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GENERAL INTRODUCTION 

1. Atrial fibrillation, clinical aspects 

Atrial fibrillation (AF) is the most common clinical tachyarrhythmia accounting for 

approximately one-third of hospitalizations for cardiac rhythm disturbances with an annual 

cost of 13 billion euro in the European Union.1 Its incidence is age-related and growing 

alarmingly in the ageing population. With the present trend, more than 30 million North 

Americans and Europeans will be affected with AF by 2050.1 AF can be caused by 

underlying cardiovascular conditions, including hypertension, cardiac surgery, pericarditis, 

congestive heart failure, coronary heart disease, congenital heart disease, pneumonia or 

other acute pulmonary diseases.2, 3 In about 30% of AF patients, clinical signs of underlying 

heart diseases are absent, and these patients are referred to as having ‘lone’ AF. Recent 

studies showed that additional risk factors, such as alcohol abuse, obesity, metabolic 

syndrome, psychological stress or genetic factors, are linked to this group of ‘lone’ AF 

patients.4-6 

 

Figure 1: Electrical cardiac activation in sinus rhythm and atrial fibrillation. A)  In sinus rhythm (SR), 
the electrical impulse emanates from the sinus node, causing stimulation (P wave on electrocardiogram 

(ECG)) and contraction in the atria. This impulse slows as it passes through the atrioventricular (AV) node 

(generating the PR interval) before reaching the ventricles via rapidly conducting specialized tissue. 
Ventricular activation provides for coordinated contraction of the ventricles and is visible on the ECG as the 

QRS complex. B)  During AF, coordinated electrical and mechanical activity is replaced by multiple 

reentrant electrical wavelets and absence of effective contraction of the atria. On the ECG, organized P 

waves are absent, and the QRS complexes are irregularly spaced. Figures adapted from Page et al. Nat Rev 

Drug Discov. 2005.7  

In the healthy heart, the normal electrical impulses are generated by auto-rhythmic 

cells of the sinus node and travel through the two upper chambers (atria) of the heart to 

reach the ventricles via the purkinje fibers and the atrio-ventricular node (AV node). At 

rest, the normal impulses lead to a typical heartbeat of about 60-70 beats per minute (bpm), 
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which can reach up to 180-200 bpm during heavy exercise. During an episode of AF, the 

normal electrical impulses are overwhelmed by disorganized and much faster impulses 

(400-600bpm), derived from the atria and/or pulmonary veins, resulting the atria quivering 

or fibrillating (Figure 1). By virtue of the limited conductive capacity of the AV node, only 

about a third of these irregular impulses are transferred, generating a ventricular rate of 

about 100-200 bpm.8 When AF persists, the likelihood to develop chronic heart failure, 

stroke, thromboembolism or infarction increases.2, 8 Therefore, an important therapeutic 

aim is to prevent or attenuate AF induction and progression.  

In AF, the irregular heartbeats can occur in episodes lasting from several minutes to 

weeks, till months to years. In many cases, AF is asymptomatic and the arrhythmia is only 

discovered during a routine physical examination. In other patients, AF is diagnosed by the 

clinician because of symptoms related to a rapid heartbeat, like light-headedness, 

palpitations or chest discomfort. Occasionally, rapid and irregular heartbeats may also be 

perceived as angina, shortness of breath or edema.  

According the 2014 AHA/ACC/HRS guidelines for the management of patients with 

AF, AF can be divided into 4 categories:  

 

An important feature of AF is its natural tendency to progress towards longer and more 

frequent attacks. The consequence of AF progression is that many patients with paroxysmal 

AF develop the persistent form of the disease.  AF persistence is rooted in the progressive 

changes in cardiomyocytes and/or their connections with each other or other cell types, 

which make the atria more vulnerable for the arrhythmia (‘AF begets AF’).9 This 

progressive changes in cardiomyocytes are also known as atrial arrythmogenic 

remodeling.10          
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2.  State of the art: molecular mechanisms underlying AF progression 

Atrial arrythmogenic remodeling, defined as any change in atrial structure or function 

that promotes atrial arrhythmia, is central to AF progression.9 During the past decades, 

various mechanisms have been identified which promote the occurrence or maintenance of 

AF (Figure 2). 

 

Figure 2: Overview of AF-induced cardiomyocyte remodeling. AF induces time-related progressive remodeling. 

First, AF causes a stressful cellular Ca2+ overload, which results in a direct inhibition of the L-type Ca2+ channel, 

shortening of action potential duration and contractile dysfunction. These changes have an early onset and are 
reversible.9, 11 The early processes protect the cardiomyocyte against Ca2+ overload but at the expense of creating a 

substrate for persistent AF. When AF persists derailment of proteostasis occurs, including induction of protein 

degradation,12, 13 changes in gene expression (epigenetics), post-translational modifications, and exhaustion of 
protective HSPs.14-16 The key modulators also activate each other.17 Derailment of proteostasis results in 

sustainable structural remodeling, myolysis/ hibernation, and consequently impaired contractile function and AF 

persistence.17 Autophagy, class I/ IIa HDACs and HDAC6 may represent key modulators of structural remodeling 
and consequently contractile dysfunction due to their role in protein degradation18 , regulation of pathological gene 

expression 19 and posttranslational modification of cytoskeletal and contractile proteins.19 

Reversible Electrical remodeling 

An important concept in AF research originated from the notion that AF, once 

initiated, alters atrial electrophysiological properties in a manner that favours the induction 

and persistence of AF.9 During AF, atrial cardiomyocytes are subjected to very rapid (400-

600 times per min) and irregular firing, causing Ca2+ overload, which triggers a stress 
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response in affected cardiomyocytes, resulting in functional down-regulation of the L-type 

Ca2+ channel.20 In turn, this leads to shortening of the action potential duration and 

contractile dysfunction (hypo-contractility), thus providing a further substrate for AF 

(Figure 2).11, 20 These changes have an early onset and are reversible.11 

Innovative AF research: derailed proteostasis underlies sustainable structural 

remodeling  

In addition to the reversible electrical remodeling, various research findings point to a 

key role of structural remodeling in AF progression.12, 13, 21 Since structural changes are 

progressive and sustained over time they may explain why patients with longstanding 

persistent and permanent AF are difficult to treat.  

The first study describing AF-induced alterations in the ultrastructure of atrial 

cardiomyocytes was the study of Morillo et al. in 1995. They utilized dogs subjected to 

prolonged periods of rapid atrial pacing (6 weeks).22 Several additional studies confirmed 

their observations including studies in experimental dog and goat models for AF and 

patients with persistent AF.21, 23, 24 The structural changes observed in atrial cardiomyocytes 

after sustained AF closely resemble the changes in ventricular myocytes due to chronic low 

flow ischemia (cardiac hibernation).21, 23, 24 Cardiac hibernation is a form of tissue 

adaptation defined by the ability of cardiomyocytes to transform into a non-functional 

phenotype through irreversible degradation of the myofibril structure (myolysis), which 

leads to contractile dysfunction (Figure 3).25 Both in chronic hibernating ventricular 

myocardium and in fibrillating atria, a phenotypic adaptation occurs towards a more fetal 

stage of development (dedifferentiation).26 Other AF-induced structural changes include:  

(1) fibrosis, (2) cell hypertrophy and (3) cell death. In addition, structural changes at the 

subcellular level include:  (1) perinuclear accumulation of glycogen, (3) changes in 

mitochondrial shape, (4) fragmentation of sarcoplasmic reticulum, (5) homogeneous 

distribution of nuclear chromatin, and (6) changes in quantity and localization of structural 

cellular proteins.26 Most prominent is an increase in atrial cell size associated with myolysis 

(Figure 3).26 While the early electrical remodeling is reversible27, the structural changes are 

sustained and impair electrical coupling and the functional recovery to sinus rhythm by 

pharmacological and electrical cardioversion. In addition, it was found that alterations of 

the myocardial structure underlie changes in electrophysiology as observed in AF.9, 21, 28 

This phenomenon is commonly defined as electropathology. It should be noted that 

electropathology is already present when a patient enters the clinic for the first time with an 

AF episode.  

Currently available pharmacological therapies are mostly directed at alleviation of 

electrical activity (rhythm control), but have limited effect on patient outcome.29 
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Therapeutic approaches that halt the mechanisms conveying the AF-induced structural 

remodeling, may be more effective and improve clinical outcomes. 

 

Figure 3: Electron microscopic picture revealing hibernation in patients with longstanding, permanent AF. 

Patients with longstanding, permanent AF (PeAF) show signs of sustained structural remodeling, including 1) pale 
nucleus, suggesting that the chromatin is decondensed via hyperacetylation of histones 2) autophagosomes, 

indicating modulation of autophagy, 3) myolysis, implying the activation of protein degradation pathways, such as 

calpain12, 13 and autophagy. 

Proteostasis is defined as the homeostasis of protein production, breakdown and 

function.30 Proteostasis is therefore involved in controlling the concentration, conformation, 

binding interaction, kinetics and location of individual proteins via diverse signaling 

pathways, called the proteostasis network. Our research group has strong indications that a 

derailment of proteostasis underlies AF-induced structural remodeling.17 By studying the 

structural remodeling in patients with longstanding, persistent and permanent AF, we 

identified four key factors that may modulate the derailment of proteostasis and therefore 

underlie AF progression (Figure 1, 3). These key factors include: heat shock proteins, 

epigenetic regulation, post-translational modifications and protein degradation by 

autophagy.  

3.  Cardioprotective heat shock proteins 

Our research group was the first to demonstrate that conservation of a healthy 

proteostasis through overexpression of heat shock proteins (HSPs) attenuates structural 

remodeling in AF. We previously disclosed that some small HSPs, particularly HSPB1 

(HSP27), bind to myofibrils and protect against myofibril degradation in tachypaced atrial 

cardiomyocytes and human AF.14-16 Also, HSPB1, prevents structural remodeling by 

attenuating the conversion of G-actin to F-actin stress fibers and consequently protects 

against contractile dysfunction.14 In addition, we showed that the HSP response is 

temporarily activated in patients with short duration of AF, but exhausts when AF 

persists.15 Consequently, cardiomyocytes lose defense against structural remodeling, such 

as hibernation, consequently resulting in the progression of AF.  
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In addition to the elucidation of the cardio-protective role of HSPs in AF, we 

previously showed that treatment with a non-toxic HSP-inducing compound 

geranylgeranylacetone (GGA), protects cardiomyocytes against structural remodeling and 

AF progression.14-16, 31 Based on these findings it is envisioned that boosting of specific 

HSP expression attenuates structural cardiomyocyte remodeling and as a result prevents AF 

progression. 

4. HDACs: epigenetic regulation and post-translational modifications 

In addition to the role of exhaustion of HSP in AF progression, also experimental and 

clinical studies revealed AF to induce changes in gene expression, related to 

dedifferentiation of the cardiomyocytes.32-34 This suggests a role for epigenetic regulation in 

AF-induced structural remodeling. Epigenetic regulation affects the packaging of the 

chromatin of the nuclear DNA and thereby influences the on/off states of multiple genes.19, 

35 Importantly, the packaging of chromatin is largely dependent on acetylation of histones35 

representing a key switch in the regulation of gene expression. Acetylation is controlled by 

two separate families of enzymes: histone acetyltransferases (HATs) and deacetylases 

(HDACs).35 Class II HDACs (especially HDAC4 and HDAC5) are highly expressed in the 

heart and are phosphorylated by CaMKII,36, 37 resulting in the translocation of HDAC from 

the nucleus to the cytoplasm, thereby promoting histone acetylation and activation of 

transcription factors including NFAT, MEF2, GATA4 and SRF35, 38, generally causing the 

activation of stress-responsive genes and structural remodeling.19, 35 

HDACs catalyze the removal of acetyl-groups from lysine residues within nucleosomal 

histone tails and various non-histone proteins (Table 1). The 18 mammalian HDACs are 

encoded by distinct genes and are grouped into four classes on the basis of similarity to 

yeast transcriptional repressors.  Class I HDACs (HDAC1, HDAC2, HDAC3 and HDAC8) 

are related to yeast RPD3, class II HDACs (HDAC4, HDAC5, HDAC6, HDAC9 and 

HDAC10) to yeast HDAC1, and class III HDACs (sirtuin 1–7), usually named as sirtuins, 

to yeast Sir2. Class II HDACs are further divided into two subclasses, IIa (HDAC4, 

HDAC5, HDAC7 and HDAC9) and IIb (HDAC6 and HDAC10). HDAC11 belongs to a 

fourth class. Classes I, II and IV HDACs have a highly conserved zinc-dependent 

deacetylase domain and are referred as classical HDACs (Figure 4), which differ in 

structure, enzymatic function, subcellular localization and expression patterns (Figure 4, 

Table 1). In contrast, class III HDACs (sirtuins) utilize nicotinamide adenine dinucleotide 

(NAD+) as a co-factor for catalytic activity.  
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Figure 4: Overview of the classical zinc dependent histone deacetylase (HDAC) superfamily. Black 

rectangles indicate the conserved HDAC catalytic domain; Numbers following the HDAC domain indicate the 

number of amino acids in Homo sapiens. Myocyte enhancer factor 2 (MEF2)-binding sites and binding sites for 
the 14-3-3 chaperone protein sites are marked by grey squares. S represents the serine residue which can be 

phosphorylated by kinases. HDAC6 has a zinc-finger ubiquitin-specific protease (ZnF-UBP) domain, which can 

bind to ubiquitin and plays an important role in autophagy. Modified from Haberland M et al, Nat Rev Genet. 
2009.19 

Class I HDACs are expressed ubiquitously, localize predominantly to the nucleus and 

display high enzymatic activity towards histone substrates.19 Cardiac deletion of all 

HDAC1 and HDAC2 alleles in mice results in neonatal lethality, accompanied by cardiac 

arrhythmias, dilated cardiomyopathy and upregulation of genes encoding skeletal muscle-

specific contractile proteins and calcium channels in heart.39 Cardiac deletion of HDAC3 in 

mice results in a metabolic catastrophe in the heart, with massive cardiac hypertrophy and 

excessive myocardial lipid accumulation.40 

Class IIa HDACs (HDACs 4, 5, 7, 9) have several unique features. First, they have 

long (~ 500 amino acids) amino-terminal extensions that harbor binding sites for 

transcription factors and cofactors, such as myocyte enhancer factor 2 (MEF2). Secondly, 

they undergo signal-dependent nuclear export upon phosphorylation of two serine residues 

within their amino-terminal extensions.41 Thirdly, in contrast to what the name suggests and 

despite having conserved catalytic domains, these proteins are unable to deacetylate 

histones in vivo.42 Class IIa HDACs normally repress pathological cardiac gene expression. 

In response to stress signals, class IIa HDACs become phosphorylated and undergo nuclear 

export, resulting in the derepression of pathologic genes.43 The transcription factors 

regulated by class IIa include NFAT, MEF2, GATA4 and SRF, stress-responsive genes 

such as atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), contractile 

protein genes (β-MHC), and ion channel genes including sodium-calcium exchanger 

(NCX1).36, 44-48 All of these genes contribute to cardiomyocyte remodeling.  
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Table 1: HDAC characteristics 
Class Member Subcellular 

localization 

Tissue 

distribution 

Substrates 

(partial) 

Binding 

partners 

Knockout 

phenotype 

Ref. 

I 
 

 

HDAC1 nucleus ubiquitous Androgen 
receptor, 

p53, MyoD, 

STAT3 

 Embryonic 
lethal, 

proliferation 

defects 

39, 54, 

55 

HDAC2 nucleus ubiquitous YY1, BCL6, 
STAT3 

 Postnatal lethal, 
cardiac defect 

39, 55, 

56 

HDAC3 nucleus ubiquitous YY1, 

GATA1, 
STAT3, 

MEF2D 

 Embryonic 

lethal, 
gastrulation 

defects 

55, 57, 

58 

HDAC8 nucleus/cyto

plasm 

ubiquitous – EST1B Postnatal lethal, 

Cranial defects 

55, 59 

IIa 

 

HDAC4 nucleus / 

cytoplasm 

heart, 

skeletal 

muscle, brain 

GATA1, 

HP1,NFAT 

MEF2, 

RUNX2 

Defects in 

chondrocyte 

differentiation 

55, 60, 

61 

HDAC5 nucleus / 

cytoplasm 

heart, 

skeletal 
muscle, brain 

SMAD7, 

HP1, 
SRF,NKX2.

5 

MEF2,myo

cardin 

Cardiac defect 55, 61-

63 

HDAC7 nucleus / 

cytoplasm 

pancreas, 

placenta, 
heart, 

skeletal 

muscle 

PLAG1, 

PLAG2 

MEF2, 

HIF1A, 
BCL6 

Endothelial 

dysfunction 

55, 61, 

64 

HDAC9 Nucleus / 

cytoplasm 

heart, 

skeletal 

muscle, brain 

– MEF2, 

FOXP3 

Cardiac defect 55, 61, 

65, 66 

IIb 
 

HDAC6 cytoplasm heart, liver, 
kidney, 

placenta 

α-Tubulin, 
HSP90, 

SMAD7 

RUNX2, 
mDia2 

P97/VCP 

Increased tubulin 
acetylation 

55, 66-

68 

HDAC10 cytoplasm liver, spleen, 

kidney 

–  – 55 

V HDAC11 nucleus / 

cytoplasm 

brain, heart, 

skeletal 

muscle, 
kidney 

–   55 

 

HDAC6 and HDAC10 form the class IIb family. HDAC6 is the main cytoplasmic 

deacetylase in mammalian cells, whereas little is known about the functions of HDAC10.49  

Among the targets which are directly deacetylated by HDAC6, reside cytoskeletal proteins 

such as α-tubulin and cortactin 49, but also chaperones50 which play an important role in AF 

protection.16, 51-53 

Small molecule inhibitors of HDACs are efficacious in multiple pre-clinical models of 

pressure overload and ischemic cardiomyopathy, reducing pathological hypertrophy and 

fibrosis, and improving contractile function.43 Emerging data have revealed various 

mechanisms by which HDAC inhibitors benefit the heart, including the suppression of 

oxidative stress and inflammation, inhibition of MAP kinase signaling, enhancement of 

cardiac protein aggregate clearance and increased autophagic flux.43 Recently, Class I 

HDAC inhibition was found to suppress angiotensin II-dependent cardiac fibrosis by 
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blocking cardiac fibroblasts in the G0/G1 phase of the cell cycle.77 However, the 

involvement of HDACs in AF is not clear. 

5. Protein degradation by autophagy 

Our recent research described a role for persistent activation of proteases, especially 

calpain, which results in degradation of contractile and structural proteins.12, 13, 69 In 

addition to protease activation, activation of auxiliary cellular protein degradation 

pathways, such as autophagy may play an important role in AF progression. Autophagy is 

an evolutionarily conserved cellular degradation pathway to maintain cell proteostasis by 

removing damaged or long-lived proteins and organelles. Controlled autophagy during 

(mild) cardiac stress conditions, such as nutrient deprivation, hypoxia, and oxidative stress, 

supports cardiomyocyte survival. In contrast, stress-induced excessive activation of 

autophagy causes derailment of cell proteostasis by degradation of essential proteins and 

organelles and thereby triggers autophagic cell damage and death as found in mitral valve 

regurgitation 18, 70 and cardiac hypertrophy.71 The contribution of autophagy to the initiation 

and progression of AF has not yet been investigated.     

6. Novel experimental models to study AF 

A versatile model system is crucial to study the mechanisms underlying AF-related 

cardiomyocyte remodeling. Recently, we developed an in vitro tachypaced HL-1 atrial 

cardiomyocyte model, to obtain insights into the mechanisms underlying AF progression 

and development.51 Over the past decades, several animal models such as dog, goat, rabbit, 

and sheep have been extensively used to explore underlying mechanisms and potential 

treatment of AF.72,73 Due to the low speed, high costs, and limited availability of 

approaches to genetically manipulate the animals, these (large) in vivo models are not 

convenient for the dissection of molecular pathways underlying AF progression and 

compound screening.  

Drosophila melanogaster is one of the most popular invertebrate model organisms and 

has been used extensively in many areas of biological research, especially genetics and 

development. The use of this model is supported by the existence of functionally conserved 

features between Drosophila and humans, including cardiac aging and development of 

heart failure.74,75 These features, combined with the short life-cycle, its cost efficiency and 

the powerful techniques for genetic and molecular manipulations, make the Drosophila 

system highly suitable for elucidation of molecular mechanisms involved in heart diseases 

and (high-throughput) compound testing.76 Based on these considerations, we hypothesized 

that Drosophila can be exploited to study tachycardia remodeling related to AF. 
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In summary, our previous research findings indicate that the derailment of proteostasis 

causes sustainable structural remodeling. Various pathways of cardiomyocyte proteostasis 

are involved, including HSP exhaustion, post-translational modifications of proteins, 

changes in gene expression by epigenetics and protein degradation via autophagy. By 

exploiting experimental model systems of AF, including the tachypaced HL-1 

cardiomyocyte and Drosophila model, we may identify whether key modulators of these 

pathways represent druggable targets to prevent AF progression. 

AIM OF THIS THESIS 

The main goal of this thesis is to elucidate if key modulators of proteostasis are 

derailed in AF and whether these key modulators represent druggable targets to attenuate 

AF initiation and progression. In chapter 2, we present an overview of studies indicating 

that upregulation of the heat shock protein expression represents a novel therapeutic target 

to prevent derailment of proteostasis and consequently progression and recurrence of AF. In 

chapter 3, we describe a tachypaced Drosophila model to study AF-related remodeling. 

We verified this model by investigating the efficacy of HSP-inducing compounds, and 

specific overexpression of individual small HSPs in the heart, to restore AF-induced 

alterations in contractile function. To explore the role of HDACs in AF, we first screened 

broad HDAC inhibitors (TSA, sodium butyrate, nicotinamide) and a specific HDAC6 

inhibitor (tubacin) in tachypaced HL-1 cardiomyocytes and Drosophila and found tubacin 

and nicotinamide to protect against AF progression in both models, as described in chapter 

4. We continued to elucidate the protective mechanisms of HDAC6 inhibition in AF by 

examining the impact of HDAC6 inhibition on the microtubule network. Since we observed 

in chapter 4 that the protective effect of nicotinamide is independent of sirtuin inhibition, 

we studied in chapter 5 the molecular mechanisms underlying the protective effect of 

nicotinamide, by examining its role in PARP inhibition in tachypaced HL-1 

cardiomyocytes and Drosophila. In chapter 6, we explored the involvement of  class I 

HDACs and class IIa HDACs in AF by using retroviral transfection of HL-1 

cardiomyocytes with constructs of class I HDACs (HDAC1, HDAC3) and class IIa HDACs 

(HDAC4, HDAC5, HDAC7 and HDAC9). The involvement of autophagy in AF 

progression is described in chapter 7 by testing various inhibitors of the autophagy 

pathway in tachypaced HL-1 cardiomyocytes and Drosophila, as well as autophagy 

markers in AF patients. Lastly, in chapter 8, we summarize and discuss the data obtained 

in our experimental chapters and provide future perspectives. 
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Abstract  

Atrial Fibrillation (AF) is the most common, sustained clinical tachyarrhythmia 

associated with significant morbidity and mortality. AF is a persistent condition with 

progressive structural remodeling of the atrial cardiomyocytes due to the AF itself, 

resulting in cellular changes commonly observed in ageing and in other heart diseases.  

While rhythm control by electrocardioversion or drug treatment is the treatment of 

choice in symptomatic AF patients, its efficacy is still limited. Current research is directed 

at preventing first-onset AF by limiting the development of substrates underlying AF 

progression and resembles mechanism-based therapy. Upstream therapy refers to the use of 

non-ion channel anti-arrhythmic drugs that modify the atrial substrate- or target-specific 

mechanisms of AF, with the ultimate aim to prevent the occurrence (primary prevention) or 

recurrence of the arrhythmia following (spontaneous) conversion (secondary prevention). 

Heat shock proteins (HSPs) are molecular chaperones and comprise a large family of 

proteins involved in the protection against various forms of cellular stress. Their classical 

function is the conservation of proteostasis via prevention of toxic protein aggregation by 

binding to (partially) unfolded proteins. Our recent data reveal that HSPs prevent electrical, 

contractile and structural remodeling of cardiomyocytes, thus attenuating the AF substrate 

in cellular, and animal experimental models. Furthermore, studies in humans suggest a 

protective role for HSPs against the progression from paroxysmal AF to persistent AF and 

in recurrence of AF.  

In this review, we discuss upregulation of the heat shock response system as a novel 

target for upstream therapy to prevent derailment of proteostasis and consequently 

progression and recurrence of AF.  
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1. Management of atrial fibrillation by upstream therapy 

Atrial fibrillation (AF) is the most common clinical tachyarrhythmia which 

significantly contributes to cardiovascular morbidity and mortality, mainly through stroke 

and heart failure. The incidence of AF is escalating due to the increased prevalence of risk 

factors constituting a substrate for AF, such as obesity1, metabolic syndrome2 and 

increasing age.3 In addition to the increased first-onset of AF, also the progression of the 

arrhythmia poses problems, as the longer AF persists the less effective pharmacological and 

electrical cardioversion therapies are.4 In patients with symptomatic AF, rhythm control is 

the treatment of choice.5 However, the effective reversal to sinus rhythm is still inadequate. 

Therefore, recent research focuses on the identification of mechanisms underlying AF 

substrate induction and maintenance, which have led to several novel upstream therapeutic 

approaches, including angiotensin-converting enzyme inhibitors, aldosterone antagonists, 

statins and polyunsaturated fatty acids.6 Upstream therapy refers to the use of non-ion 

channel anti-arrhythmic drugs that modify the atrial substrate- or target-specific 

mechanisms of AF with the ultimate aim to prevent the occurrence (primary prevention) or 

recurrence (secondary prevention) of the arrhythmia.7,8 

It has been recognized that electrical and structural remodeling of cardiomyocytes 

create a substrate for AF.9 Nevertheless, the exact molecular mechanisms that underlie 

cardiomyocyte remodeling and AF progression are as yet unidentified. We recently 

obtained evidence that derailment of proteostasis (i.e. the homeostasis of protein 

production, breakdown and function) constitutes an important substrate for induction and 

progression of AF.10-12 Proteostasis involves controlling the concentration, conformation, 

binding interaction, kinetics and location of individual proteins. Derailment of cellular 

proteostasis results in many systemic diseases including cardiovascular disorders.13 Cells 

respond to a loss of proteostatic control by inducing the heat shock response (HSR) 

resulting in the expression of heat shock proteins (HSPs) that facilitate protein folding and 

function.14 Consequently, an emerging target candidate for upstream therapy of AF is the 

upregulation of HSPs. Indeed, HSP induction alleviates the occurrence and recurrence of 

AF in various experimental model systems for AF.12,15-17 Furthermore, studies in humans 

suggest a protective role for HSPs against progression from paroxysmal AF to persistent 

AF15 and the restoration of sinus rhythm in patients with persistent AF (secondary 

prevention).18  

Here we discuss the concept that derailment of cardiomyocyte proteostasis constitutes 

an important aspect of the substrate for AF. In addition we examine the evidence for 

induction of the HSR system as a novel target for upstream therapy to prevent the 

occurrence and the recurrence of AF and address its possible modes of action. 
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2. Mechanisms underlying AF initiation and progression; derailment of proteostasis 

Although the exact molecular mechanism(s) underlying AF initiation, maintenance and 

progression has not yet been completely elucidated, an important recognition was that AF 

induction required a suitable substrate as well as a trigger that acts on the substrate.9 

Various clinical conditions, e.g. several heart diseases, hypertension and cardiac surgery, 

are risk factors for the first-onset of AF, as they create a substrate(s) and/or trigger(s) for 

the initiation of AF (Figure 1)19-21. Key AF promoting factors have been identified, 

including inflammation, oxidative stress, active Rho-GTPase, fibrosis and atrial muscle 

bundle dissociation22,23, which induce loss of proteostatic control, creating a substrate for 

AF. Subsequent triggers will act on the substrate and will induce AF.24-27 

 

Figure 1： Overview of AF-promoting factors contributing to first-onset AF. Various clinical conditions 
induce AF promoting factors. These factors can induce triggers for AF or are responsible for the loss of 

proteostatic control, thereby inducing remodeling and creating a substrate for AF.  Triggers will act on the 

vulnerable substrate to induce first-onset AF. Prevention and/or normalization of the cardiomyocyte 
proteostasis by inducing HSP expression could prevent AF substrate formation and prove an effective 

approach in preventing first-onset AF in response to various AF promoting factors.  

Once AF is initiated, AF itself will induce further electrical and structural remodeling 

in a manner that contributes to AF maintenance and progression.28 A conceptual model is 

depicted in Figure 2. Electrical remodeling resulting in shortening of action potential 

duration (APD), slowing of conduction and abnormal calcium handling will favor AF 

maintenance.29 When AF persists, the calcium overload causes irreversible changes in 

structural remodeling, especially cardiomyocyte hibernation.30-32 Hibernation is 

characterized by irreversible degradation of the myofibril structure (myolysis) and 

mitochondrial damage, implying impaired energy production and release of reactive oxygen 

species, which leads to contractile dysfunction.33-36 Other characteristics are redistribution 

of nuclear chromatin and pathological gene expression revealing a deficiency in healthy 
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cardiomyocyte proteostasis.30,34,37-40 While early electrical remodeling is reversible41, the 

derailment of proteostasis underlies irreversible structural remodeling and thereby AF 

progression.32,39,42-44 We and others identified various molecular mechanisms that underlie 

derailment of proteostasis and AF progression and recurrence.32,45-49 

 

Figure 2: Overview of AF-induced derailment of cardiomyocyte proteostasis. AF induces time-related 

progressive myocyte remodeling. First, AF causes cellular Ca2+ overload and oxidative stress, which results 
in a direct inhibition of the L-type Ca2+ channel, shortening of action potential duration and contractile 

dysfunction. These changes have an early onset and are reversible. The early processes protect the 

cardiomyocyte against Ca2+ overload but at the expense of creating a substrate for persistent AF. When AF 
persists, derailment of proteostasis occurs via activation of calpain, kinases/phosphatases, RhoA-GTPase, 

and exhaustion of protective HSPs. The key modulators also activate each other. Derailment of proteostasis 

results in irreversible myolysis/hibernation, alterations in structural proteins and pathological gene 
expression, which are substrates for impaired contractile function and AF persistence. Upstream therapies are 

directed at modifying the substrate for AF progression. Normalization of the cardiomyocyte proteostasis by 

inducing HSP expression might represent an effective approach to manage clinical AF.  

2.1. Ion channel currents and calcium handling 

During AF, atrial cardiomyocytes are subjected to very rapid (400-600 times per min) 

and irregular firing, causing a rapid Ca2+ overload resulting in functional down-regulation 

of the L-type Ca2+ channel, which leads to shortening of the action potential duration and 

contractile dysfunction (hypocontractility), thus providing a further substrate for AF 

(Figure 2).45,50-53 Decreased ICaL has been consistently found in atrial remodeling, which is 

believed to significantly contribute to electrical remodeling and AF progression.54,55 The 
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functional changes have a rapid onset following initiation of AF and are reversible.41 In 

addition to the L-type Ca2+ channel, also other channel currents are affected, as  previously 

reviewed.29 Ion channel currents are regulated by expression level, phosphorylation and 

redox status of the channel, all of which are altered during AF.29,56-59 

In dog atrial cardiomyocytes, tachypacing induced the activation of calcineurin via the 

Ca2+/calmodulin system, which in turn changes cardiomyocyte proteostasis by stimulating 

nuclear translocation of NFAT, resulting in transcriptional and translational downregulation 

of the L-type calcium channel resulting in atrial remodeling and AF progression.53 

Phosphorylation status of ion channels are altered due to changes in activity of various 

kinases and phosphatases, such as enhanced CAMKII, PP1 and PP2a activity.29,60 Further, 

oxidative stress during AF can contribute to changes in redox status, thereby altering ion 

channel currents.29,58 

2.2. Kinome activity and target proteins 

Kinome is a global description of kinases and kinase signaling.Various kinases and 

phosphatases become activated during AF and contribute to AF-induced remodeling and 

contractile dysfunction.48,60-64 In addition to modification of ion channel currents through 

(de)phosphorylation, also the function of other downstream target proteins are affected by 

the altered activity of kinases and phosphatases, including calcium handling proteins, such 

as RyR2 and PLB.65-68 Modification of calcium handling protein function will contribute to 

calcium overload and subsequent contractile dysfunction.64 Furthermore, also kinases 

involved in post-translational modifications of structural proteins, such as actin, have been 

implicated in AF-induced remodeling. Tachypacing-induced activation of RhoA-GTPase 

and downstream Rho-kinase (ROCK), induces F-actin stress fiber formation (Figure 2).48 

Prevention of stress fiber formation by ROCK-inhibition or HSP expression prevented 

tachypacing-induced remodeling.48 These findings imply a key role for alterations in  

kinome in causing derailment of  proteostasis and progression of AF. 

