiments were performed in HL-1 cardiomyocytes to investigate the effect
of a specific HDACG6i Tubacin in direct comparison to a general HDACI Trichostatin A
(TSA) on hypertrophic responses induced by ET-1. Previously, it was shown that
general HDACI improved cardiac function (Cao et al.,, 2011; Kao et al., 2013;
Majumdar et al., 2011).

The effect of the HDACI, especially of the HDACG6 inhibitor Tubacin, on the
development of cardiac hypertrophy was investigated in a murine model of pressure
overload-induced cardiac hypertrophy by TAC intervention. In an additional in vivo
experiment cardiac fibrosis was induced by systemic Iso application and the
influence of Tubacin on the development of cardiac fibrosis and inflammation was
analyzed. This study investigated for the first time the effect of the specific HDAC6

inhibitor Tubacin on the development of cardiac hypertrophy.

5.1 HDAC inhibition reduced endothelin 1-mediated cardiac hypertrophy in
HL-1 cardiomyocytes

5.1.1 Determination of the effective dose from Tubacin which reduced

hypertrophic response induced by ET-1 in HL-1 cells

In a previous study in our laboratory ET-1, a potent vasoconstrictor, was established
as an effective factor inducing cellular hypertrophy in HL-1 cells (Foryst-Ludwig et al.,
2015a). Treatment of the HL-1 cells with ET-1 led to a hypertrophic response,
enlarged volume of the cells and induction of fetal gene expression profiles of
pathological markers such as ANF, BNP and 3-MHCH (Foryst-Ludwig et al., 2015b).
These pathological markers are key indicators specific for a hypertrophic response.

First, to find out which Tubacin dosage is able to reduce ET-1-mediated hypertrophic
effect, three different concentrations of Tubacin were tested in HL-1 cardiomyocytes
(Figure 5-1). Concentrations of 0.05 pM, 0.5 uM and 5 uM of Tubacin were used in
conjunction with 100 nM ET-1. The cells were incubated with DMSO, ET-1 or ET-1

combined Tubacin for 6 h, as indicated. All three different concentrations of Tubacin
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reduced the hypertrophic response from ET-1 significantly. ANF gene expression
level was significantly diminished in cells treated with Tubacin combined with ET-1,
when compared to ET-1 treated cells (Figure 5-1).

For further experiments the dosage of 5 uM Tubacin was taken similar to the study
published by Winkler et al (Winkler et al., 2012).
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Figure 5-1: ANF gene expression level was measured using qRT-PCR; HL-1 cardiomyocytes were
treated with ET-1 (100nM) and different concentrations of Tubacin (low: 0.05 uM, middle: 0.5 pM and
high: 5 uM) for 6 h. ANF: atrial naturetic factor, Veh: Vehicle, Tuba: Tubacin, ET-1: endothelin 1. §888
p<0.0001 vs. control; **** p<0.0001 vs. Et-1, (n = 3; 1-way ANOVA (Bonferroni posttest)).
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5.1.2 HDACI TSA and Tubacin showed anti-hypertrophic effects in HL-1 cells

HL-1 cells were stimulated with ET-1, TSA and Tubacin for 6 h as described in Figure
5-1. TSA, a general HDACI, was used and compared to the specific HDACGi
Tubacin.

Treatment of the HL-1 cells with ET-1 significantly increased the gene expression
levels of ANF and 3-MHCH after 6 h, when compared to vehicle-treated control cells.
Both Tubacin and TSA significantly reduced the hypertrophic responses of ET-1

similar powerful (Figure 5-2).
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Figure 5-2: Gene expression levels of ANF and 3-MHCH were measured using gRT-PCR; HL-1 cells
were treated with 100 nM ET-1 alone or together with TSA (1 uM) or Tubacin (5 uM) for 6 h. ANF:
atrial naturetic factor, 3-MHCH: beta-cardiac myosin heavy chain isogene, ET-1: endothelin 1, Tuba:
Tubacin, TSA: Trichostatin A. § p<0.05 vs. control; * p<0.05 vs. Et-1, (n = 3; 1-way ANOVA

(Bonferroni posttest)).
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5.1.3 Immunostaining experiments showed reduction of the cell size from

hypertrophic HL-1 cells after treatment with HDACi

Immunostaining experiments were performed with HL-1 cells to examine the effect of
TSA and Tubacin regarding cell size regulation. The anti-hypertrophic effect of TSA
and Tubacin was confirmed (Figure 5-2). HDACG6 inhibition reduced ET-1-mediated
increases in cardiomyocyte size. Cell sizes of ET-1 treated cells were significantly
reduced after 6 h incubation with TSA or Tubacin compared to cells treated with ET-1

alone.
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Figure 5-3: Analysis of the HL-1 cell surface area calculated from immunofluorescence images; HL-1
cells were treated with 100 nM ET-1 alone or together with TSA (1 uM) or Tubacin (5 pM) for 6 h. ET-
1: endothelin 1, Tuba: Tubacin, TSA: Trichostatin A. Data are presented as x-fold over control; cell
area was quantified with the BZ-II Analyzer software. 888 p<0.001 vs. control; *** p<0.001 vs. Et-1, (n
= 3; 1-way ANOVA (Bonferroni posttest)).
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5.2 HDACI Tubacin and TSA attenuate cardiac hypertrophy in vivo

An established TAC model was applied on eight weeks old C57/BI6 male mice to
induce pressure overload cardiac hypertrophy (described in chapter 4.2.2, Fliegner et
al., 2010). The effect of Tubacin and TSA was investigated on the development of
cardiac hypertrophy (Figure 4-2).

Cardiac phenotyping was performed using final echocardiographic analysis. Left
ventricular mass (LVM) from each animal was calculated and are represented
relative to tibia length (TL).

TAC-operated Vehicle-treated mice showed significant higher LVM/TL compared to
SHAM-operated Vehicle-treated animals. TSA and Tubacin-treated TAC-operated
mice showed significant lower LVM/TL compared to the Vehicle-TAC-operated mice
(SHAM Veh 4.72 £ 0.51 mg/mm, TAC Veh 7.51 + 1.65 mg/mm, SHAM TSA 4.31 +
0.32 mg/mm, TAC TSA 5.78 + 1.33 mg/mm, SHAM TUBA 4.64 + 0.31 mg/mm, TAC
TUBA 5.60 + 0.90 mg/mm) (Figure 5-4).

Additionally, other cardiac parameters like intraventricular septum (IVS) thickness
and left posterior wall (LVPW) thickness were analyzed. Analysis of the IVS and
LVPW thickness using M-mode images showed that TAC-operated Vehicle-treated
mice had significantly higher values of IVS and LVPW in comparison to the SHAM-
operated Vehicle-treated animals (Figure 5-4). Both, TSA and Tubacin-treated TAC-
operated mice showed significantly lower IVS and LVPW values after six weeks of

treatment (Figure 5-4).
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Figure 5-4: Echocardiographic analysis of TAC- or SHAM-operated mice treated with TSA, Tubacin or
Vehicle; LVM: left ventricular mass, IVS: left ventricular inter-septum, LVPW: left ventricular posterior
wall; TL: Tibia length, Veh: Vehicle, TSA: Trichostatin A, Tuba: Tubacin. Values are means + SEM.

§ p<0.05 vs. SHAM Vehicle, 88 p<0.01 vs. SHAM Vehicle, 8888 p<0.0001 vs. SHAM Vehicle * p<0.05
vs. SHAM TSA, ** p<0.01 vs. SHAM TSA, **** p<0.0001 vs. SHAM TSA, & p<0.05 vs. TAC Vehicle,

&& p<0.01 vs. TAC Vehicle; 2-way ANOVA (Bonferroni posttest).
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In the macroscopic photographs and echocardiographic M-Mode pictures, TAC-
operated Vehicle-treated mice showed increased wall thickness and increased heart
size compared to SHAM-operated Vehicle-treated mice six weeks after surgery.
Treatment with both HDACi TSA and Tubacin prevented increased wall thickness

and reduced the heart size (Figure 5-5).

Vehicle
SHAM TAC

TSA

Tubacin
SHAM TAC

Figure 5-5: Representative heart and M-mode images from TAC/SHAM operated mice treated with

Tubacin, TSA or Vehicle.

Accordingly, cardiac cross sectional H/E images were analyzed. Cross sections were
taken in the mid papillary section of the heart from each mouse. The results from this
analysis indicated that the TAC-Vehicle animals were characterized by increased
cardiac cross-section area compared to the SHAM-Vehicle group. TAC-TSA and
TAC-Tubacin mice had smaller cross sectional H/E areas, compared to the TAC-
Vehicle ones (Figure 5-6). Cardiomyocytes from the TAC-operated mice were in
general larger than cardiomyocytes from SHAM animals. More importantly,

cardiomyocytes from TAC-Vehicle-treated mice were bigger in size than those
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measured in both TAC-TSA and TAC-Tubacin-treated groups indicating that TSA

and Tubacin had anti-hypertrophic effects (Figure 5-6, right panel side).
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Figure 5-6: H/E staining from the cross sectional heart and cardiac tissue section images of the

different treated mice after TAC or SHAM operation.

EF and FS are markers for cardiac function and systolic heart failure (chapter

4.2.4.1). In systolic heart failure EF and FS values are lower than under physiological

conditions in healthy hearts. In our experiments, TAC-operated mice did not show

significant differences in EF or FS, when compared to SHAM-operated animals

meaning that the animals had no systolic dysfunction.

echocardiographic parameters are presented in Table 5-1.

In summary, key
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Table 5-1: Cardiac phenotyping of mice 6 weeks post TAC/SHAM intervention. N = 5-10

Vehicle Vehicle TSA TSA Tuba Tuba

SHAM TAC SHAM TAC SHAM TAC
LVM/Tibia 4,72 7.51 4.31 5.78 4.64 5.60
[mg/mm] +0.51 +1.65%88  +0.32 + 1.33%8& +0.31 + 0.9%&
LVM/BW 2.11 3.31 2.06 2.51 2.02 2.43
[ma/g] +0.18 +0.72 +0.21 +0.53 +0.11 +0.37
LVM/HW 411.40 524.16 446.48 442.25 455.87 419.85
[mg/g] +20.64 +71.988 +58.98 + 98.69 +27.15 + 82.29%
IVSd [mm] 0.52 0.68 0.51 0.65 0.53 0.60

+0.01 + 0.088888 +0.02 + 0.07**** +0.01 + 0.04%&
LVIDd 3.99 4.25 3.98 3.84 4.01 4.08
[mm] +0.27 +0.24 +0.23 +0.41 +0.12 +0.37
LVPWd 0.53 0.72 0.52 0.64 0.55 0.61
[mm] +0.01 +(0.138888 +0.01 + 0.05%*& +0.02 + 0.03%&
FS [%)] 23.95 20.69 28.34 26.89 23.33 25.93

+4.22 +4.90 +4.26 +7.74 +2.08 +5.43
EF [%] 47.85 42.11 53.35 52.16 47.08 50.88

+ 6,69 +8.16 +9.03 +11.83 + 3.50 + 8.53
HR [bpm] 392 411 414 403 393 393

+ 22.59 + 24.64 +12.38 + 15.60 + 23.67 + 9.50
GradientP -1.8 32.3 3.8 48.8 3.2 39.9

+0.5 + 6.5 888 +0.4 + 4] *+8& +0.7 + 3.8###

LVM: left ventricular mass, IVSd: left ventricular inter-septum during diastole, LVPWd: left ventricular
posterior wall during diastole, BW: body weight, HW: heart weight, FS: fractioning shortening, EF:
ejection fraction, HR: heart rate, § p<0.05 vs. SHAM Vehicle, 88 p<0.01 vs. SHAM Vehicle, §88
p<0.001 vs. SHAM Vehicle, 8888 p<0.0001 vs. SHAM Vehicle, & p<0.05 vs. TAC Vehicle, && p<0.01
vs. TAC Vehicle, &&& p<0.001 vs. TAC Vehicle, * p<0.05 vs. SHAM TSA, ** p<0.01 vs. SHAM TSA,
*** n<0.001 vs. SHAM TSA, **** p<0.0001 vs. SHAM TSA; 2-way ANOVA (Bonferroni posttest).
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HDACS

5.2.1 Systemic application of HDAC6i Tubacin and TSA led to reduced HDAC®6
activity in the cardiac tissue

To confirm pharmacological inhibitory HDAC activity of TSA and Tubacin in the
mouse hearts, HDACG6 activity was determined. The acetylation status of a-tubulin, a
known target of HDACG6, was analyzed in left ventricle samples of TAC- and SHAM-
operated mice after six weeks of treatment. Importantly, cardiac gene expression of
HDACG6 was not significantly regulated by the TAC-intervention and/or treatment with
both HDACI (Figure 5-7).

a-Tubulin is the first identified substrate of HDAC6 and HDACG6 activity can be
estimated by the acetylation status of this protein (Li et al., 2011). In the TAC animals
the acetylation-status of a-Tubulin was slightly reduced, when compared to SHAM-
operated controls. Tubacin, when applied to mice, induced hyperacetylation of a-
tubulin in murine cardiac tissue. Meaning, that Tubacin displays specific activity in the
heart and inhibits HDACG6 activity when applied systemically (Figure 5-7). In addition,
cardiac gene expression level of HDAC6 was estimated. Regarding the impact of

TSA on a-tubulin acetylation status, TSA did not induce hyperacetylation such as

Tubacin.
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Figure 5-7:Cardiac gene expression levels of HDACSG in the different treated and operated animals six
weeks after treatment; Western Blot analysis of tubulin acetylation status and R-Actin in left ventricle
samples isolated from TAC-operated Vehicle-, TSA or Tubacin-treated mice. Veh: Vehicle, TSA:
Trichostatin A, Tuba: Tubacin; 2-way ANOVA (Bonferroni posttest).
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ANF

5.2.2 HDACI prevented induction of pathological marker expression after TAC

Besides echocardiography, gene expression profiles of pathological markers were
examined in the six treatment groups. ANF and BNP were significantly increased in
TAC-operated animals treated with Vehicle, when compared to SHAM-operated
Vehicle-treated mice. Treatment with TSA and Tubacin significantly prevented the
increase of gene expression levels of both ANF and BNP. The outcome of the gene

expression analysis confirm our in vitro results, described previously (Figure 5-2).
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Figure 5-8: Cardiac gene expression levels from hypertrophic markers ANF and BNP (ANF: Atrial
Natriuretic Factor, BNP: Brain Natriuretic Peptide). Veh: Vehicle, TSA: Trichostatin A, Tuba: Tubacin;
Values are means + SEM. 88 p<0.01 vs. SHAM Vehicle, & p<0.05 vs. TAC Vehicle, && p<0.01 vs.
TAC Vehicle, &&& p<0.001 vs. TAC Vehicle; 2-way ANOVA (Bonferroni posttest).
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5.3 Metabolic phenotyping of TAC/SHAM-operated mice showed no

differences

Recent data indicate that TAC-intervention induces systemic metabolic dysfunction,
leading to an increased lipolytic activity, inflammation of adipose tissue and marked
insulin resistance and glucose intolerance (Shimizu et al., 2012). Therefore in our
experiments we included also a glucose-tolerance-test (GTT) and metabolic
phenotyping using the TSE-Labmaster-system. Importantly, all groups of animals
showed similar body weight (BW) development, fat pads weight, and fat and lean
mass (Table 5-2). In the glucose-tolerance-test were no significant changes among
the different treatment groups, except in both Vehicle groups, showing significantly

lower fasting blood glucose levels in the first measurement (Figure 5-9).
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Figure 5-9: Body weight (BW) development. Veh: Vehicle, TSA: Trichostatin A, Tuba: Tubacin. Values
are means + SEM. § p<0.05 vs. SHAM Vehicle, # p<0.05 vs. SHAM Tubacin; 2-way ANOVA with
repeated measurements (Bonferroni posttest). Systemic glucose tolerance test (GTT) showed no
effect by the treatment or/and TAC-intervention. Values are means + SEM. § p<0.05 vs. SHAM