2.3. Protease activity 

The cysteine protease calpain is activated during AF. Calpain is persistently activated 

by the AF-induced intracellular Ca2+ overload, which results in degradation of contractile 

and structural proteins32,69, leading to myolysis, thereby further contributing to irreversible 

structural remodeling and AF progression.   

Thus, AF-induced derailment of proteostasis includes changes in ion-channel function, 

kinome, and calpain activation and underlies reversible electrical remodeling and 

irreversible structural remodeling and thereby AF initiation and progression. 
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3. Heat shock proteins protect against AF initiation and progression 

It has been recognized that heat shock transcription factor 1 (HSF1) is an important 

regulator of proteostasis by controlling the expression of major HSPs, including HSPB1 

(HSP27), HSPA1A (HSP70) and HSPC1 (HSP90), that facilitate protein folding, 

localization and function.70,71 Induction of HSPs provides cytoprotective effects against 

stress induced derailment of proteostasis and is beneficial in various cardiac diseases (Table 

1).46,48,70-83, Therefore, recent studies have investigated the cardioprotective potential of 

HSPs in AF, focusing on AF induction as well as progression. 

Table 1; Major cardioprotective heat shock proteins, localization, expression and cardiac disease 

protective effects. 

Family 

name 

Protective member 

(alternative name) 
Cardiac disease localization 

Cardiac 

Expression 
References 

HSPA HSPA1A (HSP70) 
ischemic heart disease, 

hypertrophy 
cytosol +++ 72,73,78 

DNAJ 

DNAJA3 (HSC40) dilated cardiomyopathy 
cytosol/ 
nuclear 

+++ 76 

DNAJB5 (HSP40) hypertrophy 
cytosol/ 

nuclear 
+++ 82 

HSPB 

HSPB1 (HSP25, 

HSP27,HSP28) 
AF, ischemic heart disease cytosol +++ 46,48,74,79 

HSPB5 (αβCrystallin, 
CRYAB,CRYA1) 

(dilated) cardiomyopathy cytosol ++++ 
77,81 

 

HSPB6 (HSP20, p20) AF, ischemic heart disease cytosol ++ 48,83 

HSPB7 (cvHSP) AF cytosol +++++ 48 

HSPB8 (HSP22,H11) AF cytosol ++ 48 

HSPD HSPD1 (HSP60) heart failure mitochondria ++++ 80 

HSPC HSPCA (HSP90) ischemic heart disease cytosol ++++ 75 

4. HSPs in the prevention of first-onset AF (primary prevention) 

HSPs protect against a variety of AF-promoting factors contributing to first-onset AF 

(Figure 1). Protective effects of HSPs against cell death, fibrosis, Rho-GTPase activation, 

oxidative stress and inflammation have been described, indicating their potential in 

preventing loss of proteostatic control and formation of AF substrates.48,84-86 It is unclear if 

HSPs could affect the formation of triggers. However, since triggers need a vulnerable 

substrate to act on22, the prevention of AF substrate formation might be sufficient to protect 

against first-onset AF. Indeed in various models for first-onset AF, HSPs provide protection 

against AF-substrate formation and hence AF initiation. In a canine model (acute) atrial 
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ischemia related AF, GGA pretreatment induced HSPA1A expression and revealed 

protection against prolongation of effective refractory period (ERP) and atrial conduction 

abnormalities46,87, thereby preventing AF initiation. These observations suggest that HSP 

induction may protect against some forms of AF in patients with coronary artery disease. 

Furthermore, a recent study in rats showed that induction of HSPA1A prevents both the 

Angiotensin II mediated atrial fibrosis and increased atrial vulnerability for AF induction.85 

The findings suggest HSPA1A to play a role in inhibiting the development of a non-

cardiomyocyte substrate for AF induction. In two clinical studies, HSPA1A has been 

implicated as cardioprotective, showing a correlation between HSPA1A atrial expression 

levels and reduced incidence of post-operative AF in patients in sinus rhythm undergoing 

cardiac surgery.88,89  

In addition to HSPA1A, other HSPs might be involved in primary prevention of AF. In 

patients with AF, increased mitochondrial HSP expression levels, i.e. HSPD1, HSPE1 and 

mortalin (HSPA9B)90 have been reported. In addition, increased HSPD1 antibody levels in 

the serum of patients have been associated with the occurrence of post-operative AF91, 

suggesting HSPD1 as a marker for mitochondrial and cardiac damage and subsequent 

increased risk for AF. Increased expression of mitochondrial chaperones could contribute to 

an increased protection against oxidative stress. Therefore, these HSP family members 

might contribute to survival of cardiomyocytes by maintaining mitochondrial integrity and 

capacity for ATP generation. To date, however, several studies showed opposing 

correlations between the expression of mitochondrial HSPs and AF90-92, thereby obscuring 

their involvement in protection against AF. 

5. HSPs in the prevention of AF progression and recurrence (secondary prevention)  

Various in vitro and in vivo models for tachypacing-induced AF progression identified 

HSPs to protect against the derailment of proteostasis and cardiomyocyte remodeling. In 

tachypaced HL-1 atrial cardiomyocytes for AF, a general HSP induction via a mild heat 

shock or by a HSP-inducing drug geranylgeranylacetone (GGA), conserved cardiomyocyte 

proteostasis during tachypacing and protected against subsequent electrical, contractile and 

structural remodeling.15,46 Furthermore, in canine models for AF progression, GGA 

pretreatment induced HSP (HSPA1A and HSPB1) expression and revealed protective 

effects against shortening of ERP, shortening of APD, reductions in L-type Ca2+ current 

and AF progression.46,87 Also, in clinical studies, a potent HSR and high HSPB1 levels have 

been associated with restoration of normal sinus rhythm in patients with permanent AF 

after mitral valve surgery.18 Two other studies comparing paroxysmal versus persistent AF 

and sinus rhythm, found an inverse correlation between HSPB1 atrial expression and AF 

duration and extend of myolysis.15,92 Suggesting, a temporary activation of the HSR during 
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a short duration of AF but exhaustion in time related to the duration of AF. Consequently, 

cardiomyocytes lose the ability for proteostatic control, inducing remodeling, which will 

result in AF progression and recurrence.  

Further studies investigated the role of individual HSPs in protection against 

tachypacing-induced remodeling. HSPB1, and not HSPA1A, was found to play an 

important role, as its exclusive overexpression appears sufficient to protect against 

tachypacing-induced remodeling, comparable to GGA pre-treatment.15,46 Conversely, the 

protective effect of a general HSR or GGA pre-treatment on tachypacing-induced changes 

was annihilated by a selective knockdown of HSPB1. However, in addition to HSPB1, also 

other HSPB family members (HSPB6, HSPB7 and HSPB8) protect against AF-induced 

structural remodeling independently from HSPB1.48 Hence, multiple HSPB family 

members prevent against AF-induced cardiomyocyte remodeling and AF progression by 

preserving cell proteostasis, thereby demonstrating their therapeutic potential in AF. 

Taken together, there seems to be a strong case for induction of HSPs to prevent AF 

initiation, recurrences and progression, by attenuation of electrical, contractile and 

structural cardiomyocyte remodeling. There are strong indications that this effect is via 

normalization of cell proteostasis. 

6. Mode of action for HSPs to normalize proteostasis  

It has been recognized that HSPs protect against derailment of proteostasis by 

preventing cardiomyocyte remodeling at different stages (Figure 1 and 2). The exact 

mechanisms in prevention of AF initiation (primary prevention) and recurrences (secondary 

prevention) are not known, but are likely due to HSP regulated protection against various 

AF promoting factors that induce the substrate for AF initiation and progression. 

6.1. Ion channel currents  

An ion channel current is dependent on the expression level, phosphorylation and 

redox status of the channel29,58,93, as well as the stability of the cytoskeleton94 and Rho-

GTPase activity.95 The HSP-inducing drug GGA previously showed protective effects 

against tachypacing-induced reductions in L-type Ca2+ current and shortening of APD.46 

Furthermore, several studies have shown protective effect of HSPs on almost all of these 

regulating factors. HSPs are known to interact and, in some cases, inhibit kinases and 

phosphatases, who’s activity is altered during AF83,96-100, thereby potentially preventing or 

normalizing the phosphorylation status of ion channels, especially L-type Ca2+ channel.61 

Furthermore, several HSPs (including HSPB1) were shown to provide protection against 

oxidative stress, thereby potentially preventing or restoring the redox status of the ion 

channels.101 If HSPs can influence the expression levels of ion channels is currently not 
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known. Lastly, also the stability of the actin cytoskeleton and Rho-GTPase activity are 

regulated by the small HSP family members (see below).46,48,49,102-105 The findings reveal a 

protective role of HSP against AF-induced changes in ion channel current, including 

reductions in the L-type Ca2+ current. 

6.2. Kinome activity and target proteins  

Various kinases and phosphatases reveal changed activity during AF, which 

contributes to cardiomyocyte remodeling depending on their target proteins.48,60-64 In 

addition to ion-channels, known targets are transcription factors, various calcium handling 

proteins and the actin cytoskeleton. Changes in transcription factor phosphorylation, 

regulates gene expression and hence can induce an altered gene expression profile, possibly 

contributing to cardiomyocyte hibernation. Interestingly, HSPB1 was shown to interact 

with certain (downstream) kinases, such as IkappaB kinase and c-Jun N-terminal kinase 

(JNK), thereby suppressing activation of the transcription factor NF-kappaB.106,107 

Interestingly, these kinases have also been found to be modulated during AF.108,109 In 

addition, HSPB1 is known to interact with other kinases and phosphatases and thereby 

might prevent the activation of other downstream transcription factors.83,96-100 

Changes in phosphorylation status of calcium handling proteins will affect the calcium 

homeostasis in cardiomyocytes. It is generally accepted that AF-induced abnormalities in 

intracellular Ca2+ handling leads to atrial cardiomyocyte stress and induces remodeling that 

contributes to the progression of AF.53,110 A calcium overload can be caused by an increase 

in L-type Ca2+ channel activity, or a changed activity of calcium handling proteins such as 

RyR2, SR Ca2+ ATPases or Na+/Ca2+ exchanger. These rapid changes in activity of proteins 

involved in calcium handling are modulated by kinases and/or phosphatases, including 

CAMKII and PP1, of which the activities are increased during AF.61,111 Interestingly, 

studies showed that HSPs interact with CaMKII99, calcineurin97 and PP1.98,83 Furthermore, 

HSPB6 was shown to inhibit PP1 activity.100 Also, HSPs increase SR Ca2+ ATPase activity 

and stimulate both the reuptake of Ca2+ into the SR and the extrusion of Ca2+ out of the 

cardiomyocyte via Na+/Ca2+ exchanger.112,113 These findings suggest that HSPs can protect 

against (tachypacing-induced) changes in calcium handling proteins, resulting in 

attenuation of AF progression.  

AF is known to activate RhoA-GTPase and ROCK and induces subsequent F-actin 

stress fiber formation contributing to contractile dysfunction.48 Several HSPB family 

members (HSPB1, HSPB6 and HSPB7) were recently shown to bind to actin and prevent 

F-actin stress fiber formation downstream of RhoA/ROCK. HSPB1 and HSPB6 even 

promoted actin stress fiber disassembly. HSPB8 did not directly bind actin, but instead 

inhibited upstream RhoA GTPase activation, thereby preventing F-actin stress fiber 
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formation.48 As most HSPB family members are known to protect the actin cytoskeleton 

from remodeling, this action likely represents an important mechanism by which HSPBs 

attenuate AF-induced derailment of proteostasis and cardiomyocyte remodeling.  

6.3. HSPs and oxidative stress  

Interestingly, in AF patients, an increase in oxidative stress markers has been observed 

and anti-inflammatory or anti-oxidant treatment with glucocorticoids and statins114-117 

suppressed atrial remodeling and have shown some clinical value in prevention of post-

surgery AF (primary prevention)5, substantiating a role for oxidative stress in AF-induced 

remodeling. Glucocorticoids and statins have been reported to induce several HSPs 

(HSPB1, HSPB5 and HSPA1A)118,119, leaving open the possibility that part of their 

protective pleiotropic effects is due to overexpression of HSPs. HSP induction can provide 

protection against oxidative stress by several mechanisms. HSPB1 is known to regulate the 

redox status of cardiomyocytes by maintaining glutathione in its reduced form, thus 

decreasing the amount of reactive oxygen species (ROS) produced in cells exposed to 

oxidative stress or tumor necrosis factor TNFalpha.120 HSPB1 may therefore prevent 

tachypacing-induced alterations in redox status of cardiomyocytes and thereby preserve cell 

proteostasis and electrophysiological and contractile function of the cardiomyocyte in AF. 

In addition to alterations in redox state, oxidative stress can also contribute to actin 

cytoskeleton instability, resulting in impairment of cardiomyocyte contractile function. 

Several members of the HSPB-family were found to bind the actin filaments and prevent 

their disruption in response to various stresses, including AF.46,49,102-105 

7. Therapeutic potential of HSP inducing drugs in AF  

Pharmacological approaches preventing the substrate for AF are being studied, with the 

hope that they might be useful therapeutic agents in treating AF.121 So far, the efficacy of 

commonly used drugs, including glucocorticoids and statins, on remodeling is limited121 

and (serious) adverse effects have been reported, indicating the need for more effective 

therapeutic agents with less adverse effects. Since derailment of cellular proteostasis results 

in cardiomyocyte remodeling and AF progression and derailment is counteracted by HSPs, 

pharmacological induction of the HSR seems to represent a key target for upstream therapy.  

Currently, GGA represents the most promising compound for the pharmacological 

induction of HSPs. Until now it is the most efficacious HSP boosting drug.122 Furthermore, 

in contrast to other HSP inducers, GGA is a nontoxic compound shown to be capable of 

inducing HSP expression in various tissues, including gastric mucosa, intestine, liver, 

myocardium, retina, kidney, and central nervous system. In addition GGA is used clinically 

in Japan since 1984 as an antiulcer drug123 and no serious adverse reactions have been 
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reported.124-127 GGA rapidly induces HSP expression (HSPB, HSPA1A, HSPC family 

members) via activation of the heat shock transcription factor HSF1, in response to a 

variety of stresses, whereas its effect is weaker under non-stress conditions, providing its 

main effect when and where needed.128,129 

The protective effect of GGA-induced HSP expression on early and late remodeling, 

suggests that it has value in the prevention of clinical AF, although this still needs to be 

assessed in clinical trials.46,87,130 So far, the protective action of GGA has been established 

regarding electrical, contractile and structural remodeling in in vitro HL-1 and dog atrial 

cardiomyocytes and in in vivo dog models for AF. GGA also has beneficial effects in AF of 

different origin, as observed in AF induced by congestive heart failure and acute 

ischemia.87,116 The broad protective effects of GGA against AF-related derailment of 

proteostasis and atrial remodeling suggest that inducers of the HSR have substantial 

therapeutic value for clinical AF. Other drugs that induce HSP expression, such as 

bimoclomol, atorvastatin, cyclosporine A, dexamethasone, still need to be tested for their 

protective effects against AF-induced remodeling. Nevertheless, their therapeutic potential 

in other cardiac diseases, such as ischemic heart disease, have already been 

documented.74,131-135 

In summary, AF results in a derailment of cardiomyocyte proteostasis by inducing 

reversible electrical and irreversible structural remodeling. There is strong evidence that 

induction of HSPs, in particular HSPB family members, normalizes proteostasis and 

thereby prevents electrical and structural remodeling. Known upstream targets for HSP 

protection include L-type Ca2+ channel, calcium handling proteins, calpain, RhoA-GTPase 

and F-actin stress fibers. Ultimately, the induction of HSPs, by proteostasis regulators such 

as GGA, may prevent the occurrence of AF (primary prevention) and may contribute to 

enhance therapeutic efficacy and treatment options for patient with AF in delaying 

progression towards persistent AF and/or improve the outcome of cardioversion (secondary 

prevention). 
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ABSTRACT 

Background: The most common clinical tachycardia, Atrial Fibrillation (AF), is a 

progressive disease, caused by cardiomyocyte remodeling, which finally results in contractile 

dysfunction and AF persistence. Recently, we identified a protective role of heat shock 

proteins (HSPs), especially the small HSPB1 member, against tachycardia remodeling in 

experimental AF models. Our understanding of tachycardia remodeling and anti-remodeling 

drugs is currently hampered by the lack of suitable (genetic) manipulatable in vivo models 

for rapid screening of key targets in remodeling. We hypothesized that Drosophila 

melanogaster can be exploited to study tachycardia remodeling and protective effects of 

HSPs by drug treatments or by utilizing genetically manipulated small HSP-overexpressing 

strains. 

Methods and results: Tachypacing of Drosophila pupae resulted in gradual and significant 

cardiomyocyte remodeling, demonstrated by reduced contraction rate, increase in arrhythmic 

episodes and reduction in heart wall shortening, compared to normal paced pupae. Heat shock, 

or pre-treatment with HSP-inducers GGA and BGP-15, resulted in endogenous HSP 

overexpression and protection against tachycardia remodeling. DmHSP23 overexpressing 

Drosophilas were protected against tachycardia remodeling, in contrast to overexpression of 

other small HSPs (DmHSP27, DmHSP67Bc, DmCG4461, DmCG7409, DmCG14207). 

(Ultra)structural evaluation of the tachypaced heart wall revealed loss of sarcomeres and 

mitochondrial damage which were absent in tachypaced DmHSP23 overexpressing 

Drosophila.   

Conclusion: Tachypacing of Drosophila resulted in cardiomyocyte remodeling, which was 

prevented by general HSP-inducing treatments and overexpression of a single small HSP, 

DmHSP23. Thus, tachypaced Drosophila melanogaster can be used as an in vivo model 

system for rapid identification of novel targets to combat AF associated cardiomyocyte 

remodeling.
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1. INTRODUCTION 

Atrial Fibrillation (AF) is the most common tachycardia in the clinical setting and it 

affects patients’ cardiovascular function in a progressive and sustained manner.1 AF is 

characterized by specific changes in electrical, structural and contractile function of the atrial 

cardiomyocytes, commonly denoted as ‘remodeling’. Tachycardia remodeling underlies 

contractile dysfunction and the progressive and intractable nature of AF. Hence, there is great 

interest in developing anti-remodeling therapies directed at the targets underlying 

remodeling.2 However, our understanding of tachycardia remodeling that contributes to AF 

progression and the effects of anti-remodeling drugs is currently hampered by the lack of 

suitable genetically manipulatable in vivo models. There are some in vitro cardiomyocyte 

cell models, using isolated atrial cardiomyocytes or the HL-1 atrial cardiomyocyte cell line3,4, 

that can be used for such purposes and that yielded initial suggestions regarding the protective 

effects of heat shock proteins (HSPs).3,5,6 Whereas some of the concepts generated in these 

in vitro models could be confirmed in experimental canine models for AF3,7, the precise 

translation to the in vivo situation is hindered due to limited possibilities for genetic 

manipulations in larger animal models that beside canine models8, include AF models in 

goat9 and sheep.10 Although these animal models have been very useful in obtaining 

knowledge about concepts of electrical remodeling and contractile dysfunction, they lack the 

flexibility of dissecting the underlying molecular mechanisms and employing genetic or 

compound screens. In addition, experimental execution is extensive and expensive. 

Therefore, we utilize Drosophila melanogaster as an in vivo model system for tachycardia 

remodeling, since it has been recognized that Drosophila contains powerful genetics and 

provide tools to manipulate gene expression in a highly precise spatial and temporal fashion, 

by the use of a UAS/GAL4 system.11,12 Furthermore, 85% of the Drosophila genes have 

human homologues11,13,14, including several genes that have been associated with human 

cardiac diseases, including heart failure, arrhythmias and dilated cardiomyopathy.12,13,15-18 

Moreover Drosophila contains a pumping heart.11-14 In the current study we report on the 

development of a tachycardia model in Drosophila. In addition, we show, consistent with our 

previous findings in in vitro cardiomyocytes3,5 and in vivo canine models for AF3,7, that 

induction of HSPs protects against tachypacing-induced contractile dysfunction. 

Furthermore, by using both functional and (ultra)structural analyses, it was found that this 

protection is accomplished upon overexpression of a single HSP, DmHSP23, the possible 

ortholog of human HSPB1. Moreover, overexpression of the other small DmHSP members 

did not result in a protective effect. Thus our study demonstrates the feasibility and power of 

the tachypaced Drosophila melanogaster as a model in translational research in the field of 

tachycardia.  
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2. MATERIALS AND METHODS 

2.1. Maintenance of Drosophila melanogaster strains and HSP-inducing treatments  

Drosophila stocks were maintained at 21oC, during experiments at 25oC, according to 

standard protocols. The W1118 line was used as a control and obtained from Genetic Services 

Inc. (Massachusetts, USA). Actin-GAL4 (stock #4414) driver strains were obtained from the 

Bloomington Stock Centre (Indiana University, USA). UAS-DmHSP23 and UAS-

DmHSP27 strains were generated from W1118 genetic background and have been described 

before19-21. These UAS strains were crossed, using standard genetics, with the actin-GAL4 

expressing strains in order to generate strains that contain actin-GAL4 and either UAS-

DmHSP23 or UAS-DmHSP27 on the same chromosome. Stable ubiquitous overexpression 

of DmHSP23 and DmHSP27 was confirmed by Westernblotting with specific antibodies. 

Other Drosophila small HSP overexpressing strains included were HSP67Bc, CG4461, 

CG7409, CG14207.22,23 These transgenic strains were generated at Genetic Services Inc. by 

injection of the pUAS vector containing a small HSP of interest with a V5 tag, into the W1118 

genetic background. These transgenic strains were crossed with actin-GAL4 expressing flies 

in order to induce ubiquitous transgenic gene expression of the small DmHSP of interest in 

the F1 progeny, which was confirmed by Westernblotting.  

Heat treatment was performed at 37°C for 1 hour followed by an overnight recovery at 

25°C. The HSP-inducing compounds Geranylgeranylacetone (GGA, 1mM) and O-(3-

piperidino-2-hydroxy-1-propyl)-nicotinic acid amidoxim di-hydrochloride (BGP-15, 1mM) 

(both kind gifts from Eisai Japan and NP-gene USA, respectively) were freshly dissolved in 

de-mineralized water and 0.5 ml was added to standard Drosophila food for at least 48 hours 

before (tachy)pacing. Controls were subjected to de-mineralized water only.  

2.2. Tachypacing of Drosophila and measurement of heart function parameters 

Early pupae were selected as described before.24 In short, transparant pupae were 

selected at entry of the immobile phase (this phase continues for about 3 hours) and were 

placed on 1% agarose gel in PBS. The basal heart rate in the early pupae was about 2.2Hz. 

Pupae were tachypaced by using the C-Pace100™-Culture Pacer (IonOptix Corporation, The 

Netherlands) for 0-120 minutes. Controls were subjected to normal electrical field 

stimulation similar to basal heart rate (2.2Hz) whereas tachypacing was conducted at 2.3 fold 

basal rate or as indicated. Under the light microscope, heart function at each time point was 

visually scored in duplicate each for a period of 20 seconds. In short, the rate of contraction 

of the heart was quantified by focussing on the heart wall contrast edges.24 During 

(tachy)pacing, time lapse movies were made and analysed by edge detection software (Leica 

Microsystems, Mannheim, Germany) to determine the heart wall shortening, which indicates 
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the strength of contraction (amplitude of diastolic and systolic heart wall contraction), and 

duration of arrhythmic periods (ImageJ).24 Arrhythmicity index was calculated as the 

duration of arrhythmic periods devided by the total duration of measured periods.  

2.3. Quantitative PCR 

From at least five early pupae per condition, total RNA was isolated by utilizing the 

Nucleospin RNA/protein mini kit (Macherey-Nagel, The Netherlands). First strand cDNA 

was generated using M-MLV reverse transcriptase (Invitrogen, The Netherlands) using 

oligo(dT)18 primers (Biologio, The Netherlands). Relative changes in transcription level 

were determined using the CFX384 Real-Time System C1000 Thermocycler (BioRad, The 

Netherlands) in combination with SYBR green supermix (Bio-Rad, The Netherlands). 

Calculations were performed using the comparative CT method according to User Bulletin 2 

(Applied Biosystems). Fold induction was adjusted using RpL32 transcript levels as a 

standard. Primer pairs used included the heat inducible DmHSP27 F: 

CTAGACAGGGTTGTGAATAAAGAG and R: AAACCGAAGTCATCCTCCAG and  

DmHSP70AA F: ACCTCAACCTATCCATCAACC and R: 

GTCTCAATTCCCAATGAAAGTG and for RpL32 F: CGATCTCGCCGCAGTAAA and R: 

GCACCAAGCACTTCATCC. The PCR efficiencies for all primer pairs were between 85% 

and 100%. 

2.4. Western-blot analysis 

Drosophila pupae or adult flies (five per condition) were quickly lysed on ice in 50 µl 

SDS sample loading buffer (10% SDS, 50% glycerol, 0.33M Tris-HCl pH 6.8, 10% β-

mercaptoethanol, 0.05% bromophenol blue) followed by sonification. After a short spin-

down, supernatant was collected and boiled for 6 minutes. Proteins were separated on SDS-

PAGE 4-20% PreciseTM Protein gels (Thermo Scientific) and transferred onto nitrocellulose 

membranes (GE Healthcare, The Netherlands). The membranes were blocked in 5% skim 

milk (1 hour, room temperature) and incubated overnight at 4oC with primary Drosophila 

anti-DmHSP23,  anti-DmHSP27 antibodies25,26, anti-V5 antibodies (Invitrogen, The 

Netherlands) or anti -tubulin antibodies (Sigma, The Netherlands). Horseradish peroxidase-

conjugated anti-mouse (Santa-Cruz Biotechnology, The Netherlands) was used as secondary 

antibody. Signals were detected by Super Signal (Thermo Scientific, The Netherlands) and 

quantified by densitometry. 

2.5. (Ultra)structural evaluation by Light and Electron Microscopy 

For morphological evaluation, the head and the abdomen were dissected from the early 

pupae and the middle segment was immediately fixed for at least 2 hours at 4oC in 2% 
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glutaraldehyde (in 0.1M cacodylate buffer, pH7.4). Post-fixation was performed for 2 hours 

in 1% osmium tetroxide (supplemented with 1.5% K4Fe(CN)6 in cacodylate buffer, pH7.4) 

at 4oC. After dehydration in ethanol, pupae were embedded in Epon and semi-thin sections 

(1µm) were cut and stained with 1% toluidine blue and used for light microscopic evaluation. 

To verify the ultrastructural changes, ultrathin sections (60nm) were made and stained with 

uranylacetate and lead citrate and examined in a Philips CM100 electron microscope 

operating at 60kV. Changes were evaluated in six randomly chosen regions by an investigator 

blinded for Drosophila groups, who (1) calculated the ratio of area positive for myolysis 

(areas with >10% loss of sarcomeres) compared to total area, using ImagePro software27; and 

(2) scored mitochondrial degeneration by determining the ratio degenerated versus total 

mitochondria.  

2.6. Statistical analysis 

Results are expressed as mean± SEM. All experimental procedures were performed in at 

least duplicate series. ANOVA was used for multiple-group comparisons. Student t tests were 

used for comparisons involving only 2 groups, and t tests with Bonferroni correction were 

used to compare individual group differences when multiple-comparison ANOVA was 

significant. All P values were two-sided. P<0.05 was considered statistically significant. 

SPSS version 16.0 was used for statistical evaluation.  

3. RESULTS 

3.1. Tachypacing of Drosophila induces contractile dysfunction in the heart wall 

Early Drosophila pupae possessed a basal rate of 2.2Hz ± 0.2Hz and were subjected to 

tachypacing at 3, 4 and 5 Hz for up to 2 hours, and contractile function of the heart wall was 

determined. It was found that tachypacing results in a gradual and significant reduction in 

heart contraction rate (Figure 1A, B). In addition, tachypacing also induced a significant 

induction in arrhythmic episodes (Figure 1A, C). Moreover, increasing frequency of 

tachypacing induced a gradual reduction in the amplitude of diastolic and systolic heart wall 

shortening (Figure 1D). Since tachypacing at 5Hz, a 2.3 fold rate increase compared to basal 

heart rate, significantly induced contractile dysfunction of the heart wall, this setting was 

used in all following tachypacing experiments. 

3.2. Heat shock and the HSP-inducers GGA and BGP-15 increase HSP levels in 

Drosophila and protect against tachypacing-induced contractile dysfunction 

In in vitro cardiomyocyte and in vivo canine models for AF, it was observed that HSP-

inducing treatments protect against tachycardia remodeling.3,7 In order to determine if the 
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same result can be obtained in tachypaced Drosophila, fly stocks were subjected to a heat 

treatment (1 hour 37oC, 16 hours recovery), or pretreatment with the HSP inducing agents 

GGA or BGP15. Quantitative polymerase chain reaction with reverse transcription (RT–PCR) 

was used to determine the relative abundance of endogenous DmHSPs. All three HSP-

inducing treatments effectively induced the heat shock response as evidenced by an increase 

in mRNA levels of endogenous DmHSP70AA and DmHSP27 (Figure 2A).   

All HSP inducing treatments protected against tachypacing-induced reduction in heart 

contraction rate (Figure 2B), increase in arrhythmic episodes (Figure 2C) and reduction in 

amplitude of heart wall shortening (Figure 2D). These results indicate that boosting the heat 

shock response results in protection against tachypacing-induced contractile dysfunction of 

the heart in Drosophila pupae, thus further validating Drosophila as an in vivo model for 

tachycardia remodeling.  

 

Figure 1: Tachypacing of Drosophila induces heart wall remodeling, including gradual reduction in 

contractile function, induction in arrhythmic periods and reduction in heart wall shortening. A) 
Illustrations of heart wall contractions are depicted after 2 hours normal pacing (2,2Hz) and tachypacing (5Hz) 

of early pupae of a W1118 genetic background. B) Rate of heart wall contractions are depicted for non-paced, 

normal paced (2.2Hz) and tachypaced (3,4 and 5Hz) early pupae. C) Arrhythmicity index of non-paced, normal 
paced (2.2Hz) and tachypaced (3,4 and 5Hz) early pupae. D) Amplitude of heart wall shortening of normal 

paced (2,2Hz) or tachypaced (3,4 and 5Hz, 2 hours) wild-type early pupae. N=13-20 early pupae per condition. 
**P<0.01 vs Control normal paced, ***P<0.001 vs Control normal paced.  
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Figure 2: HSP-inducing treatments protect against tachycardia remodeling in Drosophila. A) A mild heat 
shock (HS), GGA or BGP-15 pretreatment induces the amount of mRNA of Drosophila DmHSP27 and 

DmHSP70AA compared to RpL32 levels as a standard, as determined by QPCR. B) The percentage of initial 

contraction rate is depicted for normal paced (NP) and tachypaced (TP) early W1118 pupae with or without 
HS, GGA or BGP-15 pretreatment. C) Arrhythmicity index of normal paced (NP) and tachypaced (TP) early 

pupae with or without HS, GGA or BGP-15 pretreatment. D) Degree of heart wall shortening of normal paced 

or tachypaced (2 hours) wild-type early pupae with or without HS, GGA or BGP-15 pretreatment. N=15-20 
early pupae per condition. **P<0.01 vs Control, ***P<0.001 vs Control, #P<0.01 vs Control tachypaced.  

3.3. DmHSP23 overexpression protects against tachypacing-induced contractile 

dysfunction and structural changes of the heart wall.  

Previously, we observed a protective effect of HSPB1, the most prominent heat inducible 

cytosolic member of the human family of small HSPs, against tachycardia remodeling in HL-

1 atrial cardiomyocytes.3 To further validate our model, it was tested if the cytosolic heat 

inducible member of the Drosophila family of small HSPs, DmHSP2319,28, protects against 

tachycardia remodeling. Indeed, the DmHSP23 overexpressing transgenic strain (Table 1) 

was protected against tachypacing-induced reduction in heart contraction rate (Figure 3A, B), 

increase in duration of arrhythmic episodes (Figure 3C) and also reductions in amplitude of 

heart wall shortening (Figure 5C). In addition, (ultra)structural evaluation of the heart wall 

indicates that tachypacing induces loss of sarcomeres (myolysis, Figure 4A, B) and 

degeneration of the mitochondria (Figure 4A, C), including occasional enlargement and 

disorganization of cristae (Figure 4A). All these (ultra)structural changes were significantly 

attenuated in tachypaced DmHSP23 overexpressing Drosophila strain (Figure 4B, C).  
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Figure 3: DmHSP23 but not DmHSP27 overexpressing Drosophila are protected against tachycardia 

remodeling. A) Heart wall contractions are depicted for normal paced (NP) and tachypaced (TP, 2 hours) early 

pupae with UAS-DmHSP23 genetic background (no DmHSP23 overexpression, UAS) and with a UAS-

actinGAL4-DmHSP23 (DmHSP23) overexpressing background. B) The percentage of initial contraction rate 

is depicted of normal paced (NP) and tachypaced (TP) early pupae of control UAS, DmHSP23 and DmHSP27 
overexpressing strains. C) Arrhythmicity index of normal paced (NP) and tachypaced (TP) early pupae of 

control UAS, DmHSP23 and DmHSP27 overexpressing strains. N=12-20 early pupae per condition. *P<0.05, 

**P<0.01 vs Control, ***P<0.001 vs Control.  
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Figure 4: DmHSP23 overexpressing Drosophilas are protected against tachypacing-induced structural 

remodeling, including loss of sarcomeres (myolysis) and mitochondrial damage.  A)  Left panel shows 

light microscopic structure of the heart wall in normal paced and tachypaced control (UAS-DmHSP23) and 
DmHSP23 (UAS-actinGAL4-DmHSP23) overexpressing strains. Right panel shows electron microscopic 

details of the cardiomyocytes and mitochondria. Arrowheads show loss of sarcomeres in the heart wall and 

asterisk marks mitochondrial damage. B) Quantification of ratio myolysis compared to total area of sarcomeres 
and C) ratio degenerated mitochondria compared to total amount of mitochondria in normal paced and 

tachypaced control (UAS-DmHSP23) and DmHSP23 (UAS-actinGAL4-DmHSP23) overexpressing strains. 

N=3-5 early pupae per condition **P<0.01 vs Control normal paced, #P<0.05 vs Control tachypaced. 

3.4. Unravelling the mechanism of DmHSP23 protection against tachycardia remodeling, 

by comparing small HSP overexpressing Drosophila strains.  

Having established that tachypacing of Drosophila results in contractile dysfunction, 

which can be prevented by general overexpression of HSPs and in particular DmHSP23, we 

next used a genetic approach to get more mechanistic insight in its mode of protection. Hereto, 

we used five Drosophila strains overexpressing different small HSPs with various cellular 

localization and functions in protein refolding, protein aggregation and autophagy (Table 1). 

Overexpression of DmCG4461, which lacks these functions, was also ineffective in 

protection against tachycardia remodeling (Figure 5). Next, it was tested whether the 

protective effect of DmHSP23 requires it cytosolic localization. Hereto, we used flies 

overexpressing DmHSP27, which is exclusively localized in the nucleus but otherwise shares 

most (functional) features of DmHSP23.26,28-31 As can be seen in Figure 3B,C DmHSP27 did 

not result in protection against AF, indicating that a protein refolding activity in the nucleus 
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is insufficient for the protective effect. Yet, overexpression of the DmCG7409, a cytosolic 

protein that has a strong activity to support protein refolding, did also not reveal tachycardia 

protection, suggesting that the remodeling induced by tachycardia cannot be prevented by 

the refolding-like activities of DmCG7409. Overexpression of DmHSP67Bc, which lacks 

this classical chaperone-like activity (Table 1)23 but which induces autophagy and hereby 

assists in the clearance of toxic protein aggregates22, also did not protect against tachycardia 

remodeling (Figure 5). In addition, overexpression of (the non-heat inducible) DmCG14207, 

which enhances protein refolding23 and associates with Z bands in muscles32, did not protect 

against tachycardia remodeling (Figure 5). Overexpression of the small HSP of interest was 

confirmed by Western blot analysis (Figure 6). Thus, our findings suggest that the 

effectiveness of DmHSP23 to protect against tachycardia remodeling is due to a specific 

cytosolic feature related to tachycardia, which is unrelated to protein refolding or autophagic 

capacities, and can not be prevented or repaired by all other small HSP members.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

 

Figure 5: HSP67Bc, CG4461, CG7409 and CG14207 show no protective effects against tachycardia 

remodeling in Drosophila. A) The percentage of initial contraction rate is depicted for normal paced (NP) and 

tachypaced (TP) early pupae of control W1118-actinGAL4 and UAS-actinGal4-HSP67Bc, -CG4461, -CG7409 

or -CG14207 overexpressing strains. B) Arrhythmicity index of normal paced (NP) and tachypaced (TP) early 
pupae of control and HSP67Bc, CG4461, CG7409 or CG14207 overexpressing strains. C) Combined results 

of degree of heart wall shortening of normal paced or tachypaced (2 hours) early pupae of control and 

DmHSP23, DmHSP27, HSP67Bc, CG4461, CG7409 or CG14207 overexpressing strains. N=11-15 early 
pupae per condition. ***P<0.001 vs Control NP, #P<0.001 vs Control TP. 
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Figure 6: Western blot showing overexpression of the individual small DmHSPs in transgenic Drosophila 

strains. A) Representative blot showing overexpression of the classical Drosophila small HSPs, DmHSP23 

(UAS-actinGAL4-DmHSP23) and DmHSP27 (UAS-actinGAL4-DmHSP27), compared to respectively 
control UAS-DmHSP23 or UAS-DmHSP27 genetic background. B) Representative blot showing 

overexpression of novel Drosophila small HSPs, UAS-actinGAL4-HSP67Bc, -CG4461, -CG7409 or -

CG14207, compared to control actinGAL4-W1118 genetic background. Alpha-tubulin was used as a loading 
control.   

Table 1: Overview of Drosophila transgenic small HSP overexpressing lines used in the current study. 

Drosophila small 
HSP 

Name Function Reference 

Classical HSPs 

HSP23 
- heat inducible 

25, 30 

- assists protein refolding 

HSP27 
- heat inducible 

25,28,30 

- assists protein refolding 

Novel HSPs 

HSP67Bc 

- heat inducible 

24,25 - prevents protein aggregation 

- induces autophagy 

CG4461 - heat inducible 25 

CG7409 
- mild heat inducible 

25 

- assists protein refolding 

CG14207 
- not heat inducible 

25 

- assists protein refolding 

4. DISCUSSION 

Previously, we reported on cardioprotective effects of HSPs, especially the small human 

HSPB1, and the HSP-inducing agent GGA against important features of tachycardia 

remodeling, such as electrical and structural remodeling and contractile dysfunction.3,5-7 In 

the present study, we demonstrated for the first time that the protective effects are also 

observed in vivo in the Drosophila melanogaster model for tachypacing-induced contractile 

dysfunction of the heart wall. We observed that both HSP-inducing agents GGA and BGP-

15 but also a heat shock pretreatment protect against tachypacing-induced contractile 

dysfunction. By comparing in transgenic Drosophila strains the overexpression of six 
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individual small HSPs, it was found that only DmHSP23 resulted in cardioprotective effects. 

Moreover, our findings indicate that similar findings observed in in vitro tachypaced HL-1 

and dog atrial cardiomyocytes and in vivo canine model for AF, Drosophila melanogaster 

can be used to study tachycardia remodeling. Since Drosophila can be easily utilized to 

manipulate gene expression in a highly precise spatial and temporal fashion, this model of 

AF thus seems to represent an excellent tool for studying molecular mechanisms of heat 

shock-mediated cardioprotection and genes involved in tachycardia remodeling and AF 

progression.  

4.1. Tachypaced Drosophila melanogaster as model system for contractile dysfunction of 

the heart wall 

The Drosophila heart is a simple tube that runs along the dorsal midline of the pupae.33 

The heart is composed of two major cell types: cardioblasts, which form the heart tube and 

are the contractile cells of the heart, and pericardial cells, which flank the cardioblasts but do 

not express muscle proteins.33 Moreover, Drosophila myocardium contains myogenic 

cardiac pacemaker cells, which respond to a variety of neurotransmitters and hormones by 

adjusting heart rate.34 Tachypacing of the Drosophila hearts induced cardiomyocyte 

remodeling that was comparable to the remodeling observed in in vitro tachypaced 

cardiomyocytes4,35, in vivo animal models for AF36,37 and clinical AF.38,39 Moreover, the 

cardioprotective effect of the general induction of the heat shock response, that was 

previously shown to be protective in in vitro3,5 and in vivo3,7 AF models, was also found to 

be protective in the tachypaced Drosophila model. Finally, also overexpression of a single 

small HSP, DmHSP23, revealed the same cardioprotective effects as seen for human HSPB1 

in tachypaced HL-1 cardiomyocytes. Together, the data validate the tachypaced Drosophila 

model as versatile model system for tachycardia remodeling and AF progression.  

4.2. Small heat shock proteins in Drosophila melanogaster 

The family of Drosophila melanogaster small HSPs comprises 12 proteins, but only four 

of them have been studied in greater detail and form the classical DmHSPs, DmHSP22, 

DmHSP23, DmHSP26 and DmHSP27.23 Although these four proteins share high homology, 

their intracellular localization differs.23,28 DmHSP22 is localized to mitochondria40, 

DmHSP23 and DmHSP26 were found in the cytosol28,29 and DmHSP27 is present in the 

nucleus.30 It is unknown which member of the Drosophila small HSP family represents the 

functional ortholog of human HSPB1. Based on the heat inducibility of HSPB1, its 

cytoplasmic localization, and its ability to function in the HSPA1A dependent refolding 

activity, DmHSP23 and DmHSP26 most closely resemble HSPB1.23 DmHSP26 is, however, 

rather effective in protection against aggregation of polyglutamine proteins that are 
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associated with neurodegenerative disease28, a property that is lacking for DmHSP2328 and 

human HSPB1.41 Although we did not include flies overexpressing DmHSP26, we now show 

that DmHSP23, like HSPB1, also protects against tachycardia remodeling. This finding 

suggests that DmHSP23 might represent a functional ortholog of human HSPB1.  

The question arised which small HSP activity is required for cardioprotection in AF. In 

a recently completed study comparing all 10 human HSPB members in a HL-1 

cardiomyocyte model for AF42, we found three members, HSPB1, HSPB6, and HSPB7, to 

strongly protect against tachycardia remodeling and one member, HSPB8, had minor 

protective actions. DmHSP67Bc was recently found to be the functional ortholog of the 

human HSPB822, and was ineffective in the current study. This implies that the autophagy 

stimulating function of the human HSPB822,43,44 and DmHSP67Bc22 is insufficient to protect 

against tachycardia remodeling in Drosophila. The function shared by HSPB1, HSPB6, and 

HSPB7 that was found responsible for cardioprotection, was their ability to bind to actin and 

to prevent actin polymerization42 and not their association with canonical activities of HSPBs 

like refolding of denatured proteins.42 Also in the current study, two cytosolic members of 

the Drosophila small HSP family that do function in refolding, CG7409 and CG14207, do 

not protect against tachycardia remodeling. This suggests that neither CG7409 nor CG14207 

are likely to be functional orthologs of HSPB1, HSPB6, or HSPB7. The same is true for 

CG4461, for which no clear activity has been found so far. Finally, flies overexpressing 

DmHSP27, which is exclusively localized in the nucleus but otherwise shares most 

(functional) features of DmHSP2328 did not result in protection against tachycardia 

remodeling, indicating that cytoplasmic activity is required for a protective effect. Based on 

the studies with the human HSPB members42, actin binding may be a key feature required 

for such cardioprotective activity. Whether DmHSP23 indeed can bind actin has not been 

demonstrated so far. Only for HSP67Bc and CG14207, it was shown that they associate with 

Z bands in muscles22,32, but neither one of these two members protected against tachycardia 

remodeling in Drosophila, indicating that this feature is not associated with the observed 

cardioprotective effect. Furthermore, it might be argued that the V5 tag of the novel small 

HSPs is suppressing its function, but the HSP67Bc, CG14207 and CG7409 transgenic strains 

were found to be efficient in preventing aggregation of disease related misfolded proteins, 

indicating no functional interference of the V5 tag.23 Thus, the precise mechanism for the 

effectiveness of DmHSP23 to protect against tachycardia remodeling remains to be 

determined, but there are indications that a specific tachycardia-related feature of DmHSP23 

that is not shared by the other five small DmHSP members, plays a key role. The combined 

data also demonstrate that, next to sharing common functions in proteostasis, small HSP seem 

to have distinct client specific functions. 

In summary, the tachypaced Drosophila model for AF as shown in the current study, 

provides a versatile system to study both mechanism of tachycardia remodeling and disease 



HSP protects against AF in Drosophila 

 59 

 

 

 

 
 

 
 

3 

  

 

 

 

 
 

 

 
 

 

 

 
 

 

 

progression, to search for genetic modifiers of tachycardia remodeling, and to screen for 

pharmacological compounds that can prevent AF mediated cardiac damage. 
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ABSTRACT  

Background: Atrial Fibrillation (AF) is characterized by structural remodeling, contractile 

dysfunction and AF progression. HDACs influence acetylation of both histones and cytosolic 

proteins, thereby mediating epigenetic regulation and influencing cell proteostasis. As the 

exact function of HDACs in AF is unknown, we investigated their role in experimental and 

clinical AF models. 

Methods and Results: Tachypacing of HL-1 atrial cardiomyocytes and Drosophila pupae 

hearts significantly impaired contractile function (amplitude of Ca2+ transients (CaT) and heart 

wall contractions). This dysfunction was prevented by inhibition of HDAC6 (tubacin) and 

sirtuins (nicotinamide). Tachypacing induced specific activation of HDAC6, resulting in -

tubulin deacetylation, depolymerization and degradation by calpain. Tachypacing-induced 

contractile dysfunction was completely rescued by dominant negative HDAC6 mutants with 

loss of deacetylase activity in the second catalytic domain, which bears α-tubulin deacetylase 

activity (TDAC). Furthermore, in vivo treatment with the HDAC6 inhibitor tubastatin A 

protected atrial tachypaced dogs from electrical remodeling (APD shortening, L-type Ca2+ 

current reduction, AF promotion) and cellular Ca2+-handling/contractile dysfunction (loss of 

CaT amplitude, sarcomere contractility). Finally, atrial tissue from patients with AF also 

showed a significant increase in HDAC6 activity and reduction in the expression of both 

acetylated and total -tubulin.   

Conclusions: AF induces remodeling and loss of contractile function, at least in part through 

HDAC6 activation and subsequent derailment of -tubulin proteostasis and disruption of the 

cardiomyocyte microtubule structure. In vivo inhibition of HDAC6 protects against AF-

related atrial remodeling, disclosing the potential of HDAC6 as a therapeutic target in clinical 

AF. 
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1. INTRODUCTION 

Atrial Fibrillation (AF) is the most common persistent clinical tachyarrhythmia and a 

significant contributor to cardiovascular morbidity and mortality.1 AF is progressive in nature 

because of atrial remodeling, which provides a further substrate for the arrhythmia. As the 

expansion of the AF substrate is not addressed by current drug therapies, the likelihood of 

conversion to sinus rhythm declines with persistence of the arrhythmia.1 Thus there is a need 

for treatments limiting or reversing the cellular substrates for AF, i.e. the molecular changes 

that cause structural remodeling and drive the development and progression of the 

arrhythmia.2 Identification of druggable targets in these pathways comprises an initial step 

towards such “upstream therapy”.3  

Several observations suggest a prominent role for epigenetic regulation in the promotion 

of AF. Epigenetic regulation refers to processes that influence the packaging and/or 

processing of nuclear DNA, thus controlling the on/off states of multiple genes with discrete 

switches. Epigenetic regulation thus profoundly affects cellular proteostasis, i.e. the 

homeostasis of protein production, degradation and function.4,5 Derailment of proteostasis 

has been implicated in the pathogenesis of multiple diseases, including cardiovascular 

disorders.5 Importantly, the packaging of chromatin is largely dependent on the acetylation 

status of histones6, which is controlled by histone acetyl transferases and deacetylases (HATs 

and HDACs, respectively). Evidence for epigenetic regulation in AF originates from 

observations that the (re)activation of the fetal gene program in cardiomyocytes promotes 

AF.7,8 Furthermore, genetically modified mice with increased HDAC activity are prone to 

develop atrial arrhythmia and reveal substrates for AF, such as a reduction in connexin 40 

expression, cardiac hypertrophy and fibrosis.9 Thus, HDACs substantially affect 

cardiomyocyte proteostasis and may participate in AF progression.  

HDACs affect not only the protein acetylation status of histones, but also target many 

cytoplasmic proteins, including structural proteins such as -tubulin.10-12 Alpha-tubulin is a 

key component of the microtubule network and its acetylation influences microtubular 

composition and organization, thereby modulating Ca2+ signaling and contractility.13,14 Thus, 

acetylation of α-tubulin may represent a second mechanism by which HDACs influence 

cardiomyocyte proteostasis and AF progression.5  

Recently, progress has made in understanding the crucial role of HDACs in cardiac 

development and pathogenesis.4,15 Eighteen mammalian HDACs are classified into four 

groups based on their structure, complex formation and expression pattern: Class I (HDAC1, 

2, 3 and 8), class IIa (HDAC4, 5, 7 and 9), class IIb (HDAC6 and 10), class III (Sirt1 to 7) 

and class IV (HDAC11).4 Several HDAC inhibitors reveal promising therapeutic effects as 

they attenuate cardiac hypertrophy, fibrosis and contractile dysfunction in mice atria.4,9 

However, the specific HDAC(s) that contribute to the development of a substrate for AF 
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is/are still unknown. The aim of the present study was to identify HDACs involved in the 

structural and functional remodeling in AF, with the use of cellular and in vivo experimental 

models, as well as atrial-tissue samples from AF-patients.  

  2. MATERIALS AND METHODS  

This section contains a brief summary of the principal methods. For details, see 

Supplementary data. 

2.1. HL-1 cardiomyocyte model 

HL-1 cardiomyocytes derived from adult mouse atria were obtained from Dr. William 

Claycomb (Louisiana State University, New Orleans, LA, USA) and cultured as previously 

described.16,17 The cardiomyocytes were normal paced (1Hz) or tachypaced (5Hz)  with a C-

Pace100TM-culture pacer (IonOptix Corporations). Ca2+ transient (CaT) measurements were 

performed as previously described.16,17  

Before pacing, HL-1 cardiomyocytes were treated with HDAC inhibitors described in 

Table 1. All inhibitors were obtained from Sigma. The non-active analogue niltubacin (1 

µmol/L) was added as a control for tubacin. To study the effect of HDAC6 on CaT, HL-1 

cardiomyocytes were transfected with pcDNA3.1+ (empty plasmid), HDAC6 wild type (wt), 

HDAC6 mutant in the first catalytic domain (HDAC6 m1), HDAC6 mutant in the second 

catalytic domain (HDAC6 m2), or HDAC6 mutant in both domains (HDAC6 m1-2), by the 

use of Lipofectamine 2000 (Invitrogen). The HDAC6 plasmids were a kind gift from Dr. 

Alexander Bershadsky. 

Table 1.  Overview protective effects of HDAC inhibitors in tachypaced HL-1 cardiomyocytes and 

Drosophila melanogaster  

  

 

 

Class  

 

HDACs 

 

IC50 

Concentration 

in HL-1 

Concentration 

in Drosophila 

Protection  

in HL-1 

Protection  

in Drosophila 

TSA 

I HDAC1,2,3,8  

10 nmol/L 1 mmol/L - - 

IIa HDAC4,5,7,9 20 nmol/L HDAC139 

IIb HDAC6,10 1.2 nmol/L HDAC639 

IV HDAC11  

Sodium 

Butyrate 

I HDAC1,2,3,8 

30 µmol/L HDAC142 2 mmol/L 20 mmol/L - - 

IIa HDAC4,5,7,9 

Nicotinamide III Sirt1-Sirt7 88 µmol/L Sirt143 10 mmol/L 100 mmol/L +++ ++ 

Tubacin IIb HDAC6 4 nmol/L HDAC639 1 μmol/L 10 μmol/L ++ ++ 

-, no significant protective effect; ++ P <0.01 vs control TP; +++ P <0.001 vs control TP. 

 

http://jcs.biologists.org/search?author1=Alexander+Bershadsky&sortspec=date&submit=Submit


HDAC6 inhibition protects against AF 

 67 

 

 

 

 
 

 

 

 
 

4 

 
 

 

 
 

 

 

 

 

 

 

2.2. Drosophila stocks, tachypacing and heart wall contraction assays 

Wild type W1118 strains were obtained from Genetic Services Inc., Massachusetts. All 

flies were maintained at 25oC on standard medium. After fertilization, adult flies were 

removed and HDAC inhibitors (Table 1) were added into the medium containing fly embryos 

(Figure 2 A I). After 2 days, pre-pupae were selected for tachypacing as previously 

described.18,19 Briefly, transparent pupae were placed on 1% agarose gel in PBS (Figure 2 A 

II). Groups of 5 pupae were subjected to tachypacing (4Hz, 20 min) by the use of a C-

Pace100™-Culture Pacer (IonOptix Corporation). Before and after tachypacing, movies of 

whole pupae visualized through a microscope at 10x magnification were obtained in triplicate 

periods of 10 seconds. Heart wall contractions were analyzed using image J software. 

2.3. Canine model 

Animal handling procedures followed National Institutes of Health guidelines (NIH 

Publication No. 85-23, revised 1996) and were approved by the Animal Research Ethics 

Committee of the Montreal Heart Institute. Adult mongrel dogs were divided into 3 groups: 

sham with administration of tubastatin A vehicle (N=6, mean body weight 25.2±1.2 kg), 

atrial tachypacing with administration of tubastatin A vehicle (ATP, N=6, mean body weight 

25.7±0.8 kg), and ATP with tubastatin A 1 mg/kg/day administered with continuous infusion 

via osmotic pump (N=6, mean body weight 25.7±1.3 kg). All dogs underwent the same 

surgical procedure and AF induction measurements, as mentioned in Supplementary data.  

2.4. Atrial cardiomyocyte isolation 

After electrophysiological study, the heart was excised and immersed in oxygen-

saturated Tyrode solution (in mmol/L NaCl 136, KCl 5.4, MgCl2 1, CaCl2 2, NaH2PO4 0.33, 

HEPES 5 and dextrose 10, pH 7.35 by NaOH). The left atrium (LA) was isolated from the 

heart with intact blood supply and used to isolate cardiomyocytes as described in 

Supplementary data.   

2.5. Ca2+ imaging and cellular contractility assessment 

Atrial cardiomyocytes were incubated with indo-1 AM (5 μmol/L, dissolved in pluronic 

F-127 2.5 μg/ml in 20% DMSO) for 8 minutes followed by perfusion with Tyrode’s solution 

containing 1.8 mmol/L Ca2+ for 40 minutes before measurement. An integrated system 

(IonOptix Corporation, Milton, MA) with a video-based edge-detection device and dual-

excitation fluorescence photomultiplier was used to monitor Ca2+ transients and cell-

contractility. Further experimental details are mentioned in Supplementary data.   

2.6. Cell Electrophysiology Recordings 
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The whole-cell perforated-patch technique was used to record APs at 37°C  and 1 Hz in 

current-clamp mode and tight-seal patch-clamp to record currents in voltage-clamp mode at 

37°C as described in the Supplementary data. Clampfit 9.2 (Axon), GraphPad Prism 5.0, and 

Origin 5.0 were used for data analysis. 

2.7. Patients 

Prior to surgery, one investigator assessed patient characteristics (Table 2) as described 

before.17 RA and LA appendages (RAAs and LAAs, respectively) were obtained from 

patients with paroxysmal (PAF) and permanent AF (PeAF) and control patients in sinus 

rhythm (SR). The PeAF and PAF group included patients with lone AF or AF with underlying 

mitral valve disease (MVD). After excision, atrial appendages were immediately snap-frozen 

in liquid nitrogen and stored at −80°C. The study conforms to the principles of the 

Declaration of Helsinki. The Institutional Review Board approved the study, and patients 

gave written informed consent. Tissue was used to perform various assays. Unfortunately, 

the tissue yield per patient was insufficient to perform all the assays on each patient sample. 

However, at least n=3 samples per group were used for the individual tests, as indicated in 

the legend section. 

Table 2. Baseline demographic and clinical characteristics of patients with paroxysmal AF (PAF), 

permanent AF (PeAF) and control patients in sinus rhythm. 

 SR PAF PeAF 

N 17 13 28 

RAA (n) 17 13 25 

LAA (n) 14 11 27 

Age 58 ± 5 50 ± 3 61 ± 3 

Months of AF (median, range) – – 8 (0.1–56) 

Days of SR before surgery (median, range) – 10 (0.5–210) – 

Hours of last episode AF (median, range) – 12 (0.2–24) – 

AF/day (median, range (%)) – 2 (0.2–70) – 

Underlying heart disease (n) / surgical procedure    

Lone AF/Maze 0 (0%) 7 (54%) 7 (25%) 

MVD/MV replacement or repair 17(100%) 6 (46%) 21 (75%) 

Medication (n)    

ACE / ARB 10 (59%) 5 (38%)* 15 (54%) 

Digoxin 1 (6%) 1 (8%) 11 (39%)* 

Calcium Channel Blocker 5 (29%) 3 (23%) 8 (29%) 

β-Blocker 13 (77%) 3 (23%)* 8 (29%) 

Values are presented as mean value ± SEM or number of patients Maze: atrial arrhythmia surgery; MVD: mitral 

valve disease. *P<0.05 vs SR. 
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2.8. Calpain activity measurement 

The calpain activity measurement in human tissue was performed as described 

previously.17 Suc-Leu-Leu-Val-Tyr-7-amino-4-methyl-coumarin (AMC, Sigma), was used 

as calpain substrate. Protein extracts (25 µg) were added to 20 µmol/L AMC in 300µl Tris-

buffered saline. AMC release was measured by fluorometry (360nm excitation; 430nm 

emission, Spectrometer LS50B, PerkinElmer) after 30 minutes incubation at room 

temperature.  

2.9. HDAC and HDAC6 TDAC domain activity measurements 

The overall HDAC activity was measured by utilizing a fluorimetric HDAC activity 

assay kit (Sigma) according to the manufacturer’s instructions (for details see Supplementary 

data). The HDAC6 activity assay was developed as previously described with minor 

changes.20 Atrial tissue samples were lysed in non-denaturing buffer (CelLytic™, Sigma) 

supplemented with protein inhibitor cocktail (Roche). HL-1 cardiomyocytes and 

cardiomyocytes isolated from dogs were lysed in PBS (pH7.4) containing 0.5% Triton X-

100 and protein inhibitor cocktail (Roche), followed by sonification and centrifugation. 

Protein concentrations were determined by Bio-Rad Protein Assay Kit (Biorad) and 30 μg of 

HL-1 cardiomyocytes, 50 ug of dogs cardiomyocytes, or 100 μg of tissue extracts were 

diluted in PBS buffer (total volume 100 μl) in a 96-well plate. HDAC6 inhibitor tubacin (30 

μmol/L), which inhibits the TDAC domain of HDAC6, or vehicle were added (30 min at 

37°C). Then, 5 µl of 1 mmol/L stock solution of synthetic HDAC class I/IIb substrate I-1875 

(Bachem) was added (2.5 hr at 37°C). The reaction was stopped with 50 µl of stop solution 

(PBS with 1.5% Triton X-100, 3 μmol/L TSA, and 0.75 mg/ml trypsin). Fluorescence was 

measured by a BioTek Synergy 4 plate reader (360nm excitation and 460nm emission). 

Background signals were subtracted. To correct for quenching of the AMC signal by colored 

tissue extracts, an additional reference set of samples and buffer blanks with AMC (Alfa 

Aesar, 5 μl of 80 μmol/L stock) instead of substrate was included. The reference AMC signals 

were used to calculate quenching ratios relative to the AMC buffer blank signal. Each raw 

fluorescence value from the substrate-containing samples was divided by the corresponding 

quenching ratio, followed by subtraction of the substrate background. HDAC6 TDAC 

domain activity was calculated as the amount of HDAC activity blocked by tubacin. 

2.10. Protein extraction and Western blot analysis 

HL-1 or dog cardiomyocytes or tissue samples were lysed in RIPA buffer as described 

before.17 In short, equal amounts of protein were separated on SDS-PAGE gels, transferred 

onto nitrocellulose membranes and probed with anti-acetylated α-tubulin (Sigma), anti-α- 

tubulin (Sigma), anti-human HDAC6 (Cell Signaling), anti-mouse HDAC6 (Cell Signaling), 
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anti-HA tag (Sigma) or anti-GAPDH (Fitzgerald). Blots were subsequently incubated with 

HRP-conjugated anti-mouse or anti-rabbit secondary antibodies (Dako). Signals were 

detected by the ECL-detection method (Amersham) and quantified by densitometry 

(Syngene, Genetools). 

2.11. Polymerized and depolymerized α-tubulin fractions and drug treatment 

Polymerized and depolymerized (soluble monomers) α-tubulin were fractionized as 

previously described with minor changes.21 In brief, after one rinse in PBS, HL-1 

cardiomyocytes were washed in microtubule-stabilizing buffer (MSB) (0,1 mol/L PIPES, pH 

6.93, 1 mmol/L EGTA, 1 mmol/L MgCl2, 2 mol/L glycerol) and then incubated for 3 minutes 

with 0.5 ml MSB containing 0.5% Triton X-100 and protein inhibitor cocktail (Roche). After 

incubation, the supernatant contained the soluble depolymerized α-tubulin fraction and was 

transferred to a new tube. The remaining HL-1 cardiomyocytes were washed once with MSB 

buffer and then lysed with RIPA buffer. The collected lysate contains the polymerized 

tubulin.  

For testing the effect of drugs on (de-)polymerization status of α-tubulin, 20 μmol/L 

calpain inhibitor, PD150606 (Calbiochem), was added to HL-1 cardiomyocytes 2 hours prior 

to tachypacing as described before.17 HDAC6 inhibitor, tubacin (1 μmol/L), was added to 

cells 12 hours prior to tachypacing. HL-1 cardiomyocytes were tachypaced for 8 hours, 

followed by isolation of polymerized and depolymerized α-tubulin fractions as described 

above. 

2.12. Statistical analysis 

Results are expressed as mean ± SEM. Biochemical analysis were performed at least in 

duplicate. Multiple-group comparisons were obtained by ANOVA, with one-way ANOVA 

for non-repeated measurements and two-way ANOVA for repeated-measurement analyses. 