Vehicle, 2-way ANOVA with repeated measurements (Bonferroni posttest).
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Furthermore, all animals were analyzed in metabolic cages for 24 h to determine
respiratory quotient (RQ), locomotor activity and food intake. Different
treated/operated animals showed no differences in RQ, locomotor activity and food
intake (Figure 5-10).
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Figure 5-10: Respiratory quotient (RQ), locomotor activity and food intake analyzed in TSE-labmaster
system six weeks after surgery. Veh: Vehicle, TSA: Trichostatin A, Tuba: Tubacin; 2-way ANOVA
(Bonferroni posttest).
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5.3.1 Metabolic key enzymes were not affected by the treatment of HDACI

Next, gene expression levels from key enzymes involved in cardiac lipid oxidation
and cardiac glucose transport were investigated to analyse the effect of both HDACi
on cardiac metabolism. Carnitine palmitoyltransferase 1 beta (CPT1beta), Acyl-CoA
synthetase (ACSL) and Fatty acid (FA) transporter Cluster of Differentiation 36/fatty
acid translocase (CD36) are enzymes mediating FA transport and -oxidation, Glutl
and Glut4 are glucose transporters. Cardiac expression of all analysed
enzymes/transporters was not significantly affected by the treatment and/or
intervention. Only Glutl transporter was significantly regulated in TAC-Tubacin-

treated mice when compared to TAC-TSA-treated group (Figure 5-11, Figure 5-12).
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Figure 5-11: Cardiac gene expression levels of key enzymes involved in beta-oxidation; ACSL, Acyl-
CoA synthetase-1; CPT1-beta, Carnitine palmitoyltransferase 1 beta; CD36, Cluster of Differentiation
36/fatty acid translocase, Veh: Vehicle, TSA: Trichostatin A, Tuba: Tubacin; 2-way ANOVA (Bonferroni
posttest).
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Figure 5-12: Cardiac gene expression levels of genes involved in glucose transport; Glutl and Glut4;
glucose transporter, Veh: Vehicle, TSA: Trichostatin A, Tuba: Tubacin; ~ p<0.05 vs. TAC TSA; 2-way
ANOVA (Bonferroni posttest).

In summary key metabolic parameters are represented in Table 5-2.

Table 5-2: Metabolic characterization in TAC- and SHAM-operated mice six weeks after surgery and
intervention. Represented are mean values + SEM. WAT: white adipose tissue, TSA: Trichostatin A,

Tuba: Tubacin.

Vehicle Vehicle TSA TSA Tuba Tuba

SHAM TAC SHAM TAC SHAM TAC
Glucose 164.80 140.60 163.75 163.29 170.00 151.75
[mg/dl] +17.65 +9.00 +10.69 +7.99 +6.91 +9.05
BW [g] 24.48 26.07 £ 25.41 25.32 26.67 26.08

+0.52 0.71 +0.28 + 0.42* +0.23 +0.71
Lean mass 18.48 19.84 19.81 19.73 20.13 20.45
[NMR] +0.61 +1.11 +0.20 +0.30 +0.30 +0.46
Fat mass 2.10 2.26 1.74 1.96 2.36 2.05
[NMR] +0.10 +0.15 +0.11 +0.14 +0.18 +0.12
WAT 0.28 0.25 0.25 0.28 0.32 0.28
epididym [g] +0.02 +0.03 +0.01 +0.02 +0.01 +0.01
WAT 0.11 0.10 0.06 0.06 0.12 0.10
perirenal [g] +0.01 +0.01 +0.01 +0.01 +0.01 +0.01
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5.4 Autophagy as a possible molecular mechanism was not affected

Gene expression analyses of autophagy marker p62 and Bec-1 were done in cardiac
tissue from the TAC experiment to investigate cardiac autophagy, thereby explaining
a possible molecular mechanism for Tubacin action. HDAC6 seems to play an
important role in the process of autophagy, a crucial intracellular protein degradation
pathway (chapter 1.3.1).

Ubiquitin-binding protein p62 is an autophagosome cargo protein and Beclin-1 (Bec-
1) regulates the process of autophagy. As presented in Figure 5-13, we observed no
regulation of Bec-1 on mRNA and protein levels. Furthermore, p62 was not affected

on MRNA level after six weeks of treatment with TSA and Tubacin.
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Figure 5-13: Cardiac gene expression of p62 (ubiquitin-binding protein) and beclin-1 (Bec-1), WB
analysis of the expression levels of bec-1 and 3-actin in cardiac tissue samples isolated from SHAM

and TAC operated Vehicle-treated mice.
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Results

5.5 HDACS inhibition in the Iso-induced cardiomyopathy model

Early changes during TAC intervention do not include cardiac fibrosis or cardiac
inflammation. In order to study the effect of HDACi on these processes we used an
additional model of Iso-induced cardiomyopathy known for extensive cardiac fibrosis
and distinct cardiac inflammation. At the end of the experiment echocardiographic,

histological, gene expression and protein analysis were performed.

5.5.1 Conventional echocardiography

Wall thickness analysis was performed using M-mode images from the
echocardiography, similar to our TAC-study. Both LVPW and IVS values were
significantly higher in Iso-Vehicle animals (Figure 5-14). IVS was attenuated in Iso-
Tubacin-treated mice. LVM was strongly elevated in Iso-Vehicle mice, however these

changes did not reach statistical significance.
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Figure 5-14: Echocardiographic analysis after 20 days of treatment with Tubacin (Tuba) or Vehicle
(Veh) and treatment for four days with Isoproterenol (Iso) or Vehicle (Veh); IVS: left ventricular inter-
septum, LVPW: left ventricular posterior wall, increase of left ventricular mass (LVM) from baseline to
20 days; values are means + SEM. §88~ p<0.001 vs. Vehicle Vehicle, §~ p<0.05 vs. Vehicle Vehicle,
&&&&~ p<0.0001 vs. Isoproterenol Vehicle; 2-way ANOVA (Bonferroni posttest).

62



Results

5.5.2 Speckle tracking echocardiography

Besides conventional echocardiography, speckle tracking echocardiography (STE)-
based analysis was used to investigate longitudinal strain and longitudinal strain rate,
(described in chapter 4.2.4.2). Alterations within myocardial deformation along the
cardiac long axis during systole can be detected by assessment of global longitudinal
peak strain (LS). Longitudinal strain was significantly reduced in the Iso-Vehicle
group (Figure 5-15) compared to the Vehicle-Vehicle group. The Iso-Tubacin group
showed also decreased longitudinal strain values, when compared to the Vehicle-
Tubacin group. Regarding the longitudinal strain rate there were no significant

changes in the differently treated groups.
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Figure 5-15: Global longitudinal strain (LS), longitudinal strain rate after Isoproterenol injection (Iso)
for four days and 20 days of treatment with Vehicle (Veh) or Tubacin (Tuba); Values are means *
SEM. 888~ p<0.001 vs. Vehicle Vehicle; 2-way ANOVA (Bonferroni posttest).
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In summary, cardiac function parameters are represented in Table 5-3.

Table 5-3: Cardiac function parameters in Vehicle- and Isoproterenol (Iso)-treated mice 20 days after

Vehicle or Tubacin treatment.