Individual group-mean differences were evaluated with Student’s t-test and Bonferroni 

correction. Correlation was determined using the Spearman correlation test. All P-

values were two-sided. P<0.05 was considered statistically significant. SPSS version 20 was 

used for all statistical evaluations.  

3. RESULTS 

3.1. HDAC6 and sirtuins mediate tachypacing-induced contractile dysfunction in 

cardiomyocytes and Drosophila.  
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Figure 1: HDAC6 and sirtuin inhibitors protect against CaT reductions in tachypaced HL-1 

cardiomyocytes. A) Representative CaT of HL-1 cardiomyocytes after normal pacing (NP, 1 Hz) or 

tachypacing (TP, 5Hz). HL-1 cardiomyocytes were pre-treated with TSA, sodium butyrate (SoBu), 

nicotinamide (Nic), tubacin or niltubacin, followed by normal or tachypacing and measurement of CaT. B) 
Quantified CaT amplitude of NP and TP HL-1 cardiomyocytes, each from groups indicated. **P<0.01 vs 

control NP; #P<0.05 vs control TP. n>=15 cardiomyocytes for each group. C) Efficiency of pan-HDAC 

inhibitors was tested by using an HDAC activity assay and D) the specific HDAC6 inhibitor tubacin was tested 
by Western blot analysis of acetylated α-tubulin (A-Tub). Concentration of drugs used as mentioned in Table 

1. *P<0.05 vs control.  

We initially determined which HDAC classes were involved in cardiomyocyte 

remodeling by utilizing various HDAC inhibitors in tachypaced HL-1 cardiomyocytes and 

Drosophila (Table 1). Inhibition of HDAC6 by tubacin and of sirtuins by nicotinamide 

protected against the tachypacing-induced reduction of CaT (Figure 1A, B). In contrast, 

niltubacin (the inactive analogue of tubacin), and the pan-HDAC inhibitors, TSA and sodium 

butyrate, did not protect from CaT loss, despite reducing overall HDAC activity (Figure 1C, 

D). These findings indicate that HDAC6 and sirtuins are involved in tachypacing-induced 

remodeling in the in vitro HL-1 cardiomyocyte model. To extend these findings to a second 

experimental model, similar experiments were conducted in tachypaced Drosophila.19 

Tachypacing induced a marked reduction in contractility in non-treated Drosophila (Figure 

2A, B). Similar to the findings in tachypaced HL-1 cardiomyocytes, inhibition of HDAC6 

and sirtuins attenuated tachypacing-induced contractile dysfunction in Drosophila, while 

TSA and sodium butyrate were ineffective (Figure 2A, B). Tachypacing did not affect overall 

HDAC activity significantly in HL-1 cardiomyocytes or Drosophila (Supplementary Figure 

S2A, B), indicating activation of specific HDACs during tachypacing.  
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Figure 2: HDAC6 and sirtuin inhibitors protect against tachypacing-induced contractile dysfunction in 

the heart wall of Drosophila melanogaster. A) (I) HDAC inhibitors were added to the food and pre-pupae 

were selected for normal (NP) or tachypacing (TP) (arrows). (II) Pre-pupae were subjected to tachypacing by 
placing them on an agarose gel connected to electrodes, followed by monitoring of the heart wall contraction 

rate. (III) Representative heart wall contractions monitored before TP, during TP and after TP with or without 

pre-treatment with TSA, sodium butyrate (SoBu), nicotinamide (Nic), or tubacin at concentrations as indicated 
in Table 1. B) Quantified data showing heart wall contraction rates each from groups as indicated. ***P<0.001 

vs control before TP; #P<0.01 vs control TP, n=9-18 pupae for each group. 

3.2. Tubulin catalytic domain (TDAC) of HDAC6 modulates the loss of CaT and 

microtubule network through deacetylation of α-tubulin 

As tubacin inhibits HDAC6 by blocking the TDAC domain of HDAC611  and protects 

against tachypacing-induced contractile dysfunction in both tachypaced HL-1 

cardiomyocytes and Drosophila, we investigated whether HDAC6 becomes activated by 

tachypacing. A significant increase in HDAC6 TDAC domain activity and HDAC6 

expression (Figure 3A, B) was observed after 6 and 8 hours of tachypacing HL-1 

cardiomyocytes. To further support HDAC6 involvement, dominant negative HDAC6 

mutants with disrupted catalytic domains were studied. Successful transfection of the various 
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constructs was assessed by Western blot (Figure 3C). HL-1 cardiomyocytes transfected with 

the control plasmid, wild-type HDAC6, or disruption of the first catalytic domain of HDAC6 

(HDAC domain) continued to show significant reductions in CaT after tachypacing (Figure 

3D, E). In contrast, disruption of the second catalytic domain (TDAC domain) of HDAC6, 

or both HDAC and TDAC domains, rescued tachypaced HL-1 cardiomyocytes from CaT 

loss (Figure 3D, E). This finding demonstrates that tachypacing-induced CaT reduction is 

mediated by the TDAC activity of HDAC6.  

 

Figure 3: Tachypacing activates HDAC6 and inhibition of TDAC catalytic domain of HDAC6 rescues 

tachypacing-induced CaT loss in HL-1 cardiomyocytes. A) Time-course of tachypacing (TP)-induced 

HDAC6 activity. HDAC6 TDAC activity is significantly increased after 6h and 8h TP. B) Western blot 
showing TP to increase HDAC6 expression level after 6h and 8h TP. *P <0.05, **P <0.01 vs control 0h C) 

Representative Western blot showing transfected HL-1 cardiomyocytes overexpressing the wild-type HDAC6 

(HDAC6 wt), and the three mutants with impaired deacetylating activity i.e. HDAC6 m1, HDAC6 m2 or 
HDAC6 m1-2. Control cells are transfected with empty plasmid, pCDNA3.1. D) Representative CaT of normal 

paced (NP) or TP HL-1 cardiomyocytes transfected with HDAC6 wt, HDAC6 m1, HDAC6 m2 or HDAC6 

m1-2. E) Quantitative data showing HL-1 cardiomyocytes transfected with HDAC6 m2 or HDAC6 m1-2 
reveal protective effects against tachypacing-induced CaT reductions. ***P<0.001 vs control NP, #P<0.001 

vs control TP, n=32-80 cardiomyocytes for each group. 

Since the TDAC domain of HDAC6 conveys the deacetylation of α-tubulin11, the 

expression of acetyl -tubulin over the time-course of tachypacing was determined. 

Tachypacing caused a significant reduction in α-tubulin acetylation after 6 hours (Figure 4A, 

B), which was followed by a significant reduction in total α-tubulin levels after 8 hours 

(Figure 4A, C). Tubacin attenuated both the tachypacing-induced deacetylation and 

degradation of α-tubulin (Figure 4D-F). The reduction in acetyl -tubulin was specific, since 

no significant changes in the overall acetylation level of proteins or histones were observed 

between control and tachypaced HL-1 cardiomyocytes (Supplementary Figure S3).  
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Figure 4: Tachypacing induces deacetylation and degradation of α-tubulin, which is prevented by 

HDAC6 inhibition. A) Representative Western blot showing tachypacing (TP)-induced reductions in acetyl 

α-tubulin (A-Tub) and degradation of α-tubulin (Tub).  B) and C) Quantified data of 3 independent western 
blots  showing  a significant reduction in acetyl α-tubulin after 6h  and α-tubulin after 8h tachypacing. *P<0.05, 

**P <0.01 vs control 0h TP D) Representative Western blot showing HDAC6 inhibition by tubacin protects 

against tachypacing-induced deacetylation and degradation of α-tubulin. E) and F) Quantified data of 3 
independent Western blots showing the amount of acetyl α-tubulin (E) and α-tubulin Tub (F) for the treatments 

as indicated. Control HL-1 cardiomyocytes were treated with DMSO (solvent of tubacin). **P<0.01 vs Control 

NP. #P<0.01 vs Control TP. 

Alpha-tubulin, together with β-tubulin, forms the microtubule network, which are 

structural polymers supporting the architecture, contractile function and the active transport 

of cytoplasmic constituents, including mitochondria and endoplasmic reticulum.5,22 

Moreover, HDAC6-induced deacetylatation of -tubulin results in the depolymerization of 

microtubules12,23,24, and thereby impairs CaT.14 To examine whether tachypacing-induced 

HDAC6 activation causes CaT loss via depolymerization of microtubules, HL-1 

cardiomyocytes were stained for α-tubulin and acetyl α-tubulin and the structure of 

microtubules was determined in cardiomyocytes treated with or without tubacin. 

Tachypacing significantly reduced the amount of total α-tubulin and acetyl α-tubulin, an 

effect prevented by tubacin (Figure 5A, B). In addition, tachypacing significantly reduced 

the amount of polymerized microtubules, indicating disruption of the microtubule structure 

(Figure 5A, B). Finally, tubacin protected against tachypacing-induced depolymerization of 

microtubules (Figure 5A, B). The polymerization of α-tubulin was assessed by separation of 

polymerized from depolymerized microtubules in control and tachypaced HL-1 

cardiomyocytes. Similar to confocal experiments, tubacin attenuated the tachypacing-

induced reduction of polymerized and depolymerized -tubulin (Figure 5C). These 

observations demonstrate that tachypacing induces deacetylation and depolymerization of -

tubulin, and subsequent disruption of the microtubules. Although acetylated α-tubulin is a 

substrate for both HDAC6 and Sirt2, the sirtuin inhibitor nicotinamide did not prevent 
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tachypacing-induced deacetylation, depolymerization and degradation of -tubulin 

(Supplementary Figure S4). Overall, these findings indicate a prominent role for HDAC6 in 

tachypacing-induced cardiomyocyte remodeling through TDAC-induced deacetylation and 

depolymerization of α-tubulin and subsequent disruption of the microtubule network and loss 

of CaT.  

 

Figure 5:  Inhibition of HDAC6 protects against tachypacing-induced degradation of α-tubulin and 

depolymerization of microtubules. A) Typical example of an immunofluorescent staining of α-tubulin (Tub, 

green), acetyl α-tubulin (A-Tub, red) in normal paced (NP) and tachypaced (TP) HL-1 cardiomyocytes. 

Tachypacing induces depolymerization of microtubules (yellow) which is preserved by tubacin. B) 

Quantification of the amount of acetyl- and α-tubulin and polymerized microtubules in NP and TP HL-1 

cardiomyocytes. TP significantly decreased the amount of acetyl- and α-tubulin and polymerized α-tubulin, 
which was prevented by tubacin. Number of cardiomyocytes per condition: 100-250. C) Representative 

Western blot showing tachypacing-induced reductions in polymerized α-tubulin and degradation of 

depolymerized α-tubulin (Tub), in line with decreased acetylation of polymerized and depolymerized α-tubulin 
(A-Tub). Tubacin protected against the depolymerization and degradation of α-tubulin, and revealed increased 

levels of acetyl α-tubulin. GAPDH was used to show successful separation of polymerized and depolymerized 

fractions. Control HL-1 cardiomyocytes were treated with DMSO (solvent of tubacin). **P<0.01 vs Control 
NP. #P< 0.01 vs Control TP. §P<0.01 vs control NP. 

3.3. Tachypacing induces calpain-mediated degradation of depolymerized α-tubulin 

The Ca2+ dependent protease calpain is known to degrade depolymerized but not 

polymerized -tubulin.25 Since we previously demonstrated a key role for activated calpain 

in the degradation of contractile proteins in experimental and human AF17,26, we tested its 

involvement in the tachypacing-induced degradation of depolymerized α-tubulin. Inhibition 

of calpain by PD150606 mitigated tachypacing-induced degradation of α-tubulin (Figure 

6A). Furthermore, PD150606 only attenuated the degradation of depolymerized α-tubulin, 

without affecting the depolymerization status of microtubules or deacetylation of α-tubulin 
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(Figure 6B, C, Supplementary Figure S5). Together, these data imply that deacetylated and 

depolymerized microtubules are susceptible to degradation by calpain.  

 

Figure 6: Calpain inhibitor PD150606 attenuates tachypacing-induced degradation of depolymerized α-

tubulin. A) Representative Western blot showing pre-treatment with calpain inhibitor PD150606 to attenuate 

tachypacing (TP)-induced α-tubulin (Tub) degradation. B) Representative Western blot showing the effect of 
PD150606 on tachypacing-induced reductions in polymerized α-tubulin and degradation of depolymerized α-

tubulin. Tachypacing-induced degradation of depolymerized α-tubulin is attenuated by PD150606. No effect 

of PD150606 on the amount of TP-induced depolymerization (Tub) or deacetylation of α-tubulin (A-Tub) was 
observed. GADPH was used to indicate the successful separation of polymerized and soluble α-tubulin. C) 

Quantification of three independent experiments showing TP-induced degradation of depolymerized α-tubulin, 

which was prevented by PD150606. *P<0.05 vs Control NP. 

3.4. Increased HDAC6 activity modulates calpain-induced degradation of α-tubulin in 

patients with AF. 

To investigate whether similar changes in HDAC6 are found in patients with AF, 

HDAC6 TDAC domain activity and HDAC6 expression were determined in LAA and/or 

RAA of PeAF patients and controls in SR. Both HDAC6 TDAC domain activity and HDAC6 

expression were significantly increased in patients with PeAF versus SR (Figure 7E, F) and 

HDAC6 activity correlated with the duration of PeAF (Supplementary Figure S6D). 

Furthermore, the amount of acetylated -tubulin and total tubulin was determined in SR-

controls and patients with PAF or PeAF. PAF and PeAF patients showed a significant 

reduction in the amount of acetylated -tubulin (Figure 7A, B). Reduction of acetylated -
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tubulin was more pronounced in LAA versus RAA in patients with PeAF and inversely 

correlated with the duration of AF (Supplementary Figure S6A, B, E, F). Further, similar to 

the findings in experimental models, both the total HDAC activity and overall acetylation 

level of proteins did not differ between patients with PeAF, PAF and SR (Supplementary 

Figure S2C, S3C). Total α-tubulin levels were significantly reduced in PAF and PeAF (Figure 

7A, C), and α-tubulin levels correlated inversely with calpain activity in LAA (Figure 7D, 

Supplementary Figure S6C). Thus, the results in human AF are in line with the experimental 

findings in tachypaced HL-1 cardiomyocytes.  

 

Figure 7: Patients with AF reveal reduced levels of acetylated and total -tubulin and induction of 

HDAC6 activity and expression. A) Representative Western blot of α-tubulin (Tub) and acetyl α-tubulin (A-

Tub) and GADPH in patients with PAF, PeAF and control SR. B) Quantification of acetyl α-tubulin and C) -

tubulin in patients with SR, PAF, and PeAF, showing a significant reduction in -tubulin and acetyl α-tubulin 

in PAF and PeAF compared to SR. D) Significant inverse correlation between tissue calpain activity and the 

amount of -tubulin in LAA. (●) represents PAF (n=11), (ʘ) represents PeAF (n=16), (○) represents SR (n=3). 
E) HDAC6 TDAC activity is induced in PeAF (n=15) compared to SR (n=18). *P<0.05 vs SR. F) Top panel: 

representative Western blot of HDAC6 and GADPH expression levels in patients with PeAF and controls in 

SR. Bottom, quantified data showing a significant increase in HDAC6 expression in PeAF compared to SR 
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(n=23 for SR, n=21 for PeAF). G) Proposed model for AF-induced HDAC6 activity as a key enzyme in the 

derailment of α-tubulin proteostasis, microtubule disruption and contractile dysfunction, which underlies AF 

progression. HDAC6 causes α-tubulin deacetylation and subsequent depolymerization of microtubules into 
monomeric α-tubulin, which are degraded by calpain. Tubacin blocks TDAC activity of HDAC6 and thereby 

prevents the initial α-tubulin deacetylation and further downstream effects of derailment. PD150606 blocks 

activation of calpain, thereby preventing degradation of α-tubulin, but not AF-induced deacetylation and 
depolymerization of microtubules.    

3.5. HDAC6 inhibition by tubastatin A protects against AF-related remodeling in dogs 

To obtain proof of concept that HDAC6 inhibition protects against AF remodeling in 

vivo, dogs subjected to 7 days of ATP were treated with the HDAC6 inhibitor tubastatin A 

(1 mg/kg per day). ATP substantially increased the duration of AF in untreated animals, an 

effect prevented by tubastatin A (Figure 8A). Furthermore, tubastatin A protected against 

ATP-induced electrical remodeling (APD shortening, ICaL reduction, Figure 8B, C), as well 

as CaT reduction and contractile dysfunction (loss of cell shortening and sarcomere 

contractility, Figure 8D-F). Finally, HDAC6 activity and HDAC6 expression were 

significantly increased in ATP dogs (Figure 8G, H) and tubastatin A attenuated the ATP-

induced HDAC6 TDAC domain activity enhancement in ATP dogs (Figure 8G). Although 

degradation of -tubulin was not observed in ATP dogs, the ratio of acetylated -tubulin to 

total -tubulin was reduced in ATP dogs, and was not significantly changed by ATP in 

tubastatin A treated dogs (Figure 8I). Thus, HDAC6 appears to play a significant role in AF-

related remodeling in vivo.  

 

Figure 8: HDAC6 inhibitor tubastatin A protects against atrial remodeling in dog model for AF. ATP-

induced atrial remodeling, measured as A) the duration of induced AF (n=6 dogs for all groups), B) shortening 
of action potential duration (ADP90, n=15-29 cardiomyocytes), C) reductions in L-type Ca2+ current (ICaL, 

n=21-27 cardiomyocytes), D) loss of CaT (n=19-38 cardiomyocytes), E) loss of cell shortening (n=13-31 

cardiomyocytes), and F) loss of sarcomere shortening (n=19-55 cardiomyocytes). All ATP-induced atrial 
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remodeling endpoints were significantly attenuated by tubastatin A treatment. G) HDAC6 TDAC activity is 

induced in ATP and attenuated in ATP dogs treated with tubastatin A. H) Top panel shows representative 

Western blot, below quantified data revealing HDAC6 expression to be induced in ATP only and ATP 
tubastatin A dogs. I) Representative Western blot of α-tubulin (Tub) and acetyl α-tubulin (A-Tub) and GADPH 

in groups as indicated. Below ratio A-Tub/Tub is reduced in ATP dogs and attentuated in ATP dogs treated 

with tubastatin A. *P<0.05, **P<0.01, ***P<0.001 vs nonpaced (NP) dogs. #P<0.05, ##P<0.01, 
###P<0.001 vs ATP dogs.  

4. DISCUSSION  

Here, we identify HDAC6 as a potentially key enzyme in the development of the 

substrate underlying AF progression. Tachypacing of HL-1 cardiomyocytes increases 

HDAC6 activity and expression, resulting in TDAC-domain dependent 

deacetylation/depolymerization and calpain-mediated degradation of α-tubulin with 

subsequent disruption of the microtubule network. HDAC6 inhibition by tubacin conserved 

the microtubule structure and prevented depolymerized α-tubulin from degradation by 

calpain. Ultimately, this derailment of α-tubulin proteostasis causes contractile dysfunction 

(proposed model in Figure 7G). Consistent with our experimental data, patients with PeAF 

show increased HDAC6 TDAC domain activity and expression, and increased deacetylation 

and degradation of α-tubulin, which inversely correlates with calpain activity. Finally, in vivo 

HDAC6 inhibition by tubastatin A protected against atrial remodeling in a dog model of AF. 

Together, our results identify inhibition of the TDAC domain of HDAC6 as a promising 

upstream therapeutic target to conserve α-tubulin proteostasis and attenuate cardiomyocyte 

remodeling in AF. 

4.1. Prominent role for HDAC6 in AF-induced loss of proteostatic control 

The current study identifies HDAC6 as the most prominent HDAC in AF and a key 

enzyme in the derailment of the proteostasis that underlies structural and functional 

remodeling and AF progression.3 HDAC6 is a member of the class IIb HDACs and is 

essentially cytoplasmic.27 HDAC6 deacetylates α-tubulin10, which impairs control of cell 

proteostasis by depolymerization of the microtubule network.12,23,24 This function of HDAC6 

is involved not only in protein misfolding diseases, such as Parkinson’s28 and Huntington’s 

disease29, but also in cancer.30 Furthermore, HDAC6 is the only cytosolic HDAC with two 

catalytic domains.31 The second domain is mainly responsible for its TDAC activity.4,32 

Several lines of evidence suggest that HDAC6 promotes AF by deacetylation of α-tubulin. 

First, tachypacing-induced remodeling was prevented by treatment with the specific HDAC6 

inhibitor tubacin, a drug mainly inhibiting the TDAC domain of HDAC6.11 In accord, we 

found that tubacin exclusively changed acetylation status of α-tubulin, without effect on 

overall protein or histone acetylation. Others have also shown that HDAC6 inhibition by 

tubacin increases the acetylation of α-tubulin.23 Secondly, dominant negative mutation of the 

TDAC domain of HDAC6, the domain conveying the deacetylation of α-tubulin, prevented 
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tachypacing-induced reduction of CaT, while dominant negative mutation of its histone 

acetylating domain was without protective effect. In accordance with these findings in 

experimental AF, we found increased TDAC activity of HDAC6 in patients with PeAF to 

coincide with deacetylation of α-tubulin.  

In addition, we identified depolymerization of the microtubule network as the likely 

downstream step conveying the action of tachypacing-induced HDAC6 activation underlying 

AF progression. Our results demonstrate HDAC6-induced deacetylation of -tubulin to 

promote a shift from the polymerized microtubule structure towards the depolymerized form, 

which is susceptible to degradation by the protease calpain. Accordingly, in patients with 

PeAF, we found both activation of HDAC6 and deacetylation and degradation of -tubulin, 

which correlated inversely with calpain activity. These results indicate disruption of the 

mictrotubule structure in patients with PeAF. Disrupted microtubule structure causes 

reductions in contraction32, ICaL
33, connexin 40 levels9 and CaT amplitude34 in 

cardiomyocytes, and might therefore also underlie AF progression.3 The involvement of 

calpain is in accord with our previous observations that calpain is strongly activated during 

experimental and clinical AF17,19,26 and with data showing degradation of brain -tubulin by 

calpain.25 

In addition to tubacin, the sirtuin inhibitor nicotinamide protected cardiomyocytes and 

Drosophila from tachypacing. It is conceivable that inhibition of deacetylation of -tubulin 

also underlies the protective effect of nicotinamide since tubacin and nicotinamide inhibit 

different HDACs that function in concert.35 However, in contrast to previous reports35, 

nicotinamide did not prevent deacetylation and depolymerization of -tubulin. Other 

mechanism(s) may convey a protective effect of nicotinamide in AF, such as increased 

availability of NAD+.36  It is unclear which member(s) of the sirtuin family mediate(s) the 

protective effects of nicotinamide.37 Further research is warranted to elucidate the molecular 

mechanism(s) of nicotinamide mediated cardioprotection. While effective in a model of 

cardiac hyperthrophy9, the pan-HDAC inhibitors sodium butyrate and TSA proved 

ineffective in our models, in spite of their inhibition of deacetylation of -tubulin. Most 

likely, this beneficial effect of pan-HDAC inhibition in our AF models is offset by effects to 

increase acetylation of other proteins38 such histone H4 (Supplementary Figure S7).     

4.2. Therapeutic implications  

The efficacy of drugs presently used in AF is limited.1 Thus, pharmacological 

approaches preventing or limiting the substrate for the promotion of AF (“upstream therapy”) 

are warranted.1 There are strong indications that loss of proteostatic control in 

cardiomyocytes represents an important substrate for the development and progression of 

AF.3 The current study shows HDAC6-induced α-tubulin deacetylation and microtubule 
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disruption to play a role in AF. Therefore, pharmacological inhibition of the major -tubulin 

deacetylating enzyme, HDAC6, represents a potentially promising target for upstream 

therapy. Since tubacin is not suitable for in vivo studies39, other HDAC6 inhibitors, such as 

tubastatin A and ACY-1215 have been developed, and show beneficial effects in mice models 

for neurodegenerative diseases and cancer.39-41 In the current study, we provide the first 

evidence for the efficacy of HDAC6 inhibitors in AF by demonstrating tubastatin A to protect 

against atrial remodeling in tachypaced dogs. As the specific inhibition of HDAC6 has not 

been associated with any serious toxicity so far30, the current study suggests that HDAC6 is 

an interesting potential drug target for upstream therapy of AF.  

4.3. Limitations of the study 

Our notion that HDAC6 activation contributes to human AF is based on the analysis of 

patients with lone AF or AF originating from mitral valve disease. Whether HDAC6 

activation also contributes to the etiology of AF of different origin needs to be established. 

Furthermore, although we obtained proof of concept of the beneficial effect of HDAC6 

inhibition in AF, additional research should clarify if HDAC6 inhibition also reverses the 

structural remodeling of cardiomyocytes in AF. 
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SUPPLEMENTAL MATERIALS 

S1. Supplementary Methods 

S1.1. Canine model 

Dogs were anesthetized with acepromazine (0.07 mg/kg i.m.), ketamine (5.3 mg/kg i.v.), 

diazepam (0.25 mg/kg, i.v.), and isoflurane (1.5%), intubated, and ventilated. One bipolar 

pacing lead was fixed into the right atrial (RA) appendage via the left jugular vein under 

fluoroscopic guidance. The tip was connected to a programmable pacemaker (Star Medical, 

Japan). Osmotic pumps (2 ml with one-week delivery; Alzet, Cupertino, CA) filling with 

either 50% DMSO alone (for sham and ATP group) or tubastatin A in 50% DMSO were 

implanted subcutaneously. For ATP and ATP + tubastatin A groups, the pacemakers were 

turned on 24 hours after surgery to stimulate the RA at 600 bpm for 7 successive days. The 

ECG was checked daily to ensure AF during pacing. At the end of the study, all dogs were 

anesthetized with morphine (2mg/kg s.c.) and α-chloralose (120mg/kg i.v. bolus followed by 

29.25mg/kg/hr i.v. infusion), intubated and ventilated. Body temperature was maintained at 

37°C. After midline sternotomy, the pericardium was opened and 2 bipolar electrodes were 

fixed to the RA appendage (one for pacing, one for signal recording). For AF-induction, the 

RA was paced at 50 Hz for 3-10 seconds. A total of 5-10 AF episodes were recorded to 

calculate the mean AF duration in each dog. An AF episode >30 minutes was considered 

sustained, and the electrophysiological study was terminated. Cardioversion was avoided to 

prevent tissue damage, which precludes further cellular and molecular studies. In one sham 

dog, substantial electrophysiological derangements were observed at terminal study, 

including significant sinus node dysfunction and prolonged AF, as well as signs of 

senescence. These results could not be predicted at study initiation, because 

electrophysiological data were not obtained prior to the terminal study. The results of that 

dog were excluded for all analyses because of presumed underlying heart disease. To avoid 

bias due to exclusion from the sham group of a dog with prolonged AF, we also excluded 

from analysis the results of individual dogs with the longest-lasting AF in each of the other 

2 groups (ATP+vehicle and ATP+tubastatin A). 

S1.2. Atrial cardiomyocyte isolation 

After electrophysiological study, the heart was excised and immersed in oxygen-

saturated Tyrode solution (in mmol/L NaCl 136, KCl 5.4, MgCl2 1, CaCl2 2, NaH2PO4 0.33, 

HEPES 5 and dextrose 10, pH 7.35 by NaOH). The left atrium (LA) was isolated from the 

heart with intact blood supply.  The left circumflex coronary artery was cannulated and 

perfused with Ca2+-containing (1.8 mmol/L) Tyrode solution for 10 minutes, followed by 
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Ca2+-free Tyrode-solution perfusion for another 10 minutes. All leaking branches were 

ligated. The tissue was then perfused with Ca2+-free Tyrode-solution containing 150 U/mL 

collagenase (Worthington, type II) and 0.1% bovine serum albumin (BSA) for 60 minutes. 

Digested LA-tissue was harvested and carefully stirred. Isolated cells were centrifuged (500 

rpm, 3 minutes) to separate cardiomyocytes from fibroblasts. Cardiomyocytes were stored in 

Tyrode-solution containing 200 μmol/L Ca2+ for Ca2+-imaging studies and in Kraft-Bruhe 

solution (in mmol/L: K-glutamate 100, K-aspartate 10, KCl 25, KH2PO4 10, MgSO4 2, 

taurine 20, EGTA 0.5, glucose 20, HEPES 5, and 1% BSA ) for patch clamping. 

S1.3. Cardiomyocyte Ca2+ imaging and cellular contractility assessment 

Isolated cardiomyocytes were stimulated at 1 Hz and all measurements were performed 

at 35±2oC. Cell-Ca2+ recording was obtained as previously described with the use of Indo-1 

AM.1 Cells were exposed to UV light (wave-length 340 nm) and the exposure was controlled 

with an electronic shutter to minimize photo bleaching. Emitted light was reflected into a 

spectral separator, passed through parallel filters at 400 and 500 nm (±10 nm), detected by 

matched photomultiplier tubes, and electronically filtered at 60 Hz. Background fluorescence 

was removed by adjusting the 400- and 500-nm channels to 0 over an empty field of view 

near the cell. Fluorescence signal ratios (R) were recorded and converted to [Ca2+]i following 

the equation developed by Grynkiewicz et al.2 : 

[Ca2+]i = Kdβ [(R - Rmin)/(Rmax- R)] 

where β is the ratio of the 500-nm signals at very low and saturating [Ca2+]i. Intracellular 

Kd for indo-1 was 844 nM. Cell and sacromere contractility was detected by automatic edge-

detection and 5 successive beats were averaged for each measurement. 

S1.4. Cell Electrophysiology Recordings 

Borosilicate glass electrodes (Sutter Instruments, Novato, CA) filled with pipette 

solution were connected to a patch-clamp amplifier (Axopatch 200A, Axon Instruments, 

Foster City, CA). Electrodes had tip resistances of 2-4 MΩ. For perforated-patch recording, 

nystatin-free intracellular solution was placed in the tip of the pipette by capillary action (~30 

s), then pipettes were back-filled with nystatin-containing (600 μg/mL) pipette solution. Data 

were sampled at 5 kHz and filtered at 1 kHz.  Whole cell currents are expressed as densities 

(pA/pF). Junction potentials between bath and pipette solutions averaged 10.5 mV and were 

corrected for APs only. KB-solution contained (mmol/L): KCl 20, KH2PO4 10, dextrose 10, 

mannitol 40, L-glutamic acid 70, -OH-butyric acid 10, taurine 20, and EGTA 10 and 0.1% 

BSA (pH 7.3, KOH). Tyrode’s solution contained (mmol/L): NaCl 136, CaCl21.8, KCl 5.4, 

MgCl2
 
1, NaH2PO4 0.33, dextrose 10, and HEPES 5, titrated to pH 7.3 with NaOH. The 

pipette solution for AP-recording contained (mmol/L) GTP 0.1, potassium-aspartate 110, 
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KCl 20, MgCl2
 
1, MgATP 5, HEPES 10, sodium-phosphocreatine 5, and EGTA 0.005 (pH 

7.4, KOH).  

The extracellular solution for Ca2+-current (ICa) 
measurement contained (mmol/L): 

tetraethylammonium-chloride 136, CsCl 5.4, MgCl2
 
1, CaCl2 2, NaH2PO4 0.33, dextrose 10, 

and HEPES 5 (pH 7.4, CsOH).  Niflumic acid (50 μmol/L) was added to inhibit Ca2+ 

dependent Cl--current, and 4-aminopyridine (2 mmol/L) to suppress Ito. The pipette solution 

for ICa-recording contained (mmol/L) CsCl 120, tetraethylammonium-chloride 20, MgCl2 1, 

EGTA 10, Mg-ATP 5, HEPES 10, and Li-GTP 0.1 (pH 7.4, CsOH). 

S1.5. Slot Blotting and Western Blotting 

Slot blot analysis was performed as described previously.3 In short, frozen RAA and 

LAA of patients, pre-pupae of Drosophila or HL-1 cardiomyocytes were lysed in RIPA 

buffer. Protein concentration was measured according to the Bradford method (Bio-Rad, The 

Netherlands). Equal amounts (10 µg) of heat-denatured protein were used for Western 

blotting or spotted on nitrocellulose membranes (Stratagene) by the use of a slot blot 

apparatus (Bio-Rad) and checked by staining with Ponceau S solution (Sigma). After 

blocking with skim milk, membranes were incubated with primary antibody against acetyl 

lysine (Cell Signaling), acetyl Histone 3 (Cell Signaling), or GAPDH (Fitzgerald), followed 

by incubation with secondary HRP-conjugated anti-rabbit antibody (Amersham). Signals 

were detected by the ECL-detection method (Amersham) and quantified by densitometry 

(Syngene Genetools). 

S1.6. In vitro calpain mediated α-tubulin degradation assay 

To measure α-tubulin degradation by calpain in vitro, α-tubulin was isolated from HL-1 

cardiomyocytes by immunoprecipitation with non-denaturing lysis buffer (Tris HCl pH 8, 

137 mmol/L NaCl, 10% glycerol, 1% Nonidet P-40 (NP-40), and 2 mmol/L EDTA).  A/G 

beads (Santa Cruz) were coated with α-tubulin antibody (Sigma) to pull down α-tubulin from 

HL-1 cardiomyocyte lysate.  To detach α-tubulin from the beads, the beads were incubated 

with elution buffer (0.2 mol/L glycine pH2.5) at room temperature for 10 min. After 

centrifugation, beads were removed and the eluate containing α-tubulin was transferred to a 

new tube, followed by adjustment to physiological pH by adding neutralization buffer 

(1mol/L Tris PH9.5, 1/10 v/v of elution buffer). To detect degradation of α-tubulin by 

calpain, calpain I (Merck/Calbiochem) was incubated with the same amount of α-tubulin 

eluate in reaction buffer (PBS with 2 mmol/L CaCl2) for 1 hour at room temperature. After 

incubation, loading buffer (10% SDS, 50% glycerol, 0.33mol/L Tris HCl pH=6.8, 10% beta-

mercaptoethanol, 0.05% bromophenol blue) was added to the tube followed by 5 min boiling. 

Western blot analysis was used to detect α-tubulin.  
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S1.7. HDAC activity measurements 

The overall HDAC activity was measured by utilizing a fluorimetric HDAC activity 

assay kit (Sigma) according to the manufacturer’s instructions. Briefly, normal or tachypaced 

HL-1 cardiomyocytes or atrial tissue samples were lysed in non-denaturing buffer 

(CelLytic™ MT Cell Lysis Reagent, Sigma). Protein concentrations were determined by Bio-

Rad Protein Assay Kit (Bio-Rad). Fluorescence was measured with a fluorimeter (Bio-tek 

instruments FLx800) at 360nm excitation and 460nm emission wavelength. To test efficiency 

of HDAC inhibitors in HL-1 cardiomyocytes, lysates were incubated with the HDAC 

inhibitors as described in Table 1. Blank samples and samples with HeLa cell nuclear extracts 

were used as negative and positive controls, respectively. 

S2. Supplemental Figures 

 

Figure S1: Efficacy of HDAC inhibitors to reduce overall HDAC activity in Drosophila. All the HDAC 

inhibitors significantly reduced HDAC activity at the concentrations used as described in Table 1. *P<0.05 vs 

control, **P<0.01 vs control (without HDAC inhibitor).  

 

Figure S2: No significant changes in overall HDAC activity after tachypacing of HL-1 cardiomyocytes, 

Drosophila and in clinical AF. Overall HDAC activity was tested using the HDAC activity assay kit. No 

changes in total HDAC activity were observed between (A) normal (NP) and tachypaced (TP) HL-1 
cardiomyocytes and (B) Drosophila and (C) between patients in normal sinus rhythm (SR, n=6) and permanent 

AF (PeAF, n=6).  Experiments were performed in at least in duplicate series.  



Chapter 4 

 88 

 

Figure S3: No significant changes in overall acetyl lysine and acetyl histone H3 levels after tachypacing 

of HL-1 cardiomyocytes, Drosophila or during clinical AF. Insets in panel A-C are representative slot blots 
showing overall lysine levels in normal (NP) or tachypaced (TP) (A) HL-1 cardiomyocytes, (B) Drosophila 

and (C) human paroxysmal (PAF), permanent AF (PeAF) and controls in sinus rhythm (SR). Graphs show 

quantified data demonstrating the absence of significant changes between the groups as indicated. D) Western 
blot showing no significant differences in acetyl histone H3K9 (Ace-H3) levels between NP and TP HL-1 

cardiomyocytes. All experiments were performed in at least duplicate series.  

 

Figure S4: Nicotinamide does not prevent tachypacing-induced deacetylation of α-tubulin and 

depolymerization of mictrotubules. A) Typical example of an immunofluorescent staining of α-tubulin 
(green), acetyl α-tubulin (red) in normal paced (NP) and tachypaced (TP) HL-1 cardiomyocytes. Tachypacing 

with or without nicotinamide treatment, induces depolymerization of microtubules (yellow) which is not 

prevented by pre-treatment with nicotinamide. B) Quantification of α-tubulin (Tub), acetylated α-tubulin (A-
Tub) and amount of polymerized tubulin (microtubules) after NP and TP. TP significantly reduced the amount 

of Tub, A-Tub and and polymerized α-tubulin, which was not prevented by nicotinamide (100-250 cells per 

condition). C) Representative Western blot showing tachypacing-induced reductions in total α-tubulin and 
acetyl tubulin which was not prevented by nicotinamide pretreatment. # P< 0.01 vs Control NP.   
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Figure S5: Depolymerized α-tubulin is degraded by calpain in vitro. A) Depolymerized α-tubulin was 

incubated with increasing amounts of calpain, which resulted in accelerated degradation of α-tubulin. B) 

Calpain-induced α-tubulin degradation was attenuated by the calpain inhibitor PD150606. 

 

Figure S6: Patients with AF reveal reduced levels of acetylated and total α-tubulin in LAA. A) 

Quantification of acetyl α-tubulin and B) -tubulin in RAA and LAA. In patients with PeAF, LAAs show 

significant reductions in acetyl and total α-tubulin compared to RAAs. (RAA, n=16 for SR, n=12 for PAF, 
n=25 for PeAF; LAA, n=14 for SR, n=11 for PAF, n=27 for PeAF) C) Significant inverse correlation between 

tissue calpain activity and the amount of acetyl -tubulin in LAA. (●) represents PAF (n=11), (ʘ) represents 

PeAF (n=16), (○) represents SR (n=3). D) Significant correlation between duration of PeAF and HDAC6 
activity. Included are RAA and LAA of SR patients (n=12) and PeAF (n=7). E) and F) Significant inverse 

correlation between duration of AF and expression of α-tubulin (E) and acetyl α-tubulin (F) in LAA of patients 

with lone PeAF (●, n=7) or PeAF with mitral valve disease (▪, n=9). 
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Figure S7: Pan HDAC inhibitors TSA and sodium butyrate, but not tubacin, induce histone H4 

acetylation, while all three drugs do acetylate α-tubulin. Representative Western blots showing the 

acetylated α-tubulin and histone H4 levels (A-H4) in HL-1 cardiomyocytes treated with various HDAC 
inhibitors as indicated. Concentration of drugs used as mentioned in Table 1 and for niltubacin 1µM was used. 
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Interview from Circulation 

 

Circulation:  Tell us about the key findings from this recent article in Circulation. 

Authors:  This article reveals that activation of a particular histone deacetylase (HDAC), 

HDAC6, conveys the structural and contractile remodeling in Atrial Fibrillation (AF). By 

utilizing atrial cardiomyocytes and Drosophila we found tachypacing to induce 

cardiomyocyte remodeling, which is dependent on the activation of a specific domain of 

HDAC6, called TDAC. Activation of TDAC leads to deacetylation of cytoplasmic alpha-

tubulin and subsequent depolymerization and disruption of the microtubule network. 

Specific activation of HDAC6, in contrast to other HDACs, was also found in human 

biopsies from AF patients. Finally, we demonstrated that specific inhibitors of HDAC6, 

including tubacin and tubastatin A, attenuate cardiac remodeling in our experimental model 

systems and in tachypaced dogs, indicating HDAC6 as a druggable target for AF.  

Circulation:  What are the major implications of this work? 

Authors:  Our work has several major implications. First, we identified novel druggable 

targets for AF therapy. Also, our research underscores the importance of derailment of 

proteostasis in cardiomyocyte remodeling and AF progression. Finally, the experimental 

model systems utilized, i.e. tachypaced atrial cardiomyocytes and Drosophila, substantiate 

the power of simple and easily genetically manipulated model systems in translational 

research. 

Circulation:  How did you get the idea to do this study? 

Authors:  Because of our previous studies on the cardioprotective role of heat shock 

proteins in AF, we were familiar with the knowledge on the role of cell proteostasis in 

health and disease. In addition, observations made in the lab of Eric Olson revealed a role 

for CaMKII in the phosphorylation and activation of HDAC4. Subsequently, activated 

HDAC4 caused deacetylation of contractile proteins and contractile dysfunction. As the 

CaMKII pathway is induced during AF and related to contractile dysfunction, we 

hypothesized that the HDACs might also be involved in AF. Luckily, this research proposal 

got funded by the Netherlands Heart Foundation. 

Circulation:  What were the biggest obstacle in completing this study? 

Authors:  The biggest obstacle was to identify the mechanism of the concomitant 

degradation of alpha-tubulin, that we observed in AF patients and tachypaced 

cardiomyocytes, and to demonstrate that this was actually caused by the tachypacing-



Chapter 4 

 92 

induced HDAC6-mediated deacetylation of alpha-tubulin, rather than dependent on a 

separate cellular process. This link was unknown and we had to develop novel complicated 

assays to obtain proof of mechanism. It is because of the experimental skills of Deli Zhang, 

that we were able to successfully complete the experiments. 

Circulation:  What was your most unexpected finding? 

Authors:  We set out to screen the role of all HDAC family members in structural and 

contractile remodeling in AF, by the use of well known, broad spectrum HDAC inhibitors 

and one specific HDAC6 inhibitor. Our finding that a single family member of class IIb 

HDACs, HDAC6, plays a key role in AF-induced remodeling came as a big surprise. 

Circulation:  What do you plan to do next, based on these current findings? 

Authors:  The next step is to mount a clinical study to explore the efficacy of HDAC6 

inhibitors, such as tubastatin-A, in human AF. 

Partly adapted from the official blog site of Circulation 

Non-scientific media interviews 

RTL news: ‘Fruitvliegjes zijn een zegen’ (television) 

Article in newspapers: Trouw, Parool, Telegraaf, Algemeen Dagblad, Gelderlander, 

Dagblad van het Noorden. 

Interview at OOG radio&tv 

KennisInzicht: article 

Patient group ‘Hart&Vaatgroep’: article 
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ABSTRACT 

Background: Progression of Atrial Fibrillation (AF), the most common persistent clinical 

tachyarrhythmia, is driven by structural and metabolic remodeling of cardiomyocytes. 

Activation of the nuclear enzyme poly (ADP-ribose) polymerase (PARP) is implicated in 

metabolic remodeling in various forms of cardiomyopathies. During excessive PARP 

activation, nicotinamide adenine dinucleotide (NAD+) is consumed, resulting in ATP 

depletion and energy loss of the cardiomyocyte. To determine whether PARP activation 

and NAD+ depletion contribute to AF progression, we examined their role in experimental 

model systems for AF and in clinical AF. 

Methods and Results: Tachypacing of HL-1 atrial cardiomyocytes induces DNA damage, 

resulting in PARP activation, NAD+ depletion and calcium transients (CaT) loss. 

Accordingly, replenishment of NAD+ or depletion of PARP1, but not PARP2, protects 

against tachypacing-induced contractile dysfunction. Moreover, inhibition of PARP, by the 

broad PARP inhibitor 3-AB or the specific PARP1/2 inhibitor ABT-888, protects against 

tachypacing-induced contractile dysfunction in HL-1 cardiomyocytes and Drosophila. 

Consistent with these findings, PARP is also activated in atrial tissue of tachypaced dogs 

and of permanent AF patients, and PARP activation correlates with the level of DNA 

damage in patients.  

Conclusion: AF induces DNA damage, PARP1 activation and consequently depletion of 

NAD+ levels, which contribute to the loss of contractile function. Inhibition of PARP1 by 

3-AB or ABT-888 protects against tachypacing-induced contractile dysfunction. Our results 

suggest a prominent role for PARP1 in AF-induced metabolic and functional remodeling 

and consequently disease progression. Inhibition of PARP1 may serve as a novel 

therapeutic target in AF by conserving the cardiomyocyte metabolism.  
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1. INTRODUCTION 

Atrial Fibrillation (AF) is the most common human tachyarrhythmia. Over the past 

years, considerable progress has been made in understanding the causes of persistent AF, 

which may facilitate more effective treatment of AF. The current insight is that progression 

of AF is driven by the interplay between electrical, structural and functional remodeling of 

cardiomyocytes.1-3 In turn, principle factors grounding cardiomyocyte remodeling include 

derailment of calcium homeostasis, proteostasis and protein quality control system.4-6,7,8 To 

these, we recently added a key role for the activation of histone deacetylase 6 (HDAC6), 

which induces structural and functional remodeling of cardiomyocytes via deacetylation of 

the cytoskeletal protein α-tubulin.9 In the course of the studies, we observed that 

nicotinamide (vitamin B3), an inhibitor of the HDAC class III (sirtuins),10,11 offers complete 

protection against cardiomyocyte remodeling in tachypaced cardiomyocytes and 

Drosophila pupae, yet unrelated to its inhibition of sirtuins.9 Thus, we set out to disclose 

nicotinamine’s mechanisms of action. 

Poly(ADP-ribose) polymerases (PARPs) are inhibited by nicotinamide and represent a 

possible drug target to mitigate tachypacing-induced remodeling. PARPs constitute a 

family of 6 nuclear enzymes whose activation is precipitated by single and double strand 

breaks (SSBs and DSBs, respectively) of the DNA, which serve to recruit the DNA repair 

machinery by synthesis of poly(ADP-ribose) chains (PAR).12 Synthesis of the PAR chain 

consumes nicotinamide adenine dinucleotide (NAD+) up to an extent that it depletes the 

mitochondrial stores of NAD+, leading to progressive decline in ATP levels, metabolic 

remodeling and cell death in case of strong PARP activation.13 Moreover, PARP activation, 

especially of PARP1, was previously found involved in various cardiovascular diseases 

other than AF.14-18 Accumulating evidence reveals a role for PARP1 activation via reactive 

oxygen and nitrogen species-induced DNA damage in cardiomyocytes during myocardial 

ischemia/reperfusion injury, various forms of heart failure or cardiomyopathies, cardiac 

aging and myocardial hypertrophy. Moreover, pharmacological and/or genetic inhibition of 

PARP1 provides significant benefits in animal models of such cardiovascular disorders.16,19 

In the current study, we determined whether nicotinamide protects from tachypacing-

induced cardiomyocyte remodeling through inhibition of PARP, preservation of NAD+ 

levels and consequently maintenance of cellular metabolism and contractility. We 

characterized the pathways involved and examined the therapeutic effect of PARP 

inhibitors. 
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2. MATERIALS AND METHODS 

2.1. HL-1 cardiomyocyte model, calcium transient measurements and drug treatment 

HL-1 cardiomyocytes derived from adult mouse atria were obtained from Dr. William 

Claycomb (Louisiana State University, New Orleans) and cultured as previously 

described.4,20 The cardiomyocytes were tachypaced (TP, 5 Hz) with a C-Pace100 culture 

pacer (IonOptix) for 12 hours. Ca2+ transient (CaT) measurements were performed as 

previously described.4,20 

Prior to tachypacing, HL-1 cardiomyocytes were treated for 12 hours with the PARP 

inhibitors, 3-aminobenzamide (3-AB, Sigma-Aldrich), ABT-888 (Selleckchem), beta-

nicotinamide adenine dinucleotide hydrate  (NAD+, Sigma-Aldrich) or transfected with 

scrambled siRNA (control), PARP1 siRNA (Ambion), PARP2 siRNA (Santa Cruz) to 

study the specific role of PARP1 and PARP2 respectively. 

2.2. Drosophila stocks, tachypacing, and heart wall contraction assays 

The wild-type W1118 strain was used for all experiments. The Drosophila prepupa 

were pre-treated with compounds, subjected to tachypacing and heart wall contraction was 

measured as previously described.9 See Table 1 for the applied doses of 3-AB, ABT-888 

and NAD+ in the Drosophila experiments.  

2.3. Dogs 

Left and right atrial tissue from sham dogs and atrial tachypaced dogs were used for 

Western blot analyses  as described previously.9 

2.4. Patients 

Before surgery, one investigator assessed patient characteristics (Table 2), as described 

before.21,22  Right atria (RA) and left atria (LA) tissue samples were obtained from patients 

with underlying mitral valve disease displaying permanent AF (PeAF) or sinus rhythm 

(SR). After excision, atrial appendages were immediately snap-frozen in liquid nitrogen and 

stored at −80°C. The study conforms to the principles of the Declaration of Helsinki. The 

Institutional Review Board approved the study, and patients gave written informed consent.  

2.5. Protein extraction and Western blot analysis 

HL-1 cardiomyocytes or human tissue samples were lysed in 

radioimmunoprecipitation assay buffer as described before.4,9 In short, equal amounts of 

protein homogenates were separated on SDS-PAGE gels, transferred onto nitrocellulose 

membranes, and probed with anti-poly (ADP-Ribose) (PAR, BD bioscience), anti–PARP1 
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(Santa Cruz), anti-ϒH2AX (Millipore), anti-β-actin (Santa Cruz), or anti-GAPDH 

(Fitzgerald). Blots were subsequently incubated with horseradish peroxidase–conjugated 

anti-mouse or anti-rabbit secondary antibodies (Dako). Signals were detected by the ECL 

detection method (Amersham) and quantified by densitometry (Syngene, Genetools). 

2.6. NAD Assay 

NAD/NADH levels, in which NAD represents the sum of NAD+ and NADH, were 

measured according to the manufacturer’s instructions of the assay kit (Abcam, ab65348). 

In short, HL-1 cardiomyocytes were lysed in NAD extraction buffer, and the protein 

concentration was determined (BioRad). 50µl of each extracted protein sample was 

transferred into 96-well plates and mixed with 100 µl NAD cycling buffer. The plate was 

incubated at room temperature for 5 min to convert NAD+ to NADH, followed by the 

addition of 10 µl NADH developer buffer and 2 hours incubation at room temperature. 

NAD/NADH levels were measured at 450 nm (BioTek Synergy 4 plate reader). Notably, in 

accord with other findings, the NADH amount in cultured cardiomyocytes and tissue was 

below the detection limit.23 Therefore, the NAD+ per µg of protein was used as the final 

endpoint. 

2.7. Comet assay 

To evaluate DNA damage in cardiomyocytes, alkaline comet assay kit (Trevigen) was 

utilized according the manufacturer’s instructions with minor changes. HL-1 

cardiomyocytes were trypsinized, harvested by centrifugation, suspended at 200,000 

cells/ml in PBS, combined with 45 μl melted LAM agarose at ratio of 1:10 (v/v) and 

immediately pipetted onto CometSlides. Slides were dried for 30 minutes at 4 °C, 

immersed firstly in lysis solution for 1 h and then in freshly prepared alkaline unwinding 

solution (pH>13) for 1 hour. After placing the slides in 4 °C alkaline electrophoresis 

solution, electrophoresis at 21 volts for 30 minutes was started, followed by immersion 

(twice) in dH2O for 5 minutes and 70% ethanol (once) for 5 minutes.  Thereafter, slides 

were dried at 37 °C, stained with SYBR Gold for 30 minutes at room temperature in the 

dark, rinsed in water, and dried at 37 °C. Finally, slides were visualized at an excitation of 

496 nm and emission of 522 nm by fluorescence microscopy (Leica). DNA damage was 

quantified by scoring the percentage of DNA in the tail, calculated by the Image J Marco 

“Comet_Assay” based on an NIH Image Comet Assay developed by Herbert M. Geller in 

1997.  

2.8. Quantitative RT-PCR 



Chapter 5 

 98 

Total RNA was isolated from HL-1 cardiomyocytes utilizing the nucleospin RNA 

isolation kit (Machery-nagel). First strand cDNA was generated by M-MLV reverse 

transcriptase (Invitrogen) and random hexamer primers (Invitrogen). Relative changes in 

transcription level were determined using the CFX384 Real-time system C1000 

Thermocycler (BioRad) in combination with SYBR green supermix (Bio-rad). Calculations 

were performed using the comparative CT method according to User Bulletin 2 (Applied 

Biosystems). Fold inductions were adjusted for GAPDH levels. Primer pairs used included; 

PARP1 F: CACCTTCCAGAAGCAGGAGA and R: GCAAGAAATGCAGCGAGAGT; 

PARP2 F: TCCTCTGGGCATCATCTTCT and R: AAGCTGGGAAAGGCTCATGT. 

2.9. Immunofluorescence 

HL-1 cardiomyocytes were grown on coverslips until 80% confluent, and subjected to 

TP or NP for various time periods, with or without drug treatment. Immediately after 

pacing, cardiomyocytes were rinsed in PBS and fixed with 4% formaldehyde for 15 

minutes, rinsed twice with PBS, permeabilized with 0.1% triton X-100 in PBS for 10 

minutes, rinsed twice in PBS and blocked with blocking solution (0.5% BSA and 0.15% 

glycine in PBS) for 10 minutes. After blocking, cardiomyocytes were incubated with 

primary antibodies for 2 hours at room temperature. After rinsing the cardiomyocytes three 

times with blocking solution, cardiomyocytes were incubated with secondary antibodies for 

45 minutes at room temperature shielded from light, followed by rinsing with blocking 

solution three times and PBS twice. Lastly, cardiomyocytes were incubated with mounting 

media containing DAPI (Vectashield) and sealed with nail polish. Antibodies used were: 

anti-γH2AX (1:100, Millipore), anti-PAR (1:200, BD Bioscience), anti-PARP1 (1:200, 

Santa Cruz), goat anti rabbit FITC (1:200, Invitrogen), goat anti mouse TRITC (1:200, 

Southern Biotech). 

2.10. Statistical Analysis 

Results are expressed as mean ± SEM. Biochemical analyses were performed at least 

in duplicate. Individual group mean differences were evaluated with the Student’s t-test. 

Correlation was determined with the Spearman correlation test. To compare continuous 

variables with a skewed distribution, the Mann-Whitney test was applied. All P values were 

2 sided. Values of P<0.05 were considered statistically significant. SPSS version 20 was 

used for all statistical evaluations. 
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Table1: Overview of protective effects of PARP inhibitors and NAD+ replenishment in tachypaced HL-1 

cardiomyocytes and Drosophila melanogaster. 

Drugs targets IC50 
Concentration 

in HL-1 

Concentration 

in Drosophila  

Protection 

 in HL-1 

Protection 

in Drosophila 

3-AB PARPs   3 mM 30 mM + - 

ABT-888 
PARP1 

PARP2 

5.2 nM PARP1,  

2.9 nM PARP224 
5-40 μM 200, 400 μM + + 

NAD+ -   0.25-1 mM 5,10 mM + + 

-, no significant protective effect; +P<0.01 vs control TP. 

 

Table 2: Baseline demographic and clinical characteristics of patients with permanent AF (PeAF) and 

control patients in sinus rhythm (SR). 

  SR PeAF 

N 5 5 

RA (n) 5 5 

LA (n) 5 5 

Age (mean, std) 56 ± 15 68 ± 4 

Months of AF (median, range) – 14.6 (8.3-36) 

Underlying heart disease (n) / surgical procedure 
  

MVD/MV replacement or repair 5(100%) 5 (100%) 

Medication (n) 
  

ACE/ARB 2 (40%) 5 (100%) 

Digoxin 0 (0%) 1 (20%) 

Calcium channel blocker 0 (0%) 1 (20%) 

β-Blocker 2 (40%) 4 (80%) 

MVD: mitral valve disease, ACE: angiotensin-converting enzyme, ARB: angiotensin receptor blocker, β-Blocker: 

beta-adrenergic antagonists. 

3. RESULTS  

3.1. Tachypacing causes DNA damage, PARP activation and NAD+ depletion 

Previously, we observed nicotinamide to protect against contractile dysfunction in 

tachypaced cardiomyocytes and Drosophila and the protective effect was independent on 

inhibition of sirtuin activity.9 As nicotinamide is also known to inhibit the activation of 

PARP16,18, we tested the level of PARP activity by measuring PAR levels in control normal 

and tachypaced cardiomyocytes. A gradual increase in PAR levels was observed upon 

tachypacing, which reached significance after 8 hours of tachypacing and remained 

increased until 16 hours of tachypacing (Figure 1A-D, Figure S1A), while PARP 

expression was unchanged by tachypacing (Figure 1A, Figure S1B, C). This observation 
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indicates that tachypacing induces PARP activation. Since PARP gets activated by SSB and 

DSB in the DNA25, the level of DNA damage was determined by comet assay (single-cell 

gel electrophoresis)26, and phosphorylation of the Ser-139 residue of the histone variant 

H2AX, forming γH2AX. Four hours of tachypacing significantly increased both the 

percentage of DNA in the comet tail (Figure 1E, F) and γH2AX levels of cardiomyocytes 

(Figure 1G-J) after 4 hours tachypacing. This result shows that tachypacing induces DNA 

damage and PARP activation in HL-1 cardiomyocytes. 

Upon activation, PARP consumes NAD+ to synthesize PAR. Therefore, progressive 

and excessive activation of PARP results in exhaustion of NAD+ levels, which finally 

results in the metabolic and functional impairment of cardiomyocytes.16 Therefore, we 

studied whether tachypacing-induced PARP activation depleted NAD+ levels in HL-1 

cardiomyocytes. Hereto, NAD+ levels were measured in control and tachypaced 

cardiomyocytes at different time points. Eight hours of tachypacing induced a significant 

reduction in NAD+ levels (Figure 1K).  

Together, these findings reveal that tachypacing induces DNA damage and 

consequently the activation of PARP, resulting in depletion of NAD+ levels in 

cardiomyocytes. 

3.2. PARP1 is the key enzyme instigating tachypacing-induced contractile dysfunction in 

cardiomyocytes 

To substantiate that the decline in NAD+ levels is a driving mechanism for metabolic 

remodeling and functional loss, the effect of replenishment of NAD+ on contractile function 

in tachypaced HL-1 cardiomyocytes was studied. Tachypacing resulted in a significant CaT 

loss, which was abrogated by preserving cellular NAD+ levels via exogenous, dose-

dependent supplementation of NAD+ (Figure 2A, B). This observation was confirmed in 

tachypaced Drosophila prepupae, where tachypacing resulted in loss of heart wall 

contractions, which was prevented by replenishment of NAD+ dose dependently (Figure 

2C, D). Next, we examined whether PARP mediates the NAD+ depletion, since especially 

PARP1, and to a lesser extent PARP2 isoforms, consume NAD+.12 Hereto, HL-1 

cardiomyocytes were transfected with siRNA of PARP1 or PARP2. Western blot and 

qPCR revealed specific and effective suppression of PARP1 by PARP1 siRNA and PARP2 

by PARP2 siRNA (Figure 3A, B). Suppression of PARP1 significantly protected 

cardiomyocytes against tachypacing-induced CaT loss, whereas suppression of PARP2 did 

not (Figure 3C, D). These results demonstrate that PARP1 is the key PARP enzyme 

instigating tachypacing-induced metabolic and contractile dysfunction in cardiomyocytes. 
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Figure 1: Tachypacing induces PARP activation, DNA damage and NAD+ depletion in HL-1 

cardiomyocytes. A) Representative Western blot of PAR and PARP1 levels in control non-paced tachypaced (TP) 

HL-1 cardiomyocytes for durations as indicated. B) Quantified data of PAR expression in A. C) and D) 

Immunofluorescent staining and quantified data of PAR levels in control (0 h), and in 12 h TP of HL-1 

cardiomyocytes.  ***P<0.01 vs 0 h, N≥7 images. E) Representative immunofluorescence images of HL-1 

cardiomyocytes with time course TP (0 h-12 h), showing tail DNA. F) Quantified percentage of tail DNA in HL-1 
cardiomyocytes from E). Boxplot of percentage of tail DNA of median, 25 and 75 percentile; whiskers represent 

the 10 and 90 percentile and dots the outliers. ***P< 0.001 vs 0 h, N=10-50 cardiomyocytes. G) and H) 

Representative western blot of γH2AX, H2A and quantified data of γH2AX during time course of TP in HL-1 
cardiomyocytes. ***P<0.01 vs 0 h. I) and J) Representative immunofluorescent staining and quantified data of 

γH2AX Levels in NP (0 h) and TP (12 h) HL-1 cardiomyocytes. ***P<0.01 vs 0h, N≥6 images. K) Relative 

NAD+ levels in HL-1 cardiomyocytes during time course of TP (2 h-8 h) compared to control (0 h). *P<0.05. 
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Figure 2: Repletion of NAD+ dose-dependently attenuates contractile dysfunction in cardiomyocytes and 

Drosophila. A) and B ) Representative CaT traces and quantified CaT amplitude data of control non-paced (NP) 

and tachypaced (TP) HL-1 cardiomyocytes pretreated with or without different doses of NAD+ (0.25mM, 0.5mM, 

1mM). ***P<0.01 vs Control NP #P<0.01 vs Control TP, N=20-40.  C) and D) Representative heart wall motions 
and quantified data of relative heart rate to control NP Drosophila. Drosophila were treated with or without NAD+ 

(5mM or 10mM). ***P<0.01 vs control NP #P<0.01 vs control TP, N≥6 for each group. 

3.3. Inhibition of PARP1 protects against NAD+ depletion and contractile function  

To explore whether PARP1 represents a drug target to mitigate tachypacing-induced 

remodeling, the action of PARP inhibitors was examined in HL-1 cardiomyocytes. PARP 

inhibitors comprised the general inhibitors, nicotinamide and 3-AB, and the specific 

PARP1/2 inhibitor ABT-888. Both general and specific inhibition of PARP1/2 precluded 

tachypacing-induced parylation of proteins and decrease in NAD+ levels (Figure 4A, B, and 

Figure S3). Furthermore, 3-AB and ABT-888 also significantly attenuated tachypacing-

induced contractile dysfunction in cardiomyocytes and Drosophila (Figure 5A-F), as 

previously observed for nicotinamide.9 These findings demonstrate that both general and 
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PARP1/2 specific PARP inhibitors attenuate tachypacing-induced PARP activation, NAD+ 

depletion and calcium transient loss. 

 

Figure 3:  PARP1, not PARP2, is the key enzyme mediating tachypacing-induced contractile dysfunction in 

HL-1 cardiomyocytes. A) Representative Western blot showing significant knockdown of PARP1 in HL-1 
cardiomyocytes transfected with specific PARP1 siRNA (PARP1i) compared to HL-1 cardiomyocytes transfected 

with scrambled siRNA (Control). *P<0.05 vs control.  B) Representative qPCR showing significant knockdown of 

PARP2 in HL-1 cardiomyocytes transfected with specific PARP2 siRNA (PARP2i) compared to HL-1 
cardiomyocytes transfected with scrambled siRNA (Control). ***P<0.01 vs control.  C) and D) Representative 

CaT traces and quantified CaT amplitude data in control non-paced (NP) or tachypaced (TP) HL-1 

cardiomyocytes transfected with scrambled siRNA (Control), PARP1 siRNA (PARP1i), PARP2 siRNA (PARP2i). 
***P<0.01 vs control NP, ##P<0.001 vs control TP. N≥20 for each group. 