Vehicle Tubacin Vehicle Tubacin
Vehicle Vehicle Iso Iso
IVSd [mm] 0.49 £0.16 0.48 £ 0.15 0.55 + 0.18 888 0.45 + 0.17 &&&&
LVPWd [mm] 0.43+0.14 0.46+ 0.15 0.49+0.16 8 0.46 +0.17
LVM [mg]-
] 8.72+3.82 7.01+2.95 18.95 + 3.67 9.19 + 4.27
increase
LS [%] -17.31 +£0.89 -16.39 + 1.01 -12.14 + 1.14888 -14.61 + 2.09
EF [%] 50.6 +1.4 478+2.4 46.6 £1.9 46.7 £ 3.3
FS[%] 24.3+1.0 225+1.3 23.1+15 225+21
HR [bpm] 407.5+8.5 386.8+8.0 396.7 +18.0 4148+ 11.2
ESV [ul] 16.60 + 1.31 19.72 +2.32 20.30+£1.24 22.56 + 2.09

Values are means + SEM. 888 p<0.001 vs. Vehicle-Vehicle, § p<0.05 vs. Vehicle-Vehicle, &&&&

p<0.0001 vs. Iso-Vehicle. IVSd: left ventricular inter-septum during diastole, LVPWd: left ventricular

posterior wall during diastole, LVM: left ventricular mass (increase of LVM: from baseline to week 6),

LS: global longitudinal peak strain, EF: ejection fraction, FS: fractional shortening, HR: heart rate,

ESV: end systolic volume.
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5.5.3 Histological analysis showed no differences in the development of

cardiac fibrosis in both Iso-treated groups

Histological analysis was performed to study the Iso-associated pro-fibrotic and pro-
inflammatory processes in the heart. This was done in collaboration with Prof.
Klopfleisch. Quantitative analysis of the fibrosis in percentage is shown (Figure 5-16,
upper panel). The collagen content was significantly increased in Iso-Vehicle and in
Iso-Tubacin treated animals when compared to the Vehicle-treated groups. There
was no difference between the Iso-Vehicle and Iso-Tubacin group (Figure 5-16). In
the picrosirius red-stained heart cross-sections the fibrosis content is visibly

increased in the Iso-treated groups.
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Figure 5-16: Analysis of cardiac fibrosis calculated based on microscopic sections of heart tissues
stained with Picrosirius red, shown in percentage and representative images of picrosirius red-stained
heart cross-sections; Veh, Vehicle; Tuba, Tubacin; Iso, Isoproterenol; values are means + SEM. 8§
p<0.01 vs. Vehicle-Vehicle, *** p<0.001 vs. Vehicle-Tubacin, Iso-Vehicle and Iso-Tubacin-treated

group were n.s. (not significant); 2-way ANOVA (Bonferroni posttest).
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5.5.4 Gene expression levels of pathological markers were not affected by the

treatment with Tubacin after Iso-injection

Similar to the histological and echocardiographic results presented above, both Iso-

treated groups of animals showed no significant differences in gene expression

levels of ANF and BNP (Figure 5-17).

n.s. - n.s.
4 LS 159 _
@ 34 7]
o € 1.04 I
g §88 L8
L < 24 - z <
<Z o
E € 0.54
2 14 I 2
5 5
] @
0- T T 0.0- T T
Veh Veh Veh Tuba IsoVeh Iso Tuba VehVeh Veh Tuba IsoVeh

Iso Tuba

Figure 5-17: Gene expression levels of pathological markers ANF and BNP (ANF: Atrial Natriuretic

Factor, BNP: Brain Natriuretic Peptide) after Iso-injection for four days and 20 days of treatment with

Vehicle (Veh) or Tubacin (Tuba); Values are means + SEM. ** p<0.01 vs. Vehicle-Tubacin; Iso-Vehicle

and Iso-Tubacin-treated group were n.s. (not significant); 2-way ANOVA (Bonferroni posttest).
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5.5.5 Gene expression levels of fibrosis and inflammation markers were not

regulated by the treatment of Tubacin in the Iso groups

Collagenl (Coll) and Collagen3 (Col3) are proteins involved in the pro-fibrotic
processes in the myocardium. Cardiac gene expression levels of Coll and Col3 were
significantly upregulated in Iso-Tubacin-treated groups. There were no significant
differences in Iso-Vehicle and Iso-Tubacin mice regarding gene expression levels of
Coll and Col3. Cluster of Differentiation 68 (CD68) is a marker for inflammation.
Cardiac gene expression levels of CD68 were significantly increased in both Iso-
treated animals. Nevertheless we observed no significant differences between Iso-
Vehicle and Iso-Tubacin—treated animals. Taken together, these results indicate that

Tubacin shows no anti-inflammatory and anti-fibrotic properties in our model.
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Figure 5-18: Gene expression levels of fibrosis and inflammation markers; Coll, Collagenl; Col3,
Collagen3; CD68, Cluster of Differentiation 68; Veh, Vehicle; Tuba, Tubacin; Iso, Isoproterenol.Values
are means + SEM. * p<0.05 vs. Vehicle-Tubacin, ** p<0.01 vs. Vehicle-Tubacin, § p<0.05 vs. Vehicle-
Vehicle; Iso-Vehicle and Iso-Tubacin-treated group were n.s. (not significant); 2-way ANOVA

(Bonferroni posttest).
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Results

5.5.6 Intraperitoneal injection of Tubacin leads to altered acetylation status of

a-tubulin

Cardiac HDACG6 expression was not regulated by Tubacin application in the Iso
experiment, similar to the HDACSG regulation in the TAC model (Figure 5-7). HDAC6
activity was defined by the acetylation status of a-tubulin in cardiac tissue. A slight
decrease in the acetylation rate of a-tubulin was observed in Iso-treated mice (Figure
5-19). Tubacin-treated mice showed an increased acetylation status of a-tubulin
which indicates less HDACG6 activity in the heart. This means that Tubacin reached

the cardiac tissue by systemic application.

n.s.

1.54

0.54

HDACS
relative mRNA expression

0.0-

VehVeh Veh Tuba IsoVeh Iso Tuba

52 KD | e e D e s i | -AC-Tubulin 52 kDa | S S s s s—_—| - AC-Tubulin
45 KDa |w— - e w— o— | _3_Actin 45 KDa [ _ B-Actin
Veh Iso Iso + Veh Iso + Tuba

Figure 5-19: Cardiac gene expression levels of HDAC6. WB analysis of acetylated tubulin and 3-actin
in cardiac tissue samples isolated from Vehicle-Vehicle and Iso-Vehicle treated mice or Iso-Vehicle

and Iso-Tubacin treated mice.
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6 Discussion

In this pre-clinical study, the functional importance of the specific HDAC6i Tubacin
was investigated on cardiac function in vivo and in vitro.

Experiments were performed in HL-1 cells and showed anti-hypertrophic effects of
both Tubacin and a general HDACi TSA. Furthermore, in a pressure overload-
induced mouse model of cardiac hypertrophy, Tubacin prevented the cardiac TAC-
induced hypertrophic response. Metabolic phenotyping showed no major differences
among different treatment group.

In the Iso-induced cardiac fibrosis model, treatment with Tubacin does not improve
cardiac function meaning Tubacin does not interfere with other pathological
remodeling processes in the heart, such as fibrosis.

In summary, Tubacin might be a promising therapeutic agent for the treatment of
pathological cardiac hypertrophy. However, the exact molecular mechanism remains
unclear. However, the positive influence of Tubacin on the development of
pathological cardiac hypertrophy coincides with its ability to regulate the cardiac
tubulin-acetylation status.
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6.1 HL-1 cells as a model for cardiomyoctes

In this study, we performed in vitro experiments with HL-1 cells analyzing the
influence of the HDACI Tubacin and TSA on the hypertrophic response to ET-1.

So far, HL-1 cells originally deriving from atrial myocytes are the only available long-
term cultured cardiomyocytes which contract spontaneously and proliferate. HL-1
cells are a stable cell line, not prone to external influences and show characteristics
of differentiated cardiomyocytes (Bloch et al., 2016; Claycomb et al., 1998).
Passaging HL-1 cells is possible but in high passages they start to change their
morphology and also their molecular signaling pattern (Claycomb et al., 1998).
Therefore, when cells started to change their morphology, we unfroze cells in lower
passages and used them for further experiments.

In this study, the key markers for pathological cardiac hypertrophy such as ANF and
B-MHCH were investigated on mRNA expression levels in HL-1 cells. Cells treated
with HDACi TSA + ET-1 or Tubacin + ET-1 showed significantly diminished gene
expression levels of ANF and 3-MHCH compared to ET-1 treated cells (Figure 5-2).
ET-1 is a potent vasoconstrictor and is known to induce cardiac hypertrophy (Foryst-
Ludwig et al., 2015b; Nakagawa et al., 2006). ET-1 binds on G-protein receptors and
blood pressure raises due to an increase peripheral resistance in the vessels.