 

 

Figure 4: PARP inhibitors inhibit parylation and NAD+ depletion in tachypaced HL-1 cardiomyocytes. A) 

Representative Western blot showing that the PARP inhibitors 3-AB (3 mM) and ABT-888 (40 µM) inhibit TP-
induced PAR formation, which is an indicator of PARP activity. B) 3-AB (3 mM) and ABT-888 (40 µM) 

conserved NAD+ after TP. The average value of 4 independent experiments is shown. ***P<0.01 vs control NP, 

#P<0.05 vs control TP, ##P<0.01 vs control TP. 
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Figure 5: PARP inhibitors dose-dependently protect against contractile dysfunction in cardiomyocytes and 

Drosophila. A) and B) Representative CaT traces and quantified CaT amplitude in control non-paced (NP) or 
tachypaced (TP) HL-1 cardiomyocytes with pretreated with 3-AB (3 mM) or vehicle (CTL). ***P<0.01 vs control 

NP, #P<0.01 vs control TP, N≥40.  C) and D) Representative CaT and quantified CaT amplitude of non-paced 

(NP) and tachypaced (TP ) HL-1 cardiomyocytes pretreated with ABT-888 at different doses (5-40 µM) or vehicle 
(CTL).***P<0.01 vs control NP, #P<0.01 vs control TP, N≥20;  E) and F) Representative heart wall motions and 

quantified relative heart rate of control NP or TP Drosophila  pretreated with 3-AB (30 mM), ABT-888 (0.2 mM, 

0.4 mM), or vehicle (CTL). ***P<0.01 vs control NP,   #P<0.05 vs control TP, N≥7. 

3.4. PARP is activated in a dog model for AF and in human AF, and correlates with 

DNA damage 

To extend our findings to an in vivo animal model for clinical AF, we measured PARP 

activation by determining PAR formation in both right atrial tissue (RA) and left atrial 

tissue (LA) of atrially tachypaced dogs and non-paced control dogs. Tachypacing in dogs 
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significantly increased PAR levels while PARP1 protein expression remained unchanged, 

indicating that atrial tachypacing of dogs induced activation of PARP (Figure 6A-C). 

Comparable findings were observed in heart tissue of permanent AF (PeAF) patients 

compared to control patients in sinus rhythm (SR). PeAF patients demonstrated a 

significant increase in PAR formation in both RA appendages and LA appendages, while 

no difference in PARP1 protein expression was observed compared to SR (Figure 6D-F). 

Whereas no significant difference in γH2AX levels was found between PeAF and SR 

patients (Figure 6G, H), PAR levels in patients correlated significantly with γH2AX levels 

(Figure 6I). Thus, patients with PeAF show increased levels of PAR, indicative for PARP 

activation, and PAR levels correlated with levels of the DNA damage marker γH2AX. 

Taken together, these findings indicate that PARP is activated by DNA damage in 

human AF, which may contribute to metabolic remodeling, functional loss and AF 

progression. 
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Figure 6: PARP is activated in a dog model for AF and in human AF, which correlates with DNA damage. 

A-C) Western blot images and quantified data of PAR and PARP1 in control non-paced dogs (CTL) and in atrial 

tachypaced dogs (TP). ***P<0.01 vs CTL, N=5 for CTL, N=6 for TP. D-F) Representative Western blot of PAR 

and PARP levels in right atrial tissue(RA)  and left atrial (LA) tissue of SR and AF patients, showing significant 
increase in PAR levels in AF patients compared to SR. PARP1 expression levels remain unchanged between AF 

and SR patients. N=5 for SR, N=5 for AF *P<0.05 SR RA vs AF RA, SR LA vs AF LA. G) and H) 

Representative Western blot  and quantified data of γH2AX in right atrial tissue (RA ) and left atrial (LA ) tissue 
of SR and AF patients. N=3 for SR, N=5 for AF. I) Correlation of PAR and γH2AX levels, showing significant 

correlation between PARP activity (PAR levels) and DNA damage (γH2AX levels). SR: open circle and AF: filled 

circle. 
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4. DISCUSSION 

In the current study, we identified PARP1 as a key enzyme in AF progression. Our 

results show that AF induces DNA damage and subsequent PARP1 activation. Active 

PARP1, in turn, consumes NAD+, resulting in metabolic remodeling and functional loss in 

tachypaced cardiomyocytes and Drosophila. Accordingly, replenishment of NAD+ protects 

against tachypacing-induced contractile dysfunction.  Moreover, inhibition of PARP, by the 

broad PARP inhibitor 3-AB or the specific PARP1/2 inhibitor ABT-888, protects against 

tachypacing-induced contractile dysfunction in HL-1 cardiomyocytes and Drosophila. 

Consistent with these findings, PARP is also activated in atrial tissue of tachypaced dogs 

and of permanent AF patients, and PARP activation correlates with the level of DNA 

damage. Taken together, these findings suggest a dominant role of PARP1 in AF-induced 

metabolic and functional remodeling and consequently in disease progression. 

4.1. PARP1-induced NAD+ depletion: link to cardiovascular disease progression 

In the current study, we found PARP, especially PARP1, to have a prominent role in 

AF progression. This is similar with other cardiovascular disease models, including heart 

failure models in mice, dogs and rats, where activation of PARP1 induced endothelial 

dysfunction, myocardial hypertrophy and remodeling.27,28 In addition, cardiac function in 

mouse models of diabetic cardiomyopathies showed marked improvement by the knockout 

of PARP1.29,30 Importantly, recent studies utilizing biopsy material from patients with heart 

failure reported overexpression of PARP1 and increased PARP1 activity to contribute to 

disease progression.17,31 Thus, the findings from the current study expand the importance of 

PARP1 activation in cardiovascular diseases.  

Under physiological conditions, PARP1 is an abundant nuclear chromatin-bound DNA 

repair enzyme, catalysing the transfer of ADP-ribose moieties from NAD+ to acceptor DNA 

binding proteins. In general, PARP1 is activated by SSB in the DNA resulting from free 

radical and oxidant cell injury and/or nuclear accumulation of Ca2+.15 Under 

pathophysiological conditions, such as during AF, excessive activation of PARP1 leads to 

the depletion of cellular NAD+, a key coenzyme in cell metabolism, and in turn, results in 

the depletion of ATP content, further damage to the DNA, and ultimately, results in 

structural damage and functional loss.16 NAD is involved in redox reactions, carrying 

electrons from one reaction to another. Therefore, NAD is present in two forms in cells, i.e. 

the oxidized NAD+ and the reduced NADH. In addition, NAD+ is also used during the 

process of post-translational modification. During this process, NAD+ acts as a substrate for 

enzymes, such as PARP1, which is one of the main enzymes that consume NAD+. 

Therefore, maintaining the intracellular level of NAD+, by replenishment of NAD+ or 

inhibition of PARP1, is crucial for the management of stress conditions such as AF. This 



Chapter 5 

 108 

notion is reflected in heart failure and hypertrophy studies, describing PARP1-induced 

cardiomyocyte dysfunction and cell death to be mediated by NAD+ depletion13,32 In 

addition, preservation of the NAD+ levels protects against myocardial injury in ischemia 

and reperfusion23 and also ventricular tachycardia in SCN5A overexpressing mice.33  

Mouse and human cardiomyopathic hearts are also associated with elevated NADH levels, 

mitochondrial ROS overproduction, a concomitant decrease in cardiac Na+ current INa and, 

consequently, reduction in conduction velocity, which were normalized by restoration of 

NAD+.34 Notably, SCN5A encodes for Nav1.5, the α-subunit of the sodium current (INa). INa 

is responsible for the early fast depolarization upstroke of the cardiac action potential. 

Mutations in SCN5A have recently been shown to play a central role in lone AF. In a 

cohort of 117 lone AF patients, four different SCN5A mutations were found, supporting the 

potential role of sodium current disturbances in the development of lone AF.35 Given these 

findings, it is possible that depletion of NAD+, caused by PARP overactivation, impairs 

INa in AF and thus results in the development and/or progression of AF. 

4.2. PARP activation and DNA damage  

In the current study, we observed DNA damage in tachypaced HL-1 cardiomyocytes and in 

patients with persistent AF. A unifying concept exists that cells exposed to DNA damaging 

conditions enter three major pathways based on the intensity of the trigger.36 Extensive 

stress conditions can induce DNA damage, excessive activation of PARP1, and 

consequently depletion NAD+ levels resulting in metabolic remodeling and functional 

loss.37 Whereas moderate stress facilitates PARP1 activation and DNA repair, and more 

severe conditions trigger PARP1 cleavage and cell death. Importantly, both stress 

conditions are not accompanied with cellular NAD+ depletion. In the current study, we 

observe that experimental and clinical permanent AF are accompanied by DNA damage, 

activation of PARP1, depletion of NAD+, and functional loss, indicating that permanent AF 

is an extensive stress condition. Interestingly, no sign of PARP cleavage, and therefore 

initiation of cell death, by apoptosis or necrosis was observed.38  This is in line with the 

observation that AF induces hibernation (myolysis) of the cardiomyocyte instead of cell 

death.39 Consequently, in heart conditions associated with excessive PARP1 activation and 

NAD+ depletion, as observed in AF, the pharmacological inhibition of PARP1 may offer 

substantial therapeutic benefits. 

4.3. Clinical relevance of PARP inhibitors 

Recently, novel PARP inhibitors have entered the clinical development for various 

cardiovascular indications.16,40 Most of the PARP inhibitors, such as 3-AB and 

nicotinamide, are designed to compete with NAD+ at the active site of the enzyme. They 
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universally inhibit PARP1 and other members of the PARP family, as well as mono-ADP-

ribosyl-transferases and sirtuins.12 The novel PARP inhibitors exhibit increased potency 

and specificity relative to earlier inhibitors. ABT-888 directly inhibits PARP1 and PARP2 

with high potency, and is now in phase I and II clinical studies in cancer.40 Our study 

identifies PARP1 activation in experimental models and in human permanent AF, and 

demonstrates the protective effect of ABT-888 in HL-1 cardiomyocytes and Drosophila. 

Consequently, our findings call for the exploration of the action of ABT-888 in large 

animal AF models and in human AF. 

In summary, this study documents the induction of DNA damage, excessive activation 

of PARP1, and subsequent NAD+ depletion, as key events in AF progression. Importantly, 

inhibition of excessive PARP1 activation prevents NAD+ depletion and conserves 

cardiomyocyte function, thereby attenuating AF progression. Our findings indicate that 

inhibition of PARP1 may serve as a novel therapeutic target in AF by conserving the 

cardiomyocyte metabolism. 
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SUPPLEMENTAL MATERIALS 

Supplemental Figures 

 

Figure S1: Tachypacing induces PARP activation (PAR) and not PARP1 overexpression in HL-1 

cardiomyocytes. A) Representative Western blot showing gradual PAR induction during tachypacing (TP) for the 

time periods as indicated.  B) and C) Immunofluorescent staining and quantified data of PARP1  in control (non-
paced, 0 h), and in 12 h TP HL-1 cardiomyocytes . No significant difference was found in the amount of PARP1. 
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Figure S2:  NAD+ and PARP inhibitors do not influence baseline CaT in HL-1 cardiomyocytes. A) and B) 
Representative  CaT traces and quantified CaT data of HL-1 cardiomyocytes treated with NAD+ (1 mM) or vehicle 

(Control), showing  similar baseline  CaT between the groups. C) and D) Representative CaT traces and quantified 

CaT data in HL-1 cardiomyocytes treated with 3 AB (3 mM) or vehicle (Control), showing similar baseline CaT 
between the groups. E) and F) Representative  CaT traces and quantified CaT data demonstrate slight increase in 

HL-1 cardiomyocytes treated  with  ABT888 (40 µM) compared to vehicle (Control).  

 
Figure S3: The PARP inhibitor ABT-888 dose dependently protects tachypaced HL-1 cardiomyocytes from 

NAD+ depletion. NAD+ was measured in control (NP) and tachypaced (TP) HL-1cardiomyocytes pretreated with 

different doses of ABT-888 (5-40 µM) or vehicle (CTL). ABT-888 in, a dose dependent manner, prevented TP-
induced reduction in NAD+ levels.   ***P<0.01 vs control NP, #P<0.01 vs control TP.   
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ABSTRACT 

Background: Atrial Fibrillation (AF), the most common persistent clinical 

tachyarrhythmia, is associated with altered transcriptional changes leading to 

cardiomyocyte dysfunction and AF susceptibility and progression. Recent research showed 

class I and class IIa histone deacetylases (HDACs) to regulate pathological and fetal gene 

expression, which causes cardiac contractile dysfunction and hypertrophy. Whether class I 

and class IIa HDACs are involved in AF progression is unknown. Therefore, we 

investigated their role in tachypacing-induced contractile dysfunction and pathological fetal 

gene expression in experimental model systems for AF and in clinical AF. 

Methods and results: Tachypacing (TP, 5Hz) of HL-1 cardiomyocytes resulted in a 

significant reduction in Ca2+ transient (CaT) amplitude. In control normal-paced (1Hz) 

cardiomyocytes, overexpression of class I HDACs, HDAC1 or HDAC3, caused a 

significant loss of CaT. TP aggravated the CaT loss in HDAC3, but not in HDAC1, 

overexpressing cardiomyocytes. Overexpression of class IIa HDACs, HDAC5 or HDAC7, 

protected against TP-induced CaT loss, while HDAC4 or HDAC9 did not. Notably, the 

protective effect of HDAC5 and HDAC7 was abolished in cardiomyocytes overexpressing 

a dominant negative HDAC5 or HDAC7 mutant, bearing a mutation in the binding domain 

for myosin enhancer factor 2 (MEF2). Furthermore, TP induced the phosphorylation of 

HDAC5, promoted its translocation from the nucleus to cytoplasm, and consequently 

increased MEF2-related fetal gene expression (β-MHC, BNP). In line with these 

experimental findings, patients with AF showed a significant increase in both 

phosphorylated HDAC5 and fetal gene expression (β-MHC, BNP). 

Conclusion: Overexpression of class IIa HDAC5 and HDAC7 protects against 

tachypacing-induced CaT reduction in HL-1 cardiomyocytes. As HDAC5 is abundantly 

expressed in the heart, and AF induces its phosphorylation, nuclear export and MEF2 

regulated fetal gene expression, HDAC5 is an interesting therapeutic target in clinical AF. 
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1. INTRODUCTION 

Atrial fibrillation (AF) is the most common sustained and progressive clinical 

tachycardia and contributes to cardiovascular morbidity and mortality.1 AF is characterized 

by specific electrical, transcriptional and structural changes, commonly denoted as 

remodeling2, with the aim to identify novel druggable targets which attenuate remodeling 

and AF Cardiomyocyte remodeling underlies contractile dysfunction and the progression of 

AF. Therefore, it is of great interest to dissect the molecular mechanisms underlying 

cardiomyocyte remodeling progression. 

Epigenetic regulation has been identified as an important mechanism underlying the 

progression of AF. The role of epigenetic regulation originates from observations that 

(re)activation of the fetal gene program in cardiomyocytes promotes AF. Ausma et al. 

previously showed upregulation of two proteins of the fetal program in the goat model for 

AF, i.e. the slow-contracting beta-myosin heavy chain isoform (β-MHC) and smooth 

muscle α-actin (α-SMA).3-6 In persistent AF patients, numerous fetal-neonatal variants of 

the titin protein were observed in cardiac myofibrils, and atrial re-expression of TnI-

skeletal-slow-twitch (ssTnI) was found in patients with paroxysmal AF.7 In addition, 

persistent AF was associated with higher cardiac mRNA expression of brain natriuretic 

peptide (BNP).8 Epigenetic regulation refers to processes that influence the packaging or 

processing of nuclear DNA, thus controlling the on/off states of multiple genes with 

discrete switches. The packaging of chromatin is largely dependent on the acetylation status 

of histones, which is controlled by histone acetyl transferases and histone deacetylases 

(HDACs). HDACs are an ancient family of enzymes that catalyse the removal of acetyl 

groups from the ε-amino group of specific acetyl lysine residues within their protein 

substrates. Deacetylation of histones in nucleosomes in general induces chromatin 

condensation, which represses transcription by preventing the binding of transcription 

factors and other components of the transcriptional machinery to gene promoter and 

enhancer regions and therefore serves as important regulators of gene expression. The zinc-

dependent HDACs are classified into four groups based on their structure, complex 

formation, and expression pattern: class I (HDAC1, HDAC2, HDAC3, and HDAC8), class 

IIa (HDAC4, HDAC5, HDAC7, and HDAC9), class IIb (HDAC6 and HDAC10), and class 

IV (HDAC11). We recently reported on a cytosolic member of HDAC class IIb, HDAC6, 

and its prominent role in AF progression. HDAC6 deacetylates α-tubulin, which causes 

disruption of microtubule structure, contractile dysfunction and AF progression.9 However, 

whether the other HDAC classes are involved in AF progression is unknown. Of the four 

classes, class I and IIa are well studied regarding their role in pathological gene expression, 

structural changes and the development of hypertrophy and heart failure. Class I HDACs 

reveal high HDAC activity in cardiomyocytes, but findings on their role in cardiac disease 



Chapter 6 

 118 

development are conflicting.10 In recent years, class IIa HDACs, especially HDAC4, 

HDAC5 and HDAC9, have attracted considerable attention as regulators of transcriptional 

reprogramming. Since HDAC4 and HDAC5 are highly expressed in the heart, these two 

members are essential for transcriptional reprogramming in the heart. Under normal 

circumstances, class IIa HDACs localize in the nucleus and suppress cardiomyocyte 

hypertrophy by repressing the activity of pro-hypertrophic transcription factors, such as 

members of the myocyte enhancer factor-2 (MEF2) family.11,12 In response to stress signals, 

class IIa HDACs are phosphorylated and exported from the nucleus, thereby activating 

transcriptional reprogramming and the induction of hypertrophic gene expression.13 

Although recent findings indicate a role for transcriptional remodeling in AF progression14, 

the involvement of class I and class IIa HDACs in transcriptional reprogramming is 

unknown. Therefore, we examined the role of class I and IIa HDAC overexpression on 

contractile function in tachypaced HL-1 cardiomyocytes, followed by identification of 

downstream actors of protective HDACs. The experimental findings were confirmed in AF 

patients. In the current study, we found class IIa HDAC5 and HDAC7 to protect against 

tachypacing-induced contractile dysfunction, probably via prevention of MEF2 related fetal 

gene expression. Similar findings were observed in permanent AF patients compared to 

control patients in sinus rhythm. As HDAC5 is abundantly expressed in the heart, in 

contrast to HDAC7, HDAC5 is a promising therapeutic target in clinical AF.  

2. MATERIALS AND METHODS 

2.1. Tachypacing of HL-1 cardiomyocytes and calcium transient measurements 

HL-1 cardiomyocytes were subjected to tachypacing as described before.9 To measure 

calcium transients (CaT), HL-1 cardiomyocytes were incubated with 2 µM of the Ca2+-

sensitive Fluo-4-AM dye (Invitrogen) for 30 min, followed by washing with DMEM 

(Gibco) and re-incubation with Claycomb medium (Sigma). Fluo-4-AM loaded 

cardiomyocytes were detected with cardiomyocyte calcium and contractility recording 

system (IonOptix). The recording of CaT in HL-1 cardiomyocytes was performed at 1Hz 

stimulation at 37C. The absolute value of fluorescent signals was determined utilizing the 

following calibration; Fcal=F1/F0, where F1 is the fluorescent dye signal at any given time 

and F0 is the fluorescent signal at rest. 

2.2. Plasmids 

Retroviral constructs of HDACs and HDACs mutants (HDACm) were generated in the 

lab of Dr. Miguel A. Esteban.15 To detect overexpression of the construct, the constructs 

contained a FLAG tag in the carboxyl terminal. DNA mutagenesis of HDAC5 and HDAC7 
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in the MEF2 binding domain was produced using suitable oligos and a PCR-based method. 

All new plasmids were verified by sequencing before use.15 GFP-HDAC5 constructs are 

generous gifts from Dr. Johannes Backs’ lab.10 

2.3. Retroviral infection 

Recombinant retrovirus was generated by transfecting retrovirus constructs into 

HEK293T cells using Lipofectamin 2000 (Invitrogen). Medium was refreshed 12 hours 

after transfection. Virus in the medium were collected 48 hours after transfection and 

filtered through 0.45µm filter. Polybrene (Millipore) was added to the virus to obtain a final 

concentration of 5 µg/ml, followed by infection of the HL-1 cardiomyocytes. For control 

infection, a corresponding DsRED or GFP retrovirus was used. The infection efficiency 

was near 100% after 48 hours infection (based on the amount of control DsRED or GFP 

positive cardiomyocytes). 

2.4. Real time PCR 

Total RNA from cardiomyocytes and human tissue were isolated with using TRIzol 

reagent (Invitrogen) or using a kit (Machery-nagel) and cDNA was synthesized using 

Reverse Transcriptional kit (Invitrogen) following the manufacturer’s instructions. Relative 

gene expression was determined by quantitative real time PCR on a Bio-Rad CFX384 real 

time system using SYBR green dye. Gene expression values were normalized to internal 

reference gene values (GAPDH). Primer sequences are listed in Table S1. 

2.5. Protein extraction and Western blot analysis 

HL-1 cardiomyocytes or human tissue samples were lysed in 

radioimmunoprecipitation assay buffer as described before.9 In short, equal amounts of 

protein were separated on SDS-PAGE gels, transferred onto nitrocellulose membranes, and 

probed with anti-HDAC5 (c-11, Santa Cruz), anti-phosphorylated HDAC5 (p-HDAC5) 

(Santa Cruz), anti-Flag (Invitrogen) or anti-GAPDH (Fitzgerald). Blots were subsequently 

incubated with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary 

antibodies (Dako). Signals were detected by the ECL detection method (Amersham) and 

quantified by densitometry (Syngene, Genetools). 

2.6. Immunofluorescence 

To visualize cardiomyocytes transfected with GFP-HDAC5, HL-1 cardiomyocytes 

were grown on gelatin coated coverslips and tachypaced followed by three times rinsing in 

PBS, fixation in 4% formaldehyde for 15 min, three time rinsing in PBS, incubation in 

mounting media with DAPI (Vectashield) and finally sealing of slides with nail polish. To 
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visualize endogenous HDAC5, HL-1 cardiomyocytes were grown on coverslips till 80% 

confluence, followed by tachypacing, three times rinsing in PBS, fixation in 4% 

formaldehyde for 15 min, three times rinsing in PBS, permeabilization with 0.1% triton X-

100 in PBS for 10 min and three times rinsing in PBS. Cardiomyocytes were blocked with 

blocking solution (0.5% BSA and 0.15% glycine in PBS) for 10 min and incubated with 

anti-HDAC5 (Cell signaling) overnight at 4 degree. After 3 times rinsing in PBS, the 

coverslips were incubated for 1 h at room temperature in the dark with Alexa Fluor® 488 

Goat Anti-Rabbit IgG (Invitrogen) mixed with TOTO-3 iodide (Molecular probes) for 

nuclear staining. Finally, coverslips were rinsed three times in PBS, incubated with 

mounting media (Vectashield) and sealed with nail polish. Fluorescent signals were 

detected with confocal microscopy (Leica TCS SP2) by an investigator blinded for the 

groups, who scored: (1) cardiomyocytes with nuclear and/or cytosolic HDAC5 staining, (2) 

exclusively nuclear HDAC5 staining. 

2.7. Patients 

Before surgery, one investigator assessed patient characteristics (Table S2), as 

described before.16 Right atria (RA) and left atria (LA) tissue samples were obtained from 

patients with permanent AF (PeAF) and control patients in sinus rhythm (SR). Both, the 

PeAF and SR patients suffered from underlying mitral valve disease. After excision, atrial 

appendages were immediately snap-frozen in liquid nitrogen and stored at −80°C. The 

study conforms to the principles of the Declaration of Helsinki. The Institutional Review 

Board approved the study, and patients gave written informed consent. Tissues were used 

to perform real time PCR and western blot experiments. 

2.8. Statistical Analysis 

Results are expressed as mean ± SEM. Biochemical analyses were performed at least 

in duplicate. Individual group mean differences were evaluated with the Students t-test. 

Categorical data differences were evaluated with Pearson’s chi-squared test. All P values 

were 2 sided. Values of P<0.05 were considered statistically significant. SPSS version 22 

was used for all statistical evaluations. 
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3. RESULTS 

3.1. Class IIa HDACs protect against tachypacing-induced remodeling in HL-1 

cardiomyocytes 

To study the role of class I and IIa HDACs on contractile function in AF, various 

members of the HDAC classes were overexpressed in HL-1 cardiomyocytes by retroviral 

infection (Supplemental Figure S1A, B). In control DsRED retroviral infected HL-1 

cardiomyocytes, tachypacing induced a significant loss in CaT (Figure 1A, B). Of the 

examined class I HDACs, HDAC1 or HDAC3 overexpression resulted in CaT loss in 

control cardiomyocytes, and tachypacing aggravated CaT loss in HDAC3 and not in 

HDAC1 overexpressing cardiomyocytes (Figure 1B). This result indicates a detrimental 

effect of class I HDACs overexpression on contractile function in normal and tachypaced 

HL-1 cardiomyocytes. Overexpression of class IIa HDACs, i.e. HDAC4, HDAC5, HDAC7 

and HDAC9, rendered mixed results. None of the class IIa HDACs caused CaT changes in 

control HL-1 cardiomyocytes (Figure 1A, C). After tachypacing, overexpression of 

HDAC5 and HDAC7 significantly attenuated CaT loss in HL-1 cardiomyocytes, whereas 

overexpression of HDAC4 or HDAC9 were not protective (Figure 1A, C). Under normal 

circumstances, HDAC5 and HDAC7 are localized in the nucleus and bind to MEF2, via 

their MEF2 binding domain, resulting in repression MEF2 activity. In response to stress 

signals, HDAC5 and HDAC7 are phosphorylated and exported from the nucleus, thereby 

activating MEF2 and permitting the induction of pathological fetal gene expression. To test 

whether the protective effect of HDAC5 and HDAC7 is via binding to MEF2, HL-1 

cardiomyocytes were transfected with HDAC5m or HDAC7m constructs bearing a 

mutation in the MEF2 binding domain. Notably, loss of MEF2 binding capacity did not 

rescue the significant loss of CaT after tachypacing (Figure 1D), suggesting that binding of 

HDAC5 and HDAC7 to MEF2 prevents cardiomyocyte remodeling. Our findings suggest 

that overexpression of class IIa HDAC5 and HDAC7 protect against tachypacing-induced 

CaT loss, probably via nuclear binding to MEF2 transcription factor and thus limiting 

downstream pathological reprogramming. 

3.2. Tachypacing induces HDAC5 phosphorylation and its nuclear export in HL-1 

cardiomyocytes 

Of the two identified protective class IIa HDACs, HDAC5 represents an interesting 

candidate, because its expression is abundant in the heart, in contrast to HDAC712,17,18, and 

its function is regulated by calpain19, which was previously found to induce structural 

remodeling in AF via degradation of HDAC6-deacetylated microtubules.9 Therefore, we 

determined the role of HDAC5 in cardiomyocytes in more detail. Upon stress, HDAC5 gets 
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phosphorylated, resulting in dissociation of HDAC5 from MEF2, and its nuclear 

export.17,19-21 Firstly, we studied whether tachypacing induces the activation of HDAC5 by 

measuring its phosphorylation levels in control and tachypaced HL-1 cardiomyocytes. As 

expected, tachypacing gradually and significantly increased phosphorylation of HDAC5 in 

HL-1 cardiomyocytes (Figure 2A, B).  Secondly, we determined the localization of 

HDAC5 in the HL1 cardiomyocytes both by transfection of GFP-HDAC5 and 

immunostaining of endogenous HDAC5. In control cardiomyocytes (0h TP), over 50% of 

GFP-HDAC5 was found exclusively in the nucleus (Figure 2C, D). During a time course of 

tachypacing, the percentage of nuclear GFP-HDAC5 decreased gradually, and after 16 hrs 

tachypacing, <10% of the cardiomyocytes revealed exclusively nuclear staining of HDAC5 

(Figure 2C, D). Similar findings were observed for endogenous HDAC5. Endogenous 

HDAC5 was localized in the nucleus in control conditions and tachypacing significantly 

induced the export to the cytoplasm (Supplemental Figure S2A, B). Together, these results 

demonstrate tachypacing to induce phosphorylation and nuclear export of both GFP-

HDAC5 and endogenous HDAC5 in HL-1 cardiomyocytes.  

 

Figure 1: HDAC5 and HDAC7 overexpression protects against CaT reduction in tachypaced HL-1 

cardiomyocytes.  A)  Representative CaT traces of HL-1 cardiomyocytes, showing that cardiomyocytes 

overexpressing HDAC5 or HDAC7 are protected against tachypacing-induced CaT reduction. B), and C) 

Quantified data showing relative CaT amplitudes of non-paced (NP) and tachypaced (TP) cardiomyocytes, each 
from groups as indicated. Cardiomyocytes were infected with control plasmid DsRED retrovirus (CTL), HDAC1, 

HDAC3, HDAC4, HDAC5, HDAC7 or HDAC9 retrovirus. D) Quantified data showing relative CaT amplitudes 

of NP or TP cardiomyocytes infected with HDAC5 mutant retrovirus (HDAC5m) or HDAC7 mutant retrovirus 
(HDAC7m). HDAC5m, HDAC7m have mutations in MEF2 binding domains and therefore cannot find to MEF2. 

*P<0.05 vs CTL NP, ***P<0.01 vs CTL NP, #P<0.01 vs CTL TP. N≥8 for each group. 

 



 Involvement of Class I and Class IIa HDACs in Atrial Fibrillation 

 123 

 

 

 

 
 

 
 

 

 
 

 

  

 

 

6 

 
 

 

 

 

 

 

 

 

Figure 2: Tachypacing incudes HDAC5 phosphorylation and nuclear export. A) Representative Western blot 

of phosphorylated HDAC5 (pHDAC5), HDAC5 and GAPDH in HL-1 cardiomyocytes tachypaced for the duration 

as indicated. B)  Quantified ratio of pHDAC5 to HDAC5 from at least 3 independent experiments. *P<0.05 vs 0h, 
***P<0.01 vs 0h. C) Representative confocal images of cardiomyocytes transfected with HDAC5-GFP construct 

showing the localization of HDAC5 in HL-1 cardiomyocytes tachypaced from 0 hours (0h) to 16 hours (16h). D) 

Quantified data of cellular localization of HDAC5, showing significant decrease in nuclear localization and 

significant increase in cytosolic localization of HDAC5 after 16h TP. ***P<0.01 vs 0h chi-square test. N≥22 

cardiomyocytes per group. 

3.3. MEF2 regulates fetal gene expression in tachypaced HL-1 cardiomyocytes 

Upon tachypacing, nuclear HDAC5 becomes phosphorylated, released from MEF2 and 

exported to the cytosol, which allows the histone acetyltransferase p300 to associate with 

MEF2 via the HDAC docking site, thereby converting MEF2 from a transcriptional 

repressor to a transcriptional activator of fetal genes, including β-MHC and BNP.17,19-21 To 

test whether tachypacing induces the expression of β-MHC, HL-1 cardiomyocytes were 

tachypaced and mRNA levels of β-MHC and α-MHC levels were determined by 

quantitative PCR with reverse transcription (RT–PCR). The ratio of β-MHC to α-MHC 

increased significantly after 12 hours tachypacing in HL-1 cardiomyocytes (Figure 3A). 

Comparable findings were observed for BNP. Tachypacing induced a gradual and 

significant induction of BNP mRNA in HL-1 cardiomyocytes (Figure 3B). In addition, 

tachypacing-induced BNP induction correlates significantly with the induction of 

phosphorylated HDAC5 (Figure 3C). These results reveal that tachypacing induces the 
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expression of fetal genes in HL-1 cardiomyocytes, which correlates with HDAC5 

phosphorylation. 

 

Figure 3: Activation of fetal gene program in tachypaced HL-1 cardiomyocytes. A) Time course of TP-

induced increase in gene expression ratio of β-MHC (MHY7) to α-MHC (MHY6). *P<0.05, ***P<0.01 vs 0h.  B) 

BNP gene expression is significantly increased during TP. ***P<0.01 vs 0h. C)  BNP gene expression level 
correlates significantly with level of pHDAC5 during time-course of TP.  