In our study, the cell area of the HL-1 cells increased after ET-1 treatment (Figure
5-3). Previously, in a similar set of experiments we investigated the development of
physiological cardiac hypertrophy also in HL-1 cells (Foryst-Ludwig et al., 2015a). In
that study we identified some of the fatty acids species (FA mixture containing C14:0,
C16:0, and C16:1n7) as pro-hypertrophic stimuli (Foryst-Ludwig et al., 2015a).
Treatment of HL-1 cells with FAs leads to the activation of AKT-kinase and induced
physiological hypertrophic response in those cells.

Considering that every cell culture system has limitations there are other possible in
vitro models to investigate cardiac hypertrophy next to HL-1 cardiomyocytes. The
limitations of HL-1 cells are that they are a very costly cell line and they originally
derived from an AT-1 atrial cardiomyocyte tumor lineage originating from C57BL/6J
mouse. Likewise, primary isolated embryonic and neonatal cardiomyocytes from rats
or mice have similar molecular signaling pathways compared to physiological in vivo

conditions. However, utilization of embryonic primary cardiomyocytes (PCM) is linked
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to some difficulties. Primary cardiomyocytes display embryonic characteristic and are
not reacting in vitro as adult cardiomyocytes (White et al., 2004). Main limitations of
both models, the adult and embryonic PCMs, are that they are not able to proliferate.
PCMs can be used for short time experiments. The adult mouse PCMs show typical
adult cardiomyocyte function and structure and represent the closest model used for
investigations of contractile mechanics, protein expression, electrophysiology and
cellular functions (Li et al., 2014; Louch et al., 2011).

Over recent years, other possible in vitro models were established to investigate the
morphology and function of cardiomyocytes. Studies with pluripotent stem cells
(PSCs) such as murine embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) were performed to explore cardiac biology and are thinkable models for
this present study (Masumoto et al., 2014; Rana et al.,, 2012). Another promising
model is the utilization of human cardiomyocytes (HCM). They were previous used in
our group from Jana Grune to investigate cardiac properties. However, since HCM
are very expensive, and can be keeping in culture for short period of time, long-term
experiments are difficult to perform because of their ability to dedifferentiate (Force
and Kolaja, 2011). Furthermore, since HCM are isolated from different donor hearts
there are also differ, depending on the donor (health, age and sex).

Taken together, presently no cardiomyocyte cell lines are available for studies which
are derived from the ventricles (Li et al., 2014). In this study, further experiments in
primary cardiomyocytes would be advantageous to repeat the HL-1 experiments and
to confirm the results (Figure 5 2). Additionally, possible other in vitro experiments
should be done regarding calcium signaling, contractility and mitochondria function to
analyse the effect of the HDACI.
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6.2 The model of Transverse Aortic Constriction (TAC) led to pathological

cardiac hypertrophy

In the present study myocardial hypertrophy was induced by the established
pressure-overload TAC model in male mice (deAlmeida et al., 2010; Rockman et al.,
1991). Previously, it was shown that there are sex differences in the development of
pathological cardiac hypertrophy (Fliegner et al., 2010; Kararigas et al., 2014;
Skavdahl et al., 2005). In male mice the development of cardiac hypertrophy was
significantly more pronounced, when compared with female littermates (Fliegner et
al., 2010). Therefore, only male mice were included in this pre-clinical study.

First, the TAC model was established by Rockman and colleagues to mimic cardiac
diseases induced by e.g. aortic stenosis or hypertension (Rockman et al., 1991).
TAC is an approved reproducible model where the development of cardiac
hypertrophy is steadily induced by a permanent increment of workload, which can
lead to heart failure depending on experimental time period and tightness of banding
the aorta. Heart failure is characterized by a dilatation of the LV and cardiac diastolic
and systolic dysfunction (Lips et al., 2003).

After 6 weeks of surgery, cardiac hypertrophy was developed, which was confirmed
by echocardiographic analysis, with regards to the parameters such as LVM, EF and
FS. In our study EF and FS were not affected by TAC 6 weeks post intervention in
the differently treated and operated groups. Also the chamber lumen of the LV was
not influenced. In addition, a dilatation of the LV did not occur. Taken together, the
significant thickening of both walls, anterior and posterior, and thereby increment of
LVM in TAC-operated mice with no changes in chamber volume is characteristic for a
pronounced concentric LV hypertrophy. It is well documented that pressure overload
leads to concentric hypertrophy which is characterized by increased wall thickening
and total cardiac mass, with no differences in the chamber volume and preserved
systolic function (Bernardo et al., 2010).

Because of an intra-operative variability of banding the aorta in the mice, differences
in the development of hypertrophy could occur (Lygate et al., 2006). To minimize
these inter-individual alterations in our study only one operator performed the
surgery. Gradient P can be determined as a tool to determine those alternations. In

our study Gradient P showed in comparable values the three TAC-operated groups,
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which indicate standardized TAC conditions in all groups. Furthermore, this
parameter allowed the identification of other differences in the surgery process, e.g.
dissolving the note. Taken together, all difficulties and variations in this model lead to
a moderate standard deviation of the results and lead to variable development of
cardiac hypertrophy.

One characteristic of pathological cardiac remodeling is the development of fibrosis
and an inflammation response (see chapter 1.5.2) (Bernardo et al., 2010; Burchfield
et al., 2013). In the TAC model, no noteworthy fibrosis and inflammation occurred six
weeks after surgery, based on histological analysis and qRT-PCR results. Some
studies published recently showed the development of cardiac fibrosis and
inflammation few weeks after TAC- intervention in mice (Fliegner et al., 2010; Kuang
et al.,, 2013; Westphal et al., 2012). One explanation for the lack of fibrosis
development after TAC is the differences in the constriction of the aorta. In a study by
Skavdahl, they used a 27-gauge needle for TAC surgery. We used a 26-gauge
needle, similar to the study from Fliegner et al. (Fliegner et al., 2010; Skavdahl et al.,
2005). It is possible that using a 27-gauge needle in the study could induce a more
severe form of hypertrophy and therefore in later phases initiation of fibrosis and
inflammation. Like previously mentioned also the mouse strain has an influence on
the extent of cardiac remodeling.

Another option to investigate cardiac remodeling in this model would be an extended
observation period post-TAC. The transition from cardiac hypertrophy to heart failure
is linked with more matured remodeling processes. In the TAC study the mice had
increased load caused by the TAC-intervention itself, echocardiography and the
metabolic analyses at the end of the study. Additionally, the animals received the
substances intraperitoneal every day. To avoid more stress for the mice we used a
further model to investigate the effect of the specific HDAC6i Tubacin on other
cardiac remodeling processes such as fibrosis.

There are various other possible models which induce pathological hypertrophy in
vivo such as chronic infusion of Ang Il or treatment with Iso (Choi et al., 2015;
Demos-Davies et al., 2014; Kao et al., 2013; Kee et al., 2006).

Ang Il is a peptide hormone, which increases blood pressure by direct
vasoconstriction and releasement of aldosterone. Typically, chronic infusion by Ang II

is performed by osmotic minipumps inserted in the animals, releasing permanent Ang
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Il into the organism (Demos-Davies et al., 2014). Chronic infusion with Ang Il by the
osmotic minipumps just allows to investigate the effects of the RAS activation. By
using the TAC model, further pathways are activated and therefore can be examine.
Our aim in this study was to analyze different pathways and the impact of HDACIi on
these pathways. Hence, we selected the TAC model for our investigations.

In summary, the pressure overload-induced TAC model is a well-established method
to generate cardiac hypertrophy in mice. To investigate additional cardiac remodeling
processes other models such as the Iso model are possible methods to analyze

fibrosis and inflammation.