3.4. HDAC5 phosphorylation and fetal gene expression is induced in permanent AF 

patients 

To investigate whether a similar modulating role of HDAC5 is found in patients with 

AF, the amount of phosphorylated HDAC5 was measured in left and/or right atrial 

appendages (LA and RA, respectively) of patients with permanent AF (PeAF) and controls 

in normal sinus rhythm (SR). A significant increase in the level of phosphorylated HDAC5 

was observed in the LA of patients with PeAF compared to SR controls (Figure 4A, B). 

Moreover, the gene expression levels of β-MHC, α-MHC and BNP were determined. 

Comparable to tachypaced HL-1 cardiomyocytes, a significant induction in the ratio of β-

MHC/α-MHC and increased expression of BNP was observed in patients with PeAF 

compared to control SR patients (Figure 4C, D). Also, the induction of BNP correlated 

significantly with phosphorylated HDAC5 (Figure 4E). Our findings in patients with PeAF 

indicate that activation of HDAC5 and subsequent activation of MEF2-related fetal gene 

expression underlies cardiomyocyte remodeling and AF progression. 
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Figure 4: Phosphorylated HDAC5 increased significantly and correlate with BNP gene expression levels in 

LA of AF patients. A)  Representative Western blot of phosphorylated HDAC5 (pHDAC5), HDAC5 and 

GAPDH in patients with persistent AF (PeAF). B) Quantified ratio of pHDAC5 to HDAC5 in patients. N=5 from 
each group. ***P<0.01 AF vs SR. C) The gene expression ratio of β-MHC (MHY7) to α-MHC (MHY6) is 

significantly increased in AF patients. *P<0.05 vs SR RAA. N=6 for SR, N=7 for AF. D) BNP gene expression is 

significantly increased in AF patients. ***P<0.01 vs SR LAA. N=6 for SR, N=7 for AF.  E) BNP gene expression 
level correlates significantly with pHDAC5 levels in patients (SR N=3 for LA/RA, AF, N=5 for LA/RA). Open 

circles:  SR, filled circles: AF.  

4. DISCUSSION 

In the current study, we evaluated the role of class I and class IIa HDACs in 

tachypacing-induced cardiomyocyte remodeling. We found that overexpression of class I 

members, HDAC1 and HDAC3, results in detrimental effects on contractile function in 

HL-1 cardiomyocytes. In contrast, overexpression of class IIa HDAC5 and HDAC7 

revealed protective effects. The protective effect was not observed in cardiomyocytes 

overexpressing MEF2-binding domain deficient HDAC5 or HDAC7, indicating that MEF2 

acts as the downstream effector of HDAC5 and HDAC7. Moreover, tachypacing induced 
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phosphorylation of HDAC5, nuclear export and downstream fetal gene activation in HL-1 

cardiomyocytes, including enhanced expression of β-MHC and BNP. Comparable findings 

were observed in permanent AF patients, which showed increased levels of phosphorylated 

HDAC5 and β-MHC and BNP. As HDAC5 is abundantly expressed in the heart, in contrast 

to HDAC7, this study identifies HDAC5 as a promising therapeutic target in clinical AF to 

attenuate pathological gene expression, contractile dysfunction and progression of the 

disease. 

 

Figure 5: Schematic features of Class IIa HDACs and f the repressive influence of Class IIa (5/7) on MEF2, 

which act with other transcription factors (TF) to control fetal gene program. A)  Domain organization of 
class IIa HDACs. Each class IIa HDAC contains a conserved deacetylase domain and an amino-terminal myocyte 

enhancer factor 2 (MEF2) binding domain (marked by a blue square), a nuclear localization signal (NLS) and a 

carboxy-terminal nuclear export sequences (NES). Each class IIa HDAC can be phosphorylated at conserved 
serine residues (S). The binding sites for the 14-3-3 chaperone protein are also shown. B) The repressive influence 

of Class IIa (HDAC5 and HDAC7) on MEF2. MEF2 acts with other transcription factors (TF) to control fetal gene 

program. Signaling kinases such as PKC, PKD, CaMK, induce phosphorylation of class IIa HDACs, which creates 

docking sites for the 14-3-3 chaperone protein, resulting in nuclear export and, consequently, activation of fetal 

genes controlled by MEF2. 

4.1. Key role for class IIa HDAC5 in AF 

In the present study, we identified a key role for tachypacing-induced activation and 

translocation of HDAC5, which in turn mediates transcriptional reprogramming and AF 

progression in cardiomyocytes. Although all class IIa HDAC members are involved in 
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transcriptional reprogramming, only overexpression of HDAC5 and HDAC7 was found to 

protect. In general, class IIa HDACs (HDAC4, HDAC5, HDAC7 and HDAC9) all have 

large N-terminal extensions with conserved binding sites for the transcription factor MEF2 

and the chaperone protein 14-3-3 (Figure 5A, B) and thereby suppress transcriptional 

activity.11,22 Following phosphorylation by kinases, such as calcium/calmodulin-dependent 

protein kinase (CaMK), which was also found to be activated in AF 25, and protein kinase D 

(PKD), class IIa HDACs bind 14-3-3 and shuttle from the nucleus to the cytoplasm. 11,22,23 

The dissociation of class IIa HDACs from MEF2 allows the histone acetyltransferase p300 

to associate with MEF2 via the HDAC docking site, thereby converting MEF2 from a 

transcriptional repressor (MEF2-HDAC complex) to a transcriptional activator (MEF2-

p300 complex).11,22,23 In response to injury, activation of MEF2 is sufficient and necessary 

to drive pathological cardiac hypertrophy and heart failure.24  

Although all members of Class IIa HDACs can bind to MEF2 and suppress fetal gene 

expression in hypertrophy and heart failure, in the current study we observed a protective 

role for HDAC5 and HDAC7, but not HDAC4 and HDAC9, in tachypacing-induced 

remodeling. Different upstream regulating kinases and downstream targets of specific Class 

IIa HDACs might explain this discrepancy. The protective effect of HDAC5 may be caused 

by AF-induced activation of specific upstream kinases, which regulate individual HDAC 

members and/or individual HDACs that regulate specific downstream targets.  Compared to 

HDAC5, a non-transcriptional function for HDAC4 in the heart was recently described, i.e., 

HDAC4 associated with cardiac sarcomeres and decreased myofilament calcium 

sensitivity.26 In our model system, the detrimental effect of HDAC4 overexpression on 

contractile function might therefore counteract the protective role of HDAC4 to suppress 

MEF2 related fetal gene expression. Moreover, HDAC4 binds constitutively to 14-3-3 in 

yeast and mammalian cells, whereas HDAC5 binding to 14-3-3 is dependent on CaMK 

signaling. In addition, 14-3-3 binding to HDAC5 is required for CaMK-dependent 

disruption of MEF2-HDAC complexes and nuclear export of HDAC5.27,28 Since CaMK 

signaling is involved in AF progression, the role of specific upstream kinases seems 

plausible. The involvement of HDAC7 in heart diseases has not yet been well studied. 

However, there are indications for HDAC7 to regulate the function of MEF2 proteins in 

heart and muscle tissue29, suggesting a similar role as HDAC5. 

HDAC5 and HDAC9 have redundant roles in the suppression of cardiac growth in 

response to stress signaling17, and both are highly enriched in the heart compared to 

HDAC7.17,18 Despite sharing common upstream kinases, which stimulate the translocation 

of HDAC5 and HDAC9, only translocation of HDAC5 is activated by calpain.18 

Interestingly, calpain was found to be activated in AF and underlies structural remodeling 

and contractile dysfunction in AF.30 Thus, calpain-induced HDAC5 activation may be 

involved in transcriptional reprogramming and cardiomyocyte remodeling as observed in 
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AF. Furthermore, we previously found a role for HDAC6 to deacetylate α-tubulin resulting 

in microtubule disruption, contractile dysfunction and AF progression.9 Interestingly, in 

injured neurons, HDAC5 has been found to deacetylate α-tubulin.31 Whether HDAC5 is 

able to deacetylate α-tubulin in cardiac tissue is unknown. 

4.2. Role of class I HDACs in cardiac growth and diseases 

In the present study, overexpression of HDAC1 and HDAC3, members of the class I 

HDAC family, had detrimental effects on the contractile function of HL-1 cardiomyocytes. 

Class I HDACs control expression of a vast array of genes involved in core cellular 

activities, such as cell proliferation and death.32 All class I HDAC members are 

ubiquitously expressed in the heart, localize predominantly in the nucleus and display high 

enzymatic activity toward histone substrates.32 Redundant functions of HDAC1 and 

HDAC2 have been found in Olson’s lab, i.e. cardiac deletion of either HDAC1 or HDAC2 

sufficiently supports normal development, whereas cardiac deletion of both HDAC1 and 

HDAC2 alleles  result in neonatal lethality, accompanied by cardiac arrhythmias, dilated 

cardiomyopathy, and upregulation of genes encoding skeletal muscle-specific contractile 

proteins and calcium channels in the heart.33 Trivedi et al. found that in HDAC2-deficient 

survivors exposed to hypertrophic stimuli, cardiac hypertrophy and fibrosis were attenuated 

and that cardiac-specific overexpression of HDAC2 resulted in cardiac hypertrophy.34 The 

recent finding that HDAC1 and HDAC2 play a major role in autophagy driven by α-

adrenergic stimulation in cultured cardiomyocytes provides another indication that HDAC1 

and HDAC2 may act as a driver of adverse cardiac remodeling.35 Furthermore, 

overexpression of HDAC3 in the heart leads to increased thickness of the myocardium, 

which is due to increased cardiomyocyte hyperplasia.36 HDAC3 is also present at 

myofilaments and directly modulate contractile function by modulating the acetylation of 

myosin heavy chain.37 Taken together, activation of class I HDACs has been associated 

with detrimental effects on the development and function of the heart. Our observation in 

tachypaced HL-1 cardiomyocytes are concordant with this analysis. 

4.3. Therapeutic implications 

In the current study, we observed a key role for class IIa HDAC5 to protect from AF 

remodeling via suppression of MEF2. This is evident by our findings showing that 

contractile dysfunction was prevented by overexpression of HDAC5, and abrogated by 

overexpression of a HDAC5 construct bearing a mutation in the MEF2 binding domain. 

Findings were expanded to patients and revealed increased phosphorylation levels of 

HDAC5 and induced expression of β-MHC and BNP in persistent AF patients compared to 

controls in sinus rhythm. Thus, the results suggest that HDAC5 plays a prominent role in 
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epigenetic regulation during AF and might be an interesting therapeutic target to prevent 

pathological fetal gene expression, functional loss and AF progression. Consequently, 

compounds inhibiting the release of HDAC5 from MEF2 might have a therapeutic potential 

for treatment of AF and it is of interest to test these compounds in experimental and clinical 

AF. One such compound is MC1568, since it inhibits the activity of HDAC4 and HDAC5, 

thereby leaving MEF2-HDAC complexes in a repressed state.38 Inhibitors of upstream 

kinases which phosphorylate HDAC5 and thus initiate de-repression of MEF2 may also be 

of interest. A more upstream approach would be to inhibit CaMK and PKC, since these 

represent two main kinases involved in HDAC5 phosphorylation and nuclear export in 

cardiomyocytes.28 Indeed, CaMK inhibitors have been reported to prevent AF.39 

Furthermore, the PKC inhibitor Go6983 has been reported to block HDAC5 nuclear export 

and α-tubulin deacetylation after nerve injury.40 Given that deacetylation of α-tubulin is 

involved in AF structural remodeling9, Go6983 may also be an interesting candidate to test 

in AF. As our study suggests HDAC5 repression of MEF2 responsive genes to be involved 

in AF, HDAC5 inhibitors that prevent stress-induced HDAC release from MEF2, such as 

MC1568 and PKC inhibitor Go6983, might therefore represent novel therapeutic 

approaches to attenuate AF progression. 
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SUPPLEMENTAL MATERIALS 

Supplemental Figures 

 

Figure S1:  Western blot showing overexpression of HDACs in retrovirus infected HL-1 

cardiomyocytes.  A) Representative Western blot image showing successfully infection of HL-1 

cardiomyocytes by HDAC1, HDAC3, HDAC4, HDAC5, HDAC7 and HDAC9. All constructs contained a 
Flag-tag. B) Representative Western blot image showing successfully infection of HDAC5m, HDAC7m and 

GFP. DsRED without a flag-tag was used as a negative control. 

 

Figure S2:   Endogenous HDAC5 localization in HL-1 cardiomyocytes with a time course of 

tachypacing. A)  Representative confocal images of cardiomyocytes showing the localization of HDAC5 in 

HL-1 cardiomyocytes tachypaced from 0 hours (0h) to 16 hours (16h). B)  Quantified data of cellular 

localization of HDAC5, showing significant decrease in the amount of cardiomyocytes with exclusively 
nuclear HDAC5 and a significant increase in cytosolic localization of HDAC5 after 8 and 16 hours TP. ***h 

< 0.01 vs 0h. 
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Supplemental Tables 

Table S1: Primers used for PCR 

Genes Forward Reverse 

mMHY6 CTCTTCAGCAGCGGTTTGAT AAGATAGTGGAACGCAGGGA 

hMHY6 CTTCTCCACCTTAGCCCTGG GCTGGCCCTTCAACTACAG 

mMHY7 GAGCCTTGGATTCTCAAACG CTTGCTACCCTCAGGTGGCT 

hMHY7 CGCACCTTCTTCTCTTGCTC CAACAGGCTCTGGATGACCT 

mBNP FW ACCCAGGCAGAGTCAGAAAC ACAAGATAGACCGGATCGGA 

hBNP FW TGTGGAATCAGAAGCAGGTG TTTGGGAGGAAGATGGACC 

m: mouse, h: human, MHY6: α-MHC, MHY7:β-MHC. 

 

Table S2: Baseline demographic and clinical characteristics of patients with permanent AF (PeAF) and 

control patients in sinus rhythm (SR). 

  SR PeAF 

N 7 7 

RA (n) 7 7 

LA (n) 7 7 

Age (mean, std) 50 ± 17 68 ± 4* 

Months of AF (median, range) – 18.2 (4-36) 

Underlying heart disease (n) / surgical procedure 
  

MVD/MV replacement or repair 7(100%) 7 (100%) 

Medication (n) 
  

ACE/ARB 3 (43%) 6 (86%) 

Digoxin 0 (0%) 1 (14%) 

Calcium channel blocker 0 (0%) 2 (29%) 

β-Blocker 2 (29%) 5 (71%) 

Statin 2 (29%) 1 (14%) 

MVD: mitral valve disease, ACE: angiotensin-converting enzyme, ARB: angiotensin receptor blocker, β-Blocker: 

beta-adrenergic antagonists, *P<0.05 vs. SR. 
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ABSTRACT  

Backgrounds: Atrial fibrillation (AF) is characterized by a self-perpetuating nature, driven 

by structural remodeling of cardiomyocytes, which results in electrical disturbances, 

contractile dysfunction and increasing difficulty in maintaining sinus rhythm. Previous work 

suggests an important contribution of altered proteostasis to cardiomyocyte remodeling. 

Here, we explore the role of autophagy, an important player in proteostasis via protein and 

organelle degradation. 

Methods and results: Tachypacing of HL-1 atrial cardiomyocytes caused a gradual and 

significant activation of autophagy, evidenced by increased autophagic flux, autolysosome 

formation, p62 degradation and processing of LC3B-I to LC3B-II, associated with loss of 

Ca2+ transients. Endoplasmic reticulum (ER) stress was responsible for autophagy-induction, 

as indicated by upregulation of ER-stress markers (ATF6, HSPA5, ATF4, ATG12 and 

CHOP) and autophagy-suppression by the ER-stress inhibitor 4-phenyl-butyric-acid and 

overexpression of the ER chaperone-protein HSPA5. Moreover, inhibition of both ER-stress 

and autophagy, by bafilomycin A1 or pepstatin A, prevented tachypacing-induced 

contractile dysfunction in cardiomyocytes and Drosophila pupae. Induction of ER stress and 

autophagy was also observed in atrial tissue of tachypaced dogs and permanent AF patients. 

In patients, atrial levels of autophagy markers correlated with cardiac troponins and α-

tubulin levels and correlated inversely with structural remodeling (myolysis). 

Conclusions: Atrial-cardiomyocyte tachycardia and AF result in ER-stress and consequent 

activation of autophagy, contributing to structural remodeling and loss of contractile 

function. As Inhibitors of ER stress are currently in clinical development, notably the 

chemical chaperone 4-phenyl-butyric-acid, these findings may contribute to expanding 

therapeutic options in AF. 
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1. INTRODUCTION 

Atrial fibrillation (AF) is the most common persistent clinical tachyarrhythmia, and 

contributes to increased cardiovascular morbidity and mortality.1 The self-perpetuating 

nature of AF is driven by structural remodeling, electric disturbances and contractile 

dysfunction.2 As cardiomyocyte remodeling ultimately limits the effectiveness of current 

drug therapy for sinus-rhythm restoration and maintenance, research is increasingly 

directed at uncovering the underlying mechanisms of AF progression.1  

Derailment of proteostasis, i.e. the homeostasis of protein production, breakdown and 

function, has been implicated in AF-substrate formation in various experimental models 

and in patients with AF.3-7 Activation of proteases, including calpain, is an important 

contributor to proteostasis derailment. Studies in experimental and human AF have 

revealed calpain activation to induce breakdown of contractile and structural proteins 

(myolysis).5,8 In addition to protease activation, induction of auxiliary cellular protein 

degradation pathways, such as macroautophagy (hereafter autophagy)9,10, may play an 

important role in AF progression. Stress-induced stimulation of autophagy has already been 

associated with myolysis.11 Nevertheless, the contribution of autophagy to AF progression 

has not yet been investigated. Autophagy is an evolutionarily conserved cellular 

degradation pathway, which maintains cell proteostasis by removing damaged or expired 

proteins and organelles.9,10 This process is initiated by sequestration of proteins in 

cytoplasmic isolation vesicles, called autophagosomes, which are subsequently degraded in 

a lysosome-dependent manner.9,10 Selective autophagy adaptors, including p62, which 

recognize autophagic cargo, are important components. Autophagy adaptors mediate the 

formation of selective autophagosomes via binding to small ubiquitin-like modifiers, 

including LC3B and ATG5.9 Various markers of autophagy have been recognized, 

including p62 and LC3B. Since p62 is sequestrated to autophagosomes during autophagy 

and degraded upon fusion with the lysosome, its levels are inversely proportional to 

activation of autophagy.12,13 LC3B-II is a protein produced from LC3B-I upon autophagy 

initiation and is also incorporated into autophagosomes. Consequently, LC3B-II levels are 

proportional to the number of autophagosomes.12,13  

Controlled autophagy during (mild) cardiac stress conditions, such as nutrient 

deprivation, brief hypoxia and oxidative stress, supports cardiomyocyte survival. In 

contrast, excessive activation of autophagy causes derailment of cell proteostasis by 

degradation of essential proteins and organelles and thereby triggers autophagic cell death, 

as found in mitral valve regurgitation11,14 and cardiac hypertrophy.15 As permanent AF 

features the degradation of contractile proteins and structural remodeling of atrial 

cardiomyocytes5,8, we investigated the activation of autophagy and upstream processes in 
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AF. To address this subject, we utilized tachypaced HL-1 atrial cardiomyocytes, 

Drosophila and atrial-tissue samples from tachypaced dogs and AF patients.  

Here we show that tachypacing results in ER stress, which induces substantial 

autophagy in cultured atrial cardiomyocytes leading to contractile dysfunction. Moreover, 

inhibition of ER stress and autophagy prevented contractile dysfunction. In addition, we 

found that autophagy is activated in atrial tissue of tachypaced dog and AF patients. In 

patients, autophagy markers correlated significantly with the loss of contractile proteins and 

myolysis.    

2. METHODS  

2.1. HL-1 atrial cardiomyocyte cell culture, transfections, constructs 

HL-1 atrial cardiomyocytes, derived from adult mouse atria, were obtained from Dr. 

William Claycomb (Louisiana State University, New Orleans, USA).16 For detailed 

description of the cell culture and transfection methods, see Data supplement. Where 

indicated, HL-1 cardiomyocytes were transiently transfected with the LC3B-GFP (kind gift 

Prof. T. Johansen)17, HSPA5 (kind gift Prof. H. Kampinga), or pcDNA3.1+ (empty) 

plasmid, by the use of Lipofectamin 2000 (Life Technologies, The Netherlands).  

2.2. Tachypacing of HL-1 cardiomyocytes and calcium transient measurements 

HL-1 cardiomyocytes were subjected to tachypacing as described before.3,8,18 In short, 

HL-1 cardiomyocytes were subjected to 1-Hz (normal pacing) or 6-Hz (tachypacing) for a 

duration of up to 8 hours via the C-Pace100-culture pacer (IonOptix Corporation, The 

Netherlands). Detailed description of the calcium transient (CaT) measurements can be 

found in the Data supplement.  

2.3. Drosophila stocks, tachypacing and heart wall contraction assays 

Wild-type W1118 strains were obtained from Genetic Services Inc. All flies were 

maintained at 25°C on standard medium. After fertilization, adult flies were removed, and 

drugs (see Data supplement) were added to the medium containing fly embryos. After 2 

days, prepupae were selected for tachypacing, as previously described.3 Groups of at least 5 

pupae were subjected to tachypacing (5-Hz for 20 minutes) with a C-Pace100-culture pacer 

(IonOptix Corp). Before and after tachypacing, movies of whole pupae were recorded for 

30 seconds. Heart wall contractions were analyzed with IonOptix software. 

2.4. Antibodies and reagents 

Description of all antibodies and reagents used can be found in the Data supplement. 
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2.5. Protein-extraction and Western blot analysis 

Western blot analysis was performed as previously described.3,8 Equal amounts of total 

protein in SDS-PAGE sample buffer, were separated on SDS-PAGE 4-20% PreciseTM 

Protein gels (Thermo Scientific, The Netherlands). After transfer to nitrocellulose 

membranes (Stratagene, The Netherlands), membranes were incubated with primary 

antibodies and corresponding horseradish peroxidase-conjugated secondary antibodies. 

Signals were detected by the Western Lightning Ultra (PerkinElmer, Waltham, MA, USA) 

method and quantified by densitometry via the software Gene Gnome, Gene tools 

(Syngene, Cambridge, UK).  

2.6. Quantitative RT-PCR 

Total RNA was isolated from cardiomyocytes utilizing the nucleospin RNA isolation 

kit (Machery-nagel, The Netherlands). First-strand cDNA was generated by M-MLV 

reverse transcriptase (Invitrogen, The Netherlands) and random hexamer primers 

(Invitrogen, The Netherlands). Relative changes in transcription level were determined 

using the CFX384 Real-time system C1000 Thermocycler (Bio-Rad, The Netherlands) in 

combination with SYBR green supermix (Bio-rad, The Netherlands). Calculations were 

performed using the comparative CT method according to User Bulletin 2 (Applied 

Biosystems). Fold inductions were adjusted for GAPDH levels. For primer pairs, see Data 

supplement. 

2.7. Immunofluorescent staining and confocal analysis  

Forty eight hours after transient transfection of GFP-LC3B, or without transfection in 

case of endogenous LC3B, after normal- (NP) or tachypacing (TP), HL-1 cardiomyocytes 

were subjected to tachypacing, followed by fixation with 4% formaldehyde (Klinipath, The 

Netherlands) for 15 minutes at room temperature, washing three times with phosphate 

buffered saline (PBS) and permeabilization with 0.2% triton-X100 and blocking in 5% 

BSA (30 min room temperature). Nuclei were visualized by TOTO-3 (Molecular Probes, 

The Netherlands). Endogenous LC3B was visualized by an anti-LC3B antibody as 

described above and subsequent alexa488 labeled anti-rabbit antibody. Confocal images 

were obtained by confocal laser microscopy (Leica SP2 AOBS), captured at 125x 

magnification to demonstrate the formation of GFP-LC3 puncta, indicative of 

autophagosomes. The number of GFP puncta were counted manually from at least two 

independent experiments using imagePro. Mean values and SEM from each experimental 

condition were based on at least 20 cardiomyocytes. 

2.8. Dog in vivo model for AF 
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Experiments with the dog in vivo model for AF were performed at the Montreal Heart 

Institute as described before18 and were according to the guidelines for animal-handling of 

the National Institutes of Health and approved by the Animal Research Ethics Committee 

of the Montreal Heart Institute. Ten mongrel dogs were included in the study: 5 non-paced 

control dogs and 5 atrial tachypaced dogs (ATP, 400 bpm) for 7 days. For more detailed 

description, see Data supplement. 

2.9. Patient material 

Prior to surgery, one investigator assessed patient characteristics (Table 1) as described 

before.19 For detailed description, see Data supplement. The study conforms to the 

principles of the Declaration of Helsinki. The institutional review board approved the study 

and patient gave written informed consent.  

2.10. Statistical analysis 

Results are expressed as mean ± SEM of at least three independent experiments. 

Multiple-group comparisons were obtained by ANOVA, with one-way ANOVA for non-

repeated measurements. Individual group-mean differences were evaluated with Student’s 

t-test with Bonferroni correction. Correlation was determined using the Spearman 

correlation test. All P-values were two-sided. A value of P<0.05 was considered 

statistically significant. SPSS version 20 was used for all statistical evaluations.  

3. RESULTS 

3.1. Tachypacing of HL-1 cardiomyocytes induces autophagy 

Autophagy was examined by determining the levels of the autophagy markers p62, 

LC3B-I and LC3B-II and via visualization of autophagosomes by confocal microscopy.20 

Tachypacing of HL-1 atrial cardiomyocytes induced a time-dependent decrease in p62 and 

increase in LC3B-II expression (Figure 1A-C), indicating the activation of autophagy. 

Consistent with Western Blot results, confocal analysis of tachypaced HL-1 

cardiomyocytes revealed a time-dependent increase in LC3B levels in both LC3B-GFP 

transfected cardiomyocytes (Figure 1D) as well as in untransfected cardiomyocytes stained 

for endogenous LC3B (Figure 1E). Also, a clear redistribution of LC3B into discrete 

perinuclear puncta was observed (Figure 1F), indicative of autophagosome formation.  

Next, we determined the autophagic flux to discern between the induction of 

autophagy and diminished degradation of autophagosomes (Figure 1G, H). Autophagic flux 

was measured as the difference in LC3B-II protein levels in the absence and presence of the 

lysosomal inhibitor bafilomycin A1 (BAF), which prevents the fusion of autophagosomes 
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to lysosomes and their subsequent clearance.21 BAF pretreatment further increased the 

levels of LC3B-II compared to those induced by tachypacing alone (Figure 1G, H), 

indicating that tachypacing induces the activation of autophagy rather than diminishing the 

degradation of autophagosomes. Together, these observations demonstrate that tachypacing 

induces the activation of autophagy in HL-1 atrial cardiomyocytes.  

Table 1: Demographic and clinical characteristics of patients with paroxysmal AF (PAF), patients with 

permanent AF (PeAF), and control patients in sinus rhythm (SR). 

 SR PAF PeAF 

n  6  7  7 

RAA (n)  6  6  6 

LAA (n)   6  5 

Age (years) 56±8 51±7 61±10 

 

Duration of AF 

(median, range (months)) 

 

- 

 

- 

 

14.6 (8-56) 

Duration SR before surgery (median, range (days)) - 1.5 (0-30) - 

Duration of last episode AF (median, range (h)) - 12 (0.2-24) - 

    

Underlying heart disease (n) and/surgical procedure  

 
Coronary artery disease/CABG 

 
6 

 
0* 

 
0* 

Lone AF/Maze 0 7* 7* 

    

 

New York Heart Association for exercise tolerance 
 

 

Class I 

 

3 

 

5 

 

3 

Class II 3 2 4 

    

    

Echocardiography    

Left atrial diameter (parasternal) 42±3 42±4 48±4 

Left ventricular end-diastolic diameter (mm) 50±4 52±3 52±3 

Left ventricular end-systolic diameter (mm) 34±4 38±3 34±5 

 

Medication (n) 
   

Ace-inhibitors 1 (17) 0 (0) 3 (43) 

Digitalis 2 (33) 0 (0) 3 (43) 

Verapamil 4 (67) 0 (0) 3 (43) 

Beta-Blocker 

 
5 (83) 1 (14) 2 (29) 

Values are represented as mean ± SEM or number of patients. CABG; Coronary Artery Bypass Grafting, 

MAZE; atrial arrhythmia surgery, MVD; mitral valve disease. *P≤0.05 vs SR.  
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Figure 1: Tachypacing induces autophagosome formation and activation of autophagy. A) 

Representative Western blot of tachypacing-induced autophagy markers p62, LC3B-I, and LC3B-II and 
loading control GAPDH. HL-1 cardiomyocytes were normal paced (NP) or tachypaced (TP) for the duration 

as indicated. B) Quantified data showing a significant reduction in p62 levels after 6 hours of TP. C) 

Quantified data showing a significant increase in LC3B-II levels after 2 hours of TP. D) Confocal images of 
tachypaced HL-1 cardiomyocytes, transfected with LC3B-GFP plasmid. E) Confocal images of tachypaced 

HL-1 cardiomyocytes for the period as indicated. Endogenous LC3B was visualized by immunostaining. 

Green puncta indicate autophagosomes. F) Quantified data showing accumulation of LC3B-GFP 
puncta/cardiomyocyte during TP. G) Representative Western blot of HL-1 cardiomyocytes NP versus TP for 

the duration as indicated, in the presence or absence of bafilomyocin A1 (BAF). H) Quantification of the 

autophagic flux by determining the difference in LC3B-II levels in the presence versus absence of 
bafilomycin A1 (BAF). *P≤0.05, **P≤0.01, ***P≤0.001 versus NP. 

3.2. Induction of autophagy is via ER stress  

Activation of autophagy is regulated by various cellular signal transduction pathways. 

A key regulator is mammalian target of rapamycin (mTOR). mTOR assembles into two 

complexes, mTOR complex 1 (mTORC1) and complex 2 (mTORC2).22,23 Both complexes 

become activated by mTOR phosphorylation, although at different sites, after which they 

attenuate autophagy.22,23 To determine if tachypacing-induced autophagy results from the 

inhibition of mTOR signaling, we determined total mTOR, phosphorylation of mTOR at 

S2448 for mTORC1, S2481 for mTORC2 and their respective downstream targets 

ribosomal protein S6 (S6RP) and Akt (Figure 2). Tachypacing did not affect mTOR 

phosphorylation at S2448 or S2481 or phosphorylation of S6R at S235-236. However, 

tachypacing resulted in a significant increase in phosphorylation of Akt at S473 (Figure 

2D). Since an increase in Akt S473 phosphorylation was previously observed during 

endoplasmic reticulum (ER) stress24, and ER stress is an important regulator of 



Role of autophagy in Atrial Fibrillation 

 143 

 

 

 

 
 

 

 

 
 

 
 

 
 

 
 

7 

 
 

 

 
 

 

 

 

 

 

 

autophagy9,25, the involvement of ER stress signaling in tachypacing-induced autophagy 

was examined. To this end, we determined levels of phosphorylated eIF2α, a downstream 

ER stress marker.26 Tachypacing resulted in a strong increase in eIF2α phosphorylation 

without affecting total eIF2α levels, indicating that tachypacing induces ER stress (Figure 

3A,B). To substantiate the role of ER stress signaling in tachypacing-induced autophagy, 

levels of additional ER stress markers and the downstream autophagy gene ATG12, which 

is involved in autophagosome formation25, were determined by qPCR (Figure 3C). 

Tachypacing induced the transcription of several different markers of ER stress, i.e. ATF4, 

ATF6, CHOP, HSPA5 and ATG12. Also, tachypacing gradually and significantly induced 

protein levels of HSPA5, an endogenous ER chaperone-protein9 (Supplemental Figure S1). 