6.2.1 Treatment with HDACi Tubacin and TSA reduced cardiac hypertrophic

response in the TAC model

In the field of oncology, the use of HDACI is widespread. HDACi are blocking
proliferation and development of tumors (Berry et al., 2008). In various preclinical in
vivo studies it was shown that a broad-spectrum HDACI such as TSA showed anti-
hypertrophic effects and diminished pathological cardiac hypertrophy (Berry et al.,
2008; Cao et al., 2011; Kao et al., 2013; Kee et al., 2006; Kong et al., 2006; Kook et
al., 2003; Ooi et al., 2015).

This is the first study that analyzes the effect of the specific HDAC6i Tubacin in a
pressure-overload induced cardiac hypertrophy in mice. Echocardiographic
parameters and gene expression levels of pathological markers showed that both
HDACIi, TSA and Tubacin, reduced the development of pathological cardiac
hypertrophy in TAC-operated mice.

The anti-hypertrophic effect of TSA on cardiac hypertrophy was more pronounced
compared to Tubacin’s action likely because of the simultaneous inhibition of various
HDACs (HDACs 1, 3, 4, 6 and 10). TSA inhibits HDACs class | and Il selectively. Cao
and colleagues showed that the HDAC activity is involved in the hypertrophic process
of the heart. The general HDACi TSA was demonstrated to reduce or even reverse to
some extend the development of cardiac pathological hypertrophy in a TAC model
(Cao et al.,, 2011). Kee and colleagues induced cardiac hypertrophy by Ang Il or
aortic banding in mice and rats. Both general HDACI Trichostatin A and valproic acid

decreased cardiac hypertrophy, the expression of pathological markers, a-tubulin-
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acetylation and the development of interstitial fibrosis (Kee et al., 2006). Also another
TAC study showed the effectivity of TSA regarding cardiac hypertrophy. TSA
prevented the development of cardiac hypertrophy (Ooi et al., 2015).

In our study, TSA was used as a positive control and the potency of TSA was
compared with the specific HDACG6i Tubacin.

There are just a few studies which investigated the role of specific HDACG6i on
cardiac function, especially cardiac hypertrophy. One of the well investigated HDACG6i
is Tubastatin A. Demos-Davies and colleagues induced cardiac remodeling by
chronic Ang ll-infusion pumps or TAC-intervention. Conveniently to our study, they
showed that usage of a specific HDACG6i such as Tubastatin A enhanced cardiac
function and reduced cardiac hypertrophy compared to control animals. Furthermore,
they showed that HDACG6 null mice had improved cardiac function after TAC-
intervention meaning that deletion of HDAC6 has similar cardioprotective effects
such as treatment with specific HDACG6i (Demos-Davies et al., 2014). After Ang Il
infusion HDACG6-deficient mice had improved EF and FS compared to control
animals. In contrast, in our study in both in vivo experiments EF and FS were not
affected by TAC-intervention or Iso-treatment suggesting that in our model we mainly
investigated the development of cardiac hypertrophy and not heart failure. Our study
and the study from Demos-Davies and colleagues also differ regarding the used
mouse strain. In our model we used C57BI/6 mice and in the study from Demos-
Davies and colleagues they used SV/129 mice for the TAC-intervention. The different
study set-ups from both studies regarding mouse strain and the different investigated
endpoint, may explain the discrepant results between our study and previously
published data.

At the moment, more investigations are carried out with newly developed HDACI as
potential agents to treat cardiac dysregulation (Lkhagva et al., 2015). For example,
MPTOEO14 is a very new, potent and general HDACIi. Treatment with MPTOEO014
reduced heart failure in a model of Iso-induced dilated cardiomyopathy (Kao et al.,
2013). Kao and colleagues showed that usage of MPTOEO14 reduced the
development of cardiac hypertrophy. In this heart failure study they showed that the
HDACI enhanced the EF combined with lower chamber sizes in the Iso-treated rats.

Besides pathological cardiac hypertrophy, MPTOEO14 improved cardiac contractility
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and reduced the whole process of remodeling including the development of cardiac
fibrosis (Kao et al., 2013).
Taken together, HDACi seem to be a potential substance in the treatment of cardiac

hypertrophy.

6.3 TSA and Tubacin have no systemic influence on the metabolic phenotype

in the pressure overload model

In an experiment from Shimizu and colleagues, a mechanistic link between the
development of cardiac hypertrophy induced by TAC-intervention and inflammation
from adipose tissue was observed (Shimizu et al., 2012). In that study, TAC induced
predominant systematic metabolic dysfunction including glucose intolerance (Shimizu
et al., 2012). Moreover, it was found out that in pathological cardiac hypertrophy a
metabolic switch occurred where the utilization of glucose increased and fatty acid
oxidation decreased (Sack et al., 1996). Therefore, in our study metabolic
phenotyping of TAC-operated mice was performed to investigate the metabolic effect
of Tubacin and TSA applied systemically. In a previous study in our laboratory,
Winkler and colleagues showed that Tubacin interacts with glucose and fatty acid
metabolism. In summary, they showed that HDAC6 is an essential regulator of
hepatic glucocorticoid-stimulated gluconeogenesis (Winkler et al., 2012).

However, in our study we observed no TAC-induced disturbance of systemic glucose
tolerance. Furthermore, metabolic analysis performed in metabolic cages regarding
the respiratory quotient, food intake and locomotor activity showed no differences in
the differently treated groups. A possible reason is the used in vivo model because
also in the untreated TAC groups we could not confirm the metabolic disturbances
described by Shimizu. Thus, we were not able to detect any metabolic actions of
HDACI in our model. No differences in body weight development were observed in all
tested groups. Our results indicate that both Tubacin and TSA were well tolerated
and seemed to be not harmful in the applied concentrations. Gene expression levels
from key enzymes, which are involved in cardiac lipid oxidation, such as Carnitine
palmitoyltransferase 1 beta (CPT1beta), Acyl-CoA synthetase (ACSL), and Fatty acid
(FA) transporter Cluster of Differentiation 36/fatty acid translocase (CD36) and
cardiac glucose transport, Glutl and Glut4, confirmed the previous assumption, that
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TSA and Tubacin have no systemic influence on the cardiac metabolic phenotype.
But these genes were not regulated by the TAC-intervention or treatment with the
HDACI.

In summary, the metabolic phenotyping of the variously treated and operated mice
showed no differences in systemic and cardiac metabolism. Like previously
mentioned, a possible explanation for the absence of alterations in the different
treated groups is the TAC model which we were used. The TAC-intervention showed

no metabolic disturbance in the animals.

6.4 The model of Isoproterenol-induced cardiomyopathy led to the

development of cardiac fibrosis and cardiac inflammation

In the second in vivo part of this study the Iso-induced cardiomyopathy model was
used to investigate the impact of HDACG6-inhibiton on cardiac fibrosis and
inflammation in mice. Nowadays, this model is an established model to induce
fibrosis in the heart of rats and mice (Brooks and Conrad, 2009; Kao et al., 2013; Tao
et al., 2016). Iso is a synthetic and potent agonist for the beta-receptors and
therefore leads to positive inotropic and chronotropic effects in the heart. Chronic
application induces multiple adverse cardiac effects such as hypertrophy and fibrosis.
The main focus of this part of the study was the development of the cardiac fibrosis
which was significantly increased in both Iso treated groups, as shown using
echocardiographic-, histological- and gene expression analysis. Taken together, all
results showed the induction of fibrosis and inflammation by Iso treatment
(upregulated gene expression levels of collagenl, 3, CD68 and a semi quantitative
histological analysis). We observed in the Iso model a mild development of LV
hypertrophy but it was not as prominent as in the TAC model, probably due to the
shorter time period of the experiment.

In the present study we applied Iso s.c. for 4 consecutive days in the concentration of
25mg/kg BW. The application period and dosage used in our study was adapted from
the publication of Samuel and colleagues (Samuel et al., 2014). In order to reduce
mortality we have restricted the Iso-application to 4 days, instead of published
application over 5 days. Daily repeated infusions by Iso are necessary to increase

the induction of fibrosis and inflammation over the time.
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A study from George and colleagues compared the effects of Iso via serial s.c. and
i.p. injections for 5 days in rats (George et al., 2010). In that study, myocardial injury
was induced by both application types with no significant differences regarding
morphological changes.

We decided to take the same dosage like Samuel and colleagues due to the fact that
we used the same mouse strain (129 SV male mice) (Samuel et al., 2014).

However, in the literature is different information about the dosage and application
time of Iso depending on the stage of pathological cardiac remodeling and the mouse
strain. For example, in the study from Vergaro and colleagues, Iso was just applied
for two days with a concentration of 300mg/kg to induce LV systolic dysfunction in
mice (Vergaro et al., 2016). They were interested in the interaction between the
protein Galectin-3 and aldosterone in HF. In another study from An and colleagues a
single injection of 5mg/kg BW Iso was induced to investigate cardiac function (An et
al., 2016). They compared the sensitivity of STE and the conventional
echocardiography regarding the effect of the single Iso application after 3 days and 7
days in C75BI/6 mice. STE was more sensitive than conventional echocardiography
and detected changes in the cardiac function after 3 days of Iso application. Also
Bauer and colleagues defined the STE as a rapid and sensitive method to investigate
global and regional deformations in a myocardial infarction mouse model (Bauer et
al., 2011). Regarding the results from our study, in the Iso-treated groups the global
longitudinal strain was restricted after 15 days of the last Iso injection.

In comparison to the TAC model, the advantage of the used Iso-application model is
that it is a noninvasive and rapid method, with lower mortality and morbidity. Also
cardiac remodeling occurs much earlier than in the TAC model. In addition, different
pathological mechanism can be investigated such as cardiac fibrosis vs. cardiac
hypertrophy.

Altogether, the Iso model is an inexpensive and simple method to induce cardiac
remodeling with enhanced fibrosis content and moderate hypertrophy in the heart.
When focusing on cardiac hypertrophy, the TAC model seems to be the more
efficient method to use.
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6.4.1 Tubacin has no anti-fibrotic or anti-inflammatory actions in the Iso-

induced cardiomyopathy model

In the present study, the specific HDACG6i Tubacin had no anti-fibrotic effects in the
model of Iso-induced cardiac dysfunction. Using echocardiographic- and histological-
and gene expression- analysis of fibrosis and inflammation markers, we saw no
differences between both Iso treated groups (the Iso-Vehicle and the Iso-Tubacin).
The longitudinal strain (GLS) and strain rate (SR) parameters showed discrete
changes in systolic left ventricular function affecting the longitudinal contraction. In
Iso-Tubacin and Iso-Vehicle animals, longitudinal strain and strain rate were also
reduced and not affected by the treatment which may have resulted from the short
application period of the HDACI. Tubacin had no beneficial effects on the
development of fibrosis.

Other studies observed anti-fibrotic effects of specific HDACGi in the heart (Kao et al.,
2013; Tao et al., 2016). A study from Tao and colleagues investigated the role of
HDACSG6 in the development of cardiac fibrosis. They used Tubacin to regulate the
order of cardiac fibroblasts in vitro. HDAC6 expression was increased in cardiac
fibrosis tissue (Tao et al., 2016). They found out that HDAC6 prevented the
expression of RAS-association domain family protein 1A (RASSF1A). Cardiac
fibroblast activation might be influenced by RASSF1A which affects the ERK1/2
signal pathway (Tao et al.,, 2016). Moreover, another study showed anti-fibrotic
effects of the specific HDAC6i MPTOEOQ14 in failing hearts in rats (Kao et al., 2013).
The authors had a possible explanation for the anti-fibrotic effect of MPTOEO014 due
to the downregulated expression of Ang Il and TGF-[3.

Kang and colleagues found out that valproic acid, a general HDACI, reduced cardiac
fibrosis and cardiac hypertrophy in spontaneously hypertensive rats. They showed
that this improvement is linked to the acetylation of the mineralocorticoid receptor
(Kang et al., 2015). One study showed comparable results to ours with regards to
fibrosis. In that study, the fibrosis content was reduced neither in mice treated with
Tubastatin A nor in HDAC6-KO mice. Demos-Davies and colleagues performed
TAC-surgery and investigate the collagen fraction 4 weeks after intervention.
Interstitial fibrosis was not decreased in HDAC6-KO mice and not in mice treated
with Tubastatin A (Demos-Davies et al., 2014).
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In summary, the published results are controversial. Some studies showed anti-
fibrotic effects of HDACI, others found no significant change in the development of
cardiac fibrosis. The discussed studies differ also in the experimental set-ups. In the
described studies, where fibrosis was attenuated by HDACI, rats were used for the
experiments or just in vitro experiments were performed (Kao et al., 2013; Tao et al.,
2016). However, in our study mice were used. Thus, the discrepancies may result
from different species sensitivities to cardiac HDACI

In their work, they showed anti-fibrotic effects of serelaxin, an artificial peptide
hormone comparatively to relaxin, in the heart (Samuel et al., 2014).

Another possibility to investigate the role of HDACG in cardiac disease models is the
use of HDAC6-KO mice. Zhang et al. showed that HDAC6 KO mice developed
normally, with only slight alterations in immune response and in bone mineral density
and had increased acetylation status of tubulin in most organs (Zhang et al., 2008).
As discussed above, the studies from Demos-Davies and colleagues and Zhang and
colleagues are the only published works which used the HDAC6-KO model to

characterize cardiac function (Demos-Davies et al., 2014; Zhang et al., 2003).

6.5 Possible mechanisms of anti-hypertrophic HDACI action in the heart

It is known that HDACI alter the acetylation status of histones and non-histone
proteins (McKinsey, 2012a). In both in vivo parts of this study, the acetylation status
of a-tubulin was investigated. In our study, inhibition of HDAC6 by Tubacin eliminated
deacetylation of a-tubulin. Tubacin inhibited a-tubulin deacetylation in the TAC-
operated mice and in the Iso-treated mice (Figure 5-7, Figure 5-19). The a-tubulin
acetylation status is regulated by the intervention (TAC surgery or Iso-treatment). A
study from Zhang and colleagues showed comparable results (Zhang et al., 2014).
They induced atrial fibrillation by atrial tachypacing in a canine model. Tachypacing
induces deacetylation, depolimeryzation and degradation of a-tubulin. Tubastatin A, a
HDACGi, protected against cardiac remodeling in this tachypacing model by
acetylation (Zhang et al., 2014). We conclude that TAC-intervention leads to
deacetylation of a-tubulin and is associated with enhanced cardiac hypertrophy.
Increased acetylation of a-tubulin can be the reason for the anti-hypertrophic effects

of Tubacin in our in vivo and in vitro experiments.
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Generally, HDAC6 deacetylates a-tubulin, a crucial component of the microtubule
organizing center (MTOC) of the microtubules in the cytoskeleton. Microtubules take
part in the processes of cell proliferation and cell division. Furthermore, microtubules
are involved in intracellular transport and cell plasticity (Sadoul and Khochbin, 2016).
Deacetylation of microtubule is linked with an enhanced destabilization of the cell by
a-tubulin. Cytoskeletal alterations are linked with cardiac dysfunction. Hence, HDAC6
is an important enzyme which is involved in the development of the habitus of the cell
and its inhibition may be protective.

Furthermore, we investigated cardiac autophagy in the TAC model. Autophagy
activity is always present at basal levels in the cell. It guarantees the cellular
homeostasis but it is unclear which amount of autophagy is beneficial or harmful.
Autophagy levels increases as a reaction of stress such as starvation or
cardiovascular diseases, linked with chronic ischaemia, pressure overload as in the
TAC model or in heart failure (Li et al., 2016). Increment of autophagy can also be
beneficial for the cells. During autophagy the energy production is elevated and
preserved. But high amounts of autophagy can also lead to cell death due to self-
digestion (De Meyer and Martinet, 2009).

A study from McLendon and colleagues showed that the HDACG6i SAHA increased
autophagy in CryAB R129G transgenic mice which was associated with increased
tubulin acetylation (McLendon et al., 2014). This was in contrary to the results from
the study from Cao and colleagues, where they showed that the anti-hypertrophic
effect of HDACI is associated with the inhibition of autophagy after 1 week of TAC
surgery (Cao et al., 2011). Additionally, another study investigated cardiac autophagy
in HDACG6-deficient mice, infused by Ang Il and there the autophagy level was
attenuated (Demos-Davies et al., 2014) .

In our study we showed no significant differences in the expression of autophagy
markers p62 and Bec-1 due to the HDACGi treatment after 6 weeks post TAC-
intervention. Additionally, Bec-1 was not affected on protein level.

HDACG6 was reported to facilitate the fusion of autophagosomes and lysosomes (Li et
al., 2011). Furthermore, other several HDACI like HDAC1 and HDAC2 are involved in
the process of autophagy (Cao et al., 2011).

In summary, the exact molecular role of HDAC6 in the heart remains elusive.

Because of the fluctuating autophagy activity it is not easy to detect changes in the
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process of autophagy. Further investigations with different time periods should be
done to analyze the exact role of HDACG6 in the process of autophagy and if an
HDACIi such as Tubacin influence this process. Moreover in the Iso model,
autophagy marker such as Bec-1 and p62 has to be investigated on mRNA- and
protein level. It seems that the cardioprotective effects of HDACGi are probably linked
with the ability to regulate cardiac tubulin-acetylation status.

Besides diseases such as cancer, neurological disorders or viral infections, HDACI
has therapeutic potential in cardiovascular diseases (Zwergel et al., 2016). In clinical
trials most investigated HDACI are so called pan-inhibitors working on various HDAC
classes and thus, pan-HDAC-inhibitors interrupt several cellular processes (Ceccacci
and Minucci, 2016). In general, pan-HDAC-inhibitors show a wide range of side
effects such as fatique, diarrhea and bone marrow toxitiy. The advantage of using
isoform-selective HDACI such as the HDACGi Tubacin could be that they show more
safety by decreasing side effects linked with inhibition of HDACs which are not
important for the investigated pathway (Ceccacci and Minucci, 2016; McKinsey,
2012b; Thurn et al., 2011). Until now, there are various pre-clinical studies with
specific HDACSGi. It is not known if the positive effects of specific HDACG6i can be
translate into clinical use. Furthermore, it is a challenge to develop specific HDACGi
because of unknown three-dimensional structures for human isoforms. For this
reason there are just a few selective HDACGi available which have to be investigated
in clinical trials. Another approach is a combination drug therapy with HDACG6i and
other epigenetic modifiers or approved drugs.

Comprehensively, a better understanding of the molecular role of HDAC6 and the
underlying mechanism will lead to a more effective aim and use of specific HDACG6i
(Zwergel et al., 2016).
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7 Conclusion and outlook

Taken together, we showed that HDACS is a central regulator of pathological cardiac
hypertrophy. Inhibition of HDACG6 with Tubacin leads to anti-hypertrophic effects in
the heart. This was mediated by alterations of the acetylation status of cytoplasmic
mictrotubule proteins such as a-tubulin. Our results suggest that HDAC6-specific
inhibitors such as Tubacin might be a promising pharmacological tool to prevent
cardiac pathological hypertrophy and heart failure. Specific HDACi are more selective
and safer than unselective HDACi. A protective effect of Tubacin against the
development of fibrosis was not detected.

Further experiments can be performed on isolated primary cardiomyocytes to
investigate cardiomyocytic contractility, calcium signaling and mitochondria function
and to confirm the HL-1 experiments in primary cells.

Additionally, to investigate the molecular mechanisms of Tubacin the autophagic
activity and the exact role of HDACSG in this fluctuating process have to be analyzed.
In vivo and in vitro experiments have to be done with different time points to detect
important alterations in the process of autophagy.

A possible next step is to perform an acetylation screening of potential proteins which
are deacetylated by HDAC6 and to identify new anti-hypertrophic mechanisms of
HDACGI.
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8 Abstract

Histone Deacetylases (HDACSs) are considered as central regulators of cardiac mal-
adaptive hypertrophy. In particular, enzymatic activity of HDAC6 is strongly
upregulated in different models of pressure-induced cardiac hypertrophy. Therefore,
the effects of a general HDAC inhibitor (HDACI) Trichostatin A (TSA) and a HDACG6
specific inhibitor (HDACG6i) Tubacin were investigated in the development and
progression of mal-adaptive cardiac hypertrophy in vivo and in vitro. Furthermore, we
explored the effect of Tubacin in a mice model of isoproterenol (Iso)-induced cardiac
dysfunction to investigate fibrosis and inflammation.

In vitro pharmacological effects of both inhibitors TSA and Tubacin were tested in
HL-1 cells. The hypertrophic response of the murine HL-1 cardiomyocytes to
endothelin 1 (ET-1) stimulation led to the induction of mMRNA expression of
pathological markers such as atrial natriuretic factor (ANF) and beta-myosin heavy
chain (beta-MHCH). Treatment with Tubacin and TSA significantly reduced the
hypertrophic effect of ET-1. The in vitro study was complemented by immunostaining
experiments in HL-1 cardiomyocytes confirming the anti-hypertrophic effects of
Tubacin und TSA.

Furthermore, we performed the Transverse Aortic Constriction (TAC) mouse model
to investigate the functional importance of the specific HDAC6i Tubacin in the
development of cardiac hypertrophy. This in vivo study demonstrated for the first time
that treatment with the selective HDACG6i Tubacin significantly reduces cardiac
hypertrophic response in the TAC mouse model. The treatment did not reduce the
development of cardiac inflammation and cardiac fibrosis in model of Iso-induced
cardiac dysfunction.

In summary, HDACG6 specific inhibitors may be promising pharmacological tools to
prevent mal-adaptive hypertrophy in the future. Although the underlying mechanism
remains elusive, beneficial anti-hypertrophic effects of Tubacin were associated with

its ability to regulate the cardiac tubulin-acetylation status.
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Graphical Abstract
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The selective HDACS inhibitor Tubacin prevents cardiac hypertrophy.
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9 Zusammenfassung

Histondeacetylasen (HDACs) wurden als zentrale Regulatoren mal-adaptiver
Hypertrophie identifiziert. Insbesondere die Aktivitat von HDACG6 scheint eine
wichtige Rolle bei der Entstehung kardialer Hypertrophie zu spielen. Deswegen
wurde in dieser Arbeit der direkte Einfluss eines HDACG6-spezifischen Inhibitors
(HDACG6I) Tubacin im direkten Vergleich mit einem generellen HDAC Inhibitor
(HDACI) Trichostatin A (TSA) in vitro und in vivo untersucht.

Es wurde die hemmende Wirkung der beiden HDACi TSA und Tubacin an der
Endothelin 1 (ET-1)-induzierten Hypertrophie in murinen HL1-Kardiomyozyten
getestet. Das Ausmald der mal-adaptiven Hypertrophie der HL-1 Zellen in den
verschiedenen Behandlungsgruppen wurde mit pathologischen Markern auf
Genexpressionsebene analysiert. Beide HDACI zeigten eine hemmende Wirkung auf
die ET-1-induzierte Regulation der pathologischen Hypertrophiemarker mit einer
verminderten Genexpression. Durch Immunfarbung wurde der antihypertrophe Effekt
von Tubacin und TSA bestatigt.

Desweiteren wurden in vivo Experimente durchgefuhrt um die Wirkung von Tubacin
in der Entwicklung kardialer Hypertrophie und kardialer Fibrose zu untersuchen.
Zusammenfassend zeigen die HDACi TSA und Tubacin eine Verbesserung der
kardialen pathologischen Hypertrophie. Die Behandlung mit Tubacin reduzierte
jedoch nicht die Entstehung kardialer Fibrose. Der potenzielle klinische Einsatz von
Tubacin kdnnte eine attraktive therapeutische Option zur Behandlung pathologischer

Hypertrophie darstellen.
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