Furthermore, treatment of the cardiomyocytes with the chemical chaperone and ER stress 

inhibitor 4PBA, prevented tachypacing-induced phosphorylation of eIF2α and activation of 

autophagy, as evidenced by attenuation of p62 breakdown and LC3B processing (Figure 

3D, supplemental Figure S2). As expected, inhibition of autophagy by pepstatin A 

(lysosomal cathepsin D/E inhibitor) or BAF (lysosomal fusion inhibitor) also attenuated 

p62 degradation upon tachypacing, without affecting LC3B processing. Thus, these results 

show that induction of the ER stress signaling is upstream of tachypacing-induced 

autophagy in HL-1 atrial cardiomyocytes. 

 

Figure 2: Tachypacing-induced autophagy does not involve mTORC signaling. Top panels represent 
Western blots of proteins within the mTORC signaling and lower panels reveal quantified data of the ratio 

phosphorylated proteins normalized for basal protein levels. A) Phospho-mTOR 2448S (mTORC1). B) 

Phospho-mTOR 2481S (mTORC2), C) Phospho-S6RP 235-236S (downstream of mTORC1) and D) 
phospho-Akt 473S (downstream of mTORC2) in response to tachypacing for the duration as indicated 

compared to normal paced (NP). **P≤0.01, ***P≤0.001 versus NP. 
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Figure 3: Tachypacing augments mRNA levels of ER stress markers and autophagy gene ATG12. A) 
Representative Western blot of phospho-eIF2α 51S, an ER stress marker, and basal eIF2α and GAPDH 

levels in response to tachypacing (TP) for the indicated duration or normal pacing (NP). B) Quantitative real 

time PCR of ER stress markers, ATF4, ATF6, CHOP and HSPA5, and autophagy related genes, ATG12, in 
response to tachypacing for the indicated duration relative to normal pacing (NP). C) Representative Western 

blot of ER stress markers (eIF2α-P51S) and autophagy markers (LC3B and p62) in HL-1 cardiomyocytes 

pre-treated with 1% DMSO (control) or the autophagy modulators pepstatin A (PepA), bafilomycin A1 

(BAF) or 4PBA. **P≤0.01, ***P≤0.001 versus NP.  

3.3. Inhibition of ER stress induced autophagy protects against contractile dysfunction in 

tachypaced cardiomyocytes and Drosophila 

To determine if autophagy contributes to tachypacing-induced contractile dysfunction, 

the effect of inhibition of autophagy on CaT was determined. Tachypacing of 

cardiomyocytes at 6-Hz for 8 h resulted in a nearly complete loss of CaT compared to 

normal paced cardiomyocytes (Fig. 4A, supplemental Figure S3 and movies S1-S12). To 

assess the role of autophagy, cardiomyocytes were preincubated with pepstatin A and BAF 

for 30 min prior to pacing. Both inhibitors completely attenuated tachypacing-induced loss 

of CaT (Figure 4A, B), demonstrating that inhibition of autophagy fully prevents against 

tachypacing-induced loss of CaT. Next, we determined whether a similar effect was 

accomplished by inhibition of ER stress. Indeed, pretreatment with 4PBA also completely 

attenuated loss of CaT (Figure 4A,B). Since 4PBA acts as a chemical chaperone to inhibit 

ER stress, we explored whether the endogenous ER chaperone-protein HSPA5 may serve a 

similar protection. Indeed, overexpression of HSPA5 also protected against tachypacing-
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induced loss of CaT (Figure 4C, D, supplemental movies S13-S16). Finally, to exclude an 

indirect effect of the autophagy inhibitors through modulation of ER stress, HSPA5 

expression was determined. None of the drugs at the concentrations applied influenced 

HSPA5 expression levels (Supplemental Figure S4). To extend these findings to a second 

experimental model, similar experiments were conducted in tachypaced Drosophila.3 

Tachypacing induced a marked reduction in contractility in vehicle treated Drosophila 

(Figure 4E, F). Similar to the findings in tachypaced HL-1 cardiomyocytes, inhibition of 

ER stress (4PBA) and autophagy (BAF) attenuated tachypacing-induced contractile 

dysfunction in Drosophila (Figure 4E, F; supplemental movies S17-S22). Pepstatin A was 

not protective at the concentrations applied. Thus, the inhibition of autophagy protects 

against tachypacing-induced loss of contractile function. Moreover, these data demonstrate 

that blockade of autophagy by the inhibition of upstream ER stress suffices to maintain 

proper cardiomyocyte function in tachypaced cardiomyocytes and Drosophila. 

 

Figure 4: Inhibition of ER stress and autophagy protects against tachypacing (TP)-induced contractile 

dysfunction in HL-1 cardiomyocytes and Drosophila melanogaster. A) Representative CaT of HL-1 

cardiomyocytes after normal pacing (NP) or tachypacing (TP). HL-1 cardiomyocytes were pre-treated with 
DMSO (Control) or the autophagy modulators pepstatin A (PepA), bafilomycin A1 (BAF) or 4PBA, 

followed by normal or tachypacing and measurement of CaT. B) Quantified CaT amplitude of NP and TP 
HL-1 cardiomyocytes, each from groups as indicated. C) Representative CaT of HL-1 cardiomyocytes 

transfected with empty plasmid (Control) or ER chaperone HSPA5, followed by NP or TP. D) Quantified 

CaT amplitude of NP and TP HL-1 cardiomyocytes transiently transfected with empty plasmid or HSPA5. 
###P≤0.001 vs NP control, **P≤0.01, *** P≤0.001 versus TP control. E) Representative heart wall 

contractions monitored before tachypacing (TP) and after TP with 2% DMSO (Control) pretreatment or 

pretreatment with pepstatin A (PepA), bafilomycin A1 (BAF) or 4PBA. F) Quantified data showing heart 
wall contraction rates each from groups as indicated. ***P≤0.001 vs control before TP; #P≤0.05, ##P≤0.01 vs 

control TP; n=9 to 15 pupae for each group. 
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Figure 5: Patients with permanent AF show markers of ER stress and autophagy. A) Electron 

microscopic image of left atrial appendage of a patient with permanent atrial fibrillation (PeAF), arrows 

indicate the presence of autophagosomes and autolysosomes with a perinuclear (N) localization. B) Image of 
left atrial appendage of a patient with PeAF at a higher magnification, showing the presence of 

autophagosomes and autolysosomes. C) Image of left atrial appendage of a patient in SR, showing normal 

sarcomere structures and absence of perinuclear autophagosomses. D) Image of left atrial appendage of 
patient in SR, showing normal sarcomere structures and absence of perinuclear autophagosomes at a higher 

magnification. E) Representative western blot of the autophagy marker p62 and ER stress marker HSPA5 in 

right (RAA) and left atrial appendages (LAA) of patients in paroxysmal (PAF) and permanent AF (PeAF) 
versus SR. F) and G) Quantified data of autophagy marker p62 and ER stress marker HSPA5, in right (RAA) 

and left atrial appendages (LAA) of patients with paroxysmal AF (PAF), permanent (PeAF) and control 

patients in sinus rhythm (SR). *P≤0.05 versus SR. 

3.4. Patients with permanent AF and dogs with AF reveal active autophagy 

To extend our findings to human AF, right and left atrial appendages (RAA and LAA, 

respectively) of patients with paroxysmal (PAF) or permanent AF (PeAF) and of control 

patients in sinus rhythm (SR) were examined. Electron microscopic analysis of atrial tissue 

demonstrated that patients with PeAF show an accumulation of autolysosomes, 
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autophagosomes and the presence of myolysis (degradation of sarcomeres) in both RAA 

and LAA, which was absent in SR patients (Figure 5A-D). PeAF patients displayed a 

significant decrease in p62 levels in LAAs compared to RAAs (Figure 5E), indicating the 

presence of autophagy. In addition, the expression of HSPA5 was significantly reduced in 

LAA of PeAF compared to both their RAA and to control patients in SR or PAF (Figure 

5F), indicating ER stress.27 No changes in LC3B-I and LC3B-II levels were observed 

(supplemental data Figure S5). To further substantiate the involvement of autophagy in 

structural remodeling and AF progression, correlations were made. We found that p62 

expression correlated significantly with cardiac troponin cTnI, cTnT and alpha-tubulin 

expression in PeAF, PAF and SR patients (Figure 6A, B, C). The p62 levels also correlated 

inversely with the amount of myolysis (Figure 6D). In addition, the p62 levels correlated 

with HSPA5 levels (Figure 6E), suggesting that an ER stress response underlies autophagy 

and AF progression.  

 

Figure 6: Significant correlations between levels of the autophagy marker p62 and markers of 

cardiomyocyte structural remodeling in patients with paroxysmal (PAF) and permanent (PeAF) and 

SR. A) Cardiac troponin T (cTnT), B) Cardiac troponin I (cTnI), C) α-tubulin (tub), D) Myolysis and E) 

HSPA5.  
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Figure 7: Dogs subjected to atrial tachypacing reveal induction of ER stress and autophagy in right 

and left atrial tissue. A) Representative western blot and quantified data of the autophagy marker p62 in 

right and left atrial tissue of dogs with and without atrial tachypacing (ATP). B) Representative Western blot 
and quantified data of ER stress marker eIF2α-P51S levels in RA and LA of dogs with and without ATP. C) 

Representative Western blot and quantified data of ER stress marker HSPA5 in RA and LA of dogs with and 

without ATP. D) Representative Western blot and quantified data of autophagy marker LC3B-I/II in RA and 
LA of dogs with and without ATP. *P≤0.05 versus C. E) Proposed model for the role of autophagy and 

disease progression in AF. Starting from the top, AF triggers ER stress in cardiomyocytes through altered 

Ca2+ handling, derailment in redox homeostasis and reduction in ER chaperone HSPA5 levels.45 

Subsequently, the ER stress response activates PERK by phosphorylation, leading to downstream 

phosphorylation of eIF2α. In turn, this results in the activation of the transcription factor ATF4, which 

regulates the expression of autophagy genes (e.g. ATGs) and LC3B, causing activation of autophagy by 
stimulating induction and elongation of autophagosomes. A second consequence of the ER stress response 

results in activation of ATF6, which upregulates the transcription of HSPA5 in an attempt to restore ER 

homeostasis. Initially, AF-induced activation of autophagy may preserve cardiomyocyte proteostasis, 
however, excessive stress-induced autophagy contributes to loss of contractile function and cardiac 

remodeling. ER stress-induced autophagy appears maladaptive, as inhibition of autophagy via 4PBA, HSPA5 

overexpression, pepstatin A (PepA) and bafilomycin A1 (BAF) prevented AF-induced loss of calcium 
transients. 
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Autophagy markers were also determined in left atrial (LA) and right atrial (RA) tissue 

of dogs subjected to tachypacing for 1 week and of non-paced control dogs. Similar to the 

findings in patients, a significant reduction in p62 and HSPA5 levels and induction of 

eIF2α phosphorylation was observed in LA of tachypaced dogs (Figure 7A, B, C). 

Furthermore, no differences in LC3B levels were found among the groups (Figure 7D).  

Together, these results demonstrate the activation of autophagy both in patients with 

permanent AF and in the dog model for AF. Most likely, autophagy is caused by ER stress 

in response to the increased activation rate of the atrial cardiomyocytes. A clinically 

relevant contribution of autophagy is suggested by the correlation of autophagy with the 

degradation of contractile proteins and the amount of structural remodeling.     

4. DISCUSSION  

In the present study, we reveal tachypacing of cardiomyocytes to activate autophagy. 

Apparently, activation of autophagy plays a major role in cardiomyocyte remodeling, as 

inhibition of autophagy by pepstatin A and bafilomycin A1 fully protected against 

tachypacing-induced contractile dysfunction. Furthermore, we show that activation of 

autophagy is caused by upstream activation of the ER stress response, as autophagy was 

attenuated by the blocker of ER stress, 4PBA and overexpression of HSPA5. In accord, 

tachypacing induced phosphorylation of the ER stress marker eIF2α and thereby stimulated 

ATF6, HSPA5, ATF4, CHOP, and ATG12 expression. Importantly, 4PBA blocked the 

phosphorylation of eIF2α, and the subsequent activation of autophagy and loss of 

contractile function. In addition, the activation of autophagy was observed in patients with 

permanent AF and in the dog model for AF. In permanent AF patients, autophagy was 

demonstrated by perinuclearly localized autophagosomes, and reduced levels of the 

autophagy marker p62. In these patients, a reduction in the ER chaperone HSPA5 was 

found, suggesting a role for the ER stress response as activator of autophagy in human AF. 

Moreover, the correlation of p62 levels with levels of contractile proteins and myolysis 

suggests that activation of autophagy also contribute to cardiomyocyte structural damage 

and dysfunction and thereby disease progression in human AF. Together, our data indicate 

that activation of autophagy is involved in the derailment of cardiomyocyte proteostasis, 

contributing to loss of function and AF progression. 

4.1. Autophagy via ER stress 

The first finding of our study is that tachypacing of cardiomyocytes activates 

autophagy, a known key modulator of cell proteostasis.28,29 Activation of autophagy is 

evidenced by the accumulation of autophagosomes, p62 degradation, and LC3B processing. 

Moreover, two inhibitors of autophagy, bafilomyocin A1 and pepstatin A, prevented 
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tachypacing-induced loss of contractile function. In addition, patients with permanent AF 

revealed active autophagy, which correlates with structural remodeling. The second finding 

is that tachypacing-induced autophagy is activated via upstream ER stress signaling, and 

this also seems to apply for patients with permanent AF and tachypaced dogs. 

Consequently, inhibition of ER stress, via 4PBA or overexpression of HSPA5, protects HL-

1 cardiomyocytes and Drosophila against tachypacing-induced contractile dysfunction. 

Previous studies revealed that the inhibition of basal autophagy, by bafilomyocin A1 and 

lysosomal enzyme inhibitors (such as pepstatin A) induces ER stress and increases 

expression of the cardioprotective HSPA5.30 While such effect may result in protection 

from loss of CaT in tachypaced cardiomyocytes, no evidence of increased HSPA5 by the 

compounds used was found in the current study (Supplemental Figure S4). Thus, here we 

identify a prominent role for ER stress in the induction of autophagy and derailment of 

cardiomyocyte proteostasis which underlies AF progression.  

On the mechanistic level, the current study reveals tachypacing to induce ER stress via 

phosphorylation of eIF2α. It is well known that the ER is involved in protein synthesis, 

folding and maturation. Also, the ER constitutes a source of the autophagic isolation 

membrane, also called phagophore, which is necessary for the inclusion of autophagy-prone 

proteins (Figure 8E).31 Upon ER stress, eIF2α gets phosphorylated at S51, as observed in 

our study, which then initiates a cascade of events aiming to mitigate ER stress. These 

events include a general inhibition of protein translation as well as the selective translation 

of stress-responsive transcripts including ATF4 and ATF6 (Figure 7E).9 As a consequence, 

ATF4 and ATF6 signaling induces the expression of CHOP, ATG12, LC3B and HSPA5 

(also named BiP, Grp78, or ER chaperone), respectively. During prolonged ER stress, the 

phosphorylated eIF2α replenishes cellular supplies of ATG12, CHOP and LC3B allowing 

for sustained and excessive autophagy flux.25,32-34 Consistent with the upstream role of ER 

stress, we found the chemical chaperone 4PBA to attenuate eIF2α phosphorylation at S51 

and subsequent activation of autophagy, resulting in conservation of contractile function 

after tachypacing. Thus, our data identifies ER stress and downstream activation of 

autophagy as a prominent pathway to underlie AF progression.     

4.2. The role of autophagy in clinical AF  

Our results obtained in atrial tissue samples from patients and dog further substantiate 

the role of the activation of autophagy in AF. Patients with permanent AF displayed 

perinuclearly localized autophagosomes, and reduced levels of p62, the most prominent 

marker for autophagy. In addition, a correlation between p62 and contractile proteins cTnT, 

cTnI and alpha-tubulin was observed, together with an inverse correlation between p62 and 

the amount of myolysis. Since reduced levels of HSPA5 were observed in patients with 
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permanent AF and in the dog model for AF, ER stress also likely represents the main 

pathway to induce autophagy in AF in vivo (Figure 7E). The reduction in p62 and HSPA5 

levels was observed only in left atrial tissue of patients and dog, suggesting that ER-stress-

induced autophagy is more pronounced in the left atrium. This finding is in line with 

previous studies that found marked changes in ion channel and alpha-tubulin expression in 

patients and dog to be confined to the left atrium.3,35,36 Thus, our data indicate that 

activation of autophagy, likely caused by ER stress, plays a prominent role in the 

derailment of cardiomyocyte proteostasis, structural remodeling and progression of clinical 

AF. In line with our findings, also an association between autophagy and the presence of 

myolysis was found in patients with mitral valve regurgitation.11 Furthermore, an 

accumulation of autophagosomes was observed in patients who developed post-surgery 

AF.37 These studies further substantiate a role for autophagy in structural remodeling and 

AF progression.  

Our results in tachypaced HL-1 cardiomyocytes demonstrate that autophagy promotes 

the progression of cardiomyocyte remodeling. However, it should be kept in mind that 

activation of autophagy is not as such a detrimental response, but should be appreciated in 

the context of its time frame and level of activation. In tachypacing, the benefit of 

autophagy is that it initially attenuates ER stress by activation of ER chaperone-proteins.9 

However, the excessive and prolonged activation of autophagy, as reflected by eIF2α 

phosphorylation and increased expression of ATF4, autophagy genes and LC3B, conveys 

substantial cellular damage. Such view explains why excessive autophagy is present mainly 

in permanent AF, thus contributing to myolysis and structural remodeling of the 

cardiomyocytes, and its presence in various chronic conditions, including other cardiac 

diseases.11,26 

4.3. Inhibition of autophagy and ER stress as a therapeutic intervention strategy in AF 

Pharmacological approaches preventing or limiting AF progression and substrate 

formation are extensively being studied, with the aim of identifying novel effective 

therapeutic agents for AF treatment.1 Given our results, pharmacological intervention to 

inhibit autophagy may constitute a promising therapeutic strategy in clinical AF. At 

present, autophagy can be modulated by a number of small molecules.32,38,39 Since basal 

autophagy is crucial for normal cell physiology, chronic treatment with autophagy 

inhibitors, such as in permanent AF, may be detrimental to the cardiomyocyte.14,40-42 Such 

view is corroborated by the high toxicity of bafilomycins, which precludes its use in the 

clinical setting.43 As the clinical options for authophagy inhibition are currently limited, 

inhibitors of ER stress may represent a suitable alternative, as identified in the current 

study. From the available compounds, the chemical chaperone 4PBA seems the most 
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promising, as this compound not only inhibits ER-stress induced autophagy, but also has 

been approved for clinical use. More importantly, 4PBA was reported to have minor side 

effects and is considered safe in patients.44 Therefore, our findings suggest 4PBA as a 

therapeutic agent with great potential in clinical AF.   

In summary, the present study demonstrates AF to activate autophagy, caused by 

upstream stimulation of the ER stress signaling, contributing to structural remodeling and 

contractile dysfunction. Inhibition of autophagy protected against loss of contractile 

function. These findings imply that inhibition of autophagy, preferably via inhibition of ER 

stress, form a novel therapeutic target for intervention. 
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1. SUMMARY  

Atrial fibrillation (AF) is the most common clinical tachyarrhythmia and is expected to 

affect about 30 million North Americans and Europeans by 2050.1 It is widely 

acknowledged that one of the main features of AF is its progressive nature, which hampers 

the effective functional conversion to sinus rhythm in patients with persistent forms of 

AF.2-4 This progressive nature and impaired functional recovery are rooted in AF-induced 

irreversible cardiomyocyte remodeling, especially structural remodeling, which promotes 

the persistence of AF.4-7 Current AF drug therapies target the reversible electrical changes 

and therefore have limited effect on patients’ outcome.8 A balanced eukaryotic protein 

homeostasis, i.e. a proper proteostasis, enables healthy cell and organismal development 

and protects against diseases.9 Recently, our lab revealed evidence that derailment of 

proteostasis is a main contributor to the development of structural remodeling in AF and 

underlies AF progression. In addition, HSP-inducing compounds are promising 

therapeutics to prevent AF progression by preserving proteostasis, which is reviewed in 

chapter 2.7,10-12 Besides HSPs, many other modifiers, including HDACs and autophagy, 

influence proteostasis.9 However, the detailed molecular pathways contributing to 

derailment of proteostasis in AF remain unidentified. Therefore, the main goal of this thesis 

is to elucidate if key modulators of proteostasis get derailed in AF and whether these key 

modulators represent druggable targets to attenuate AF initiation and progression.   

1.1.  Identify key modulators involved in derailment of proteostasis in AF 

To identify key modulators involved in the derailment of proteostasis in AF, we first 

developed a Drosophila model for AF to screen for compounds that prevent AF 

progression, as described in chapter 3. Tachypaced Drosophila revealed characteristics of 

AF-induced alterations in experimental animal and cardiomyocyte models and in clinical 

AF, including increased arrhythmicity, hypocontractility of the heart wall, activation of 

calpain, myolysis and damaged mitochondria.13 We previously found cardioprotective 

effects by HSP overexpression, especially the small HSPB1, and the HSP-inducing 

compound GGA, against important features of tachycardia remodeling, such as electrical 

and structural remodeling and contractile dysfunction.14-17  In this chapter, we demonstrated 

for the first time, that such protective effects are also observed in the Drosophila model for 

tachypacing-induced contractile dysfunction of the heart wall. We observed that HSP-

inducing agents (GGA and BGP-15), a heat shock pretreatment and overexpression of one 

small HSP, dmHSP23, protect against tachypacing-induced contractile dysfunction. Our 

results show that findings in Drosophila match those of in vitro tachypaced HL-1 and dog 

atrial cardiomyocytes, and therefore the Drosophila model can be used to study tachycardia 

remodeling. Since Drosophila’s gene expression can be easily manipulated in a highly 
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precise spatial and temporal fashion, this model seems to represent an excellent tool to 

study molecular mechanism underlying tachycardia remodeling and AF progression. 

Combined with short life-cycle of Drosophila, cost efficiency and the powerful techniques 

for genetic and molecular manipulations, the Drosophila model is also highly suitable for 

(high-throughput) compound screening.18 

The newly developed Drosophila model and previously developed HL-1 

cardiomyocyte model for AF, were both utilized to screen broad HDAC inhibitors, 

including Trichostatin A (TSA), sodium butyrate (SoBu), nicotinamide, and the specific 

HDAC6 inhibitor tubacin, as described in chapter 4. In this chapter we observed 

nicotinamide and tubacin to protect against contractile dysfunction in both experimental 

models. As tubacin is a specific inhibitor of HDAC6 and nicotinamide can inhibit Class III 

HDACs, sirtuins, we further focused on the role of HDAC6 and sirtuins in AF progression. 

We identified HDAC6 as a key enzyme in the development of a substrate for AF 

progression. Tachypacing of HL-1 cardiomyocytes increased HDAC6 activity and 

expression, resulting in TDAC-domain dependent deacetylation/depolymerization and 

calpain-mediated degradation of α-tubulin with subsequent disruption of the microtubule 

network. HDAC6 inhibition by tubacin conserved the microtubule structure and prevented 

depolymerized α-tubulin from degradation by calpain. Ultimately, this derailment of α-

tubulin proteostasis causes contractile dysfunction. Consistent with our experimental data, 

patients with permanent AF show increased HDAC6 TDAC domain activity and 

expression, and increased deacetylation and degradation of α-tubulin. In these patients the 

amount of α-tubulin degradation correlates with calpain activity. Finally, we obtained proof 

of concept for HDAC6 as a therapeutic target by testing the HDAC6 inhibitor tubastatin A 

in a dog model of AF. Tubastatin A protected against tachypacing-induced electrical and 

structural remodeling and AF progression in dogs. Together, our results identify inhibition 

of HDAC6 as a promising therapeutic target to conserve α-tubulin proteostasis and 

attenuate cardiomyocyte remodeling in AF. 

In addition to HDAC6 inhibitors, we also found that the class III HDAC (sirtuins) 

inhibitor, nicotinamide, protects cardiomyocytes and Drosophila from tachypacing-induced 

remodeling, as described in chapter 4. It is conceivable that inhibition of deacetylation of α-

tubulin also underlies the protective effect of nicotinamide, since HDAC6 and sirtuin both 

deacetylate α-tubulin. However, in contrast to previous reports19, nicotinamide did not 

prevent deacetylation and depolymerization of α-tubulin.20 This observation suggests that 

other mechanism(s) convey the protective effect of nicotinamide in AF, such as increased 

availability of NAD+ by the inhibition of poly(ADP-ribose) polymerases (PARPs).21,22 In 

chapter 5, we describe that nicotinamide inhibits PARP but not sirtuins. In addition, we 

found that AF induces DNA damage and subsequent PARP1 activation. Active PARP1, in 

turn, consumes NAD+, resulting in metabolic remodeling and functional loss in tachypaced 
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cardiomyocytes and Drosophila. Accordingly, replenishment of NAD+ protects against 

tachypacing-induced contractile dysfunction in cardiomyocytes and Drosophila.  Moreover, 

inhibition of PARP, by another broad PARP inhibitor 3-AB or the specific PARP1/2 

inhibitor ABT-888, protects against tachypacing-induced contractile dysfunction in HL-1 

cardiomyocytes and Drosophila. Consistent with these findings, PARP is also activated in 

atrial tachypaced dogs and permanent AF patients, and PARP activation correlates with the 

level of DNA damage. Taken together, these findings suggest a dominant role of PARP1 in 

AF-induced metabolic and functional remodeling and consequently disease progression. 

Having identified the role of class IIb member HDAC6 in AF in chapter 4, we 

continued exploring the role of class I and class IIa HDACs in tachypacing-induced 

cardiomyocyte remodeling in chapter 6. We found that class I HDAC1 and HDAC3 

overexpression have detrimental effects on contractile function in tachypaced HL-1 

cardiomyocytes. In contrast, overexpression of class IIa HDAC5 and HDAC7 revealed 

protective effects. Their protective effects were suppressed in cardiomyocytes 

overexpressing HDAC5 or HDAC7 with a mutation in the binding domain for MEF2, 

revealing MEF2 as a downstream effector of HDAC5 and HDAC7. Moreover, tachypacing 

induced HDAC5 phosphorylation, nuclear export and downstream fetal gene activation 

(BNP, β-MHC) in HL-1 cardiomyocytes. Similar results were observed in permanent AF 

patients, suggesting a role for HDAC5 in the progression of clinical AF. 

Recently, HDAC inhibitors have been found to attenuate cardiac hypertrophy by 

suppressing autophagy.23 In addition, HDAC6 and microtubules are required for proper 

degradation of misfolded proteins in cells via selective autophagy.24-27 Since the 

microtubule network is disrupted due to HDAC6 activation in AF 20, one could speculate 

that autophagy is also dysregulated in AF. Therefore, in chapter 7, we studied the role of 

autophagy in AF. Indeed, we found tachypacing of cardiomyocytes to induce excessive 

autophagy through activation of ER stress signaling in experimental model systems for AF 

as well as in clinical AF. Conservation of cardiac proteostasis was achieved by inhibition of 

ER stress-induced autophagy with the chemical chaperone, 4-PBA, as well as with 

overexpression of ER chaperone, HSPA5, thus limiting AF progression. These findings 

suggest that rather than inhibition of autophagy, the inhibition of ER stress  by compounds 

stimulating the expression of ER chaperones, may represent  the preferred novel therapeutic 

intervention strategy for targeting excess autophagy in AF.  

In summary, we identified several key modulators in the derailment of proteostasis to 

contribute to structural remodeling and hence AF progression. HDAC6, class I HDACs 

(HDAC1 and HDAC3), class IIa HDACs (HDAC5 and HDAC7) and ER stress-induced 

autophagy contribute directly to derailment of proteostasis by inducing disruption of 

microtubules, pathological fetal gene expression and myolysis, respectively. Moreover, 

maintaining proteostasis is an ATP dependent process in cells.28 PARP1 activation resulted 



 Summary, general discussion and future perspective 

 161 

 

 

 

 
 

 
 

 

 
 

 

  

 
 

 

 

 

 
8 

 
 

 

 

 

 

 

 

in depletion of NAD+ levels, which is a coenzyme in ATP production. Therefore, PARP1 

activation contributes to derailment of proteostasis via impairment of ATP production. An 

overview of AF-induced derailment of proteostasis and druggable targets is depicted in 

Figure 1. 

 

Figure 1:   An overview of AF-induced derailment of proteostasis and druggable targets.  AF induces time-

related progressive cardiomyocyte remodeling. First, AF causes cellular Ca2+ overload and oxidative stress, which 

results in a direct inhibition of the L-type Ca2+ channel, shortening of action potential duration and contractile 
dysfunction. These changes have an early onset and are reversible. The early processes protect the cardiomyocyte 

against Ca2+ overload but at the expense of creating a substrate for persistent AF. When AF persists, derailment of 

proteostasis continues, including myolysis by calpain and autophagy, pathological gene expression by HDACs 
(HDAC1, HDAC 3, HDAC5 and HDAC 7), disruption of microtubules by HDAC6, and depletion of NAD+ by 

PARP1 activation and consequent exhaustion of ATP. Derailment of proteostasis results in irreversible alterations 

in structural proteins, thereby creating substrates for impaired contractile function and AF persistence. Novel 
druggable targets include inhibitors of ER stress-induced autophagy, HDAC5-MEF stabilizers, HDAC6 inhibitors, 

PARP1 inhibitors, and NAD supplements, which are listed in Table 1.   

1.2.  novel therapeutic options in AF 

AF-induced remodeling contributes to AF progression and hampers the effective 

treatment of patients. As a result, there is an urgent need for new therapies that slow, arrest 

or even reverse the pathologic changes that occur with AF. The efficacy of drugs presently 

used in AF is limited.1,8 Thus, pharmacological approaches preventing or limiting the 

substrate for the promotion of AF (“upstream therapy”) are warranted.1,8 There are strong 

indications that loss of proteostatic control in cardiomyocytes represents an important 

substrate for the development and progression of AF.10,29 We previously discovered HSP 

inducers to attenuate AF-induced remodeling and can therefore serve as novel therapeutic 
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options in AF29,   which is further confirmed in a newly-developed Drosophila model 

system (chapter 3).13 Beside HSP inducers, we identified several novel therapeutic options 

in AF, which are discussed below (Table 1). 

 

Table 1: Drugs with potential benefit in preventing AF substrate formation currently developed for human 

application. 

Drug target phase indication Ref/identifier 

(clinicaltrials.gov) 

GGA 

(teprenone) 

HSP induction Phase IV Gastric ulcers 
Gastritis 

Gastric lesionAB 

NCT01190657 
NCT015475559 

NCT01397448 

BGP-15 HSP activator, 

PARP inhibitor 

Phase II 

 

Diabetes Mellitus NCT01069965 

NYK9354 HSP induction Pre-clinical Atrial Fibrillation 29 

Tubastatin A HDAC6 Pre-clinical Arthritis 47 

ABT-888 PARP1 inhibitor 

 (Ki = 5.2 nM)   
PARP2 inhibitor 

(Ki = 2.9 nM)  

 

Phase II 

Phase II 
Phase I 

Phase II 

Phase II 

metastatic breast cancer 

Hepatocellular Carcinoma 
Adult Solid Neoplasm 

Ovarian Cancer 

Colorectal Cancer 

NCT01009788 

NCT01205828 
NCT01154426 

NCT01113957 

NCT01051596 

Nicotinamide PARP inhibitor  

Sirtuin inhibitor 

NAD precursor 

Phase II/III 

Phase III 

Phase II 
Phase I/II 

 

 
 

Lung Carcinoma 

Chronic Kidney Disease 

Neurodegenerative Disorders 
Alzheimer's Disease 

NCT02416739 

NCT02258074 

NCT01589809 
NCT00580931 

AG014699 Ki = 1.4 nM 
(PARP1) 

Phase II 
 

BRCA1- or BRCA2-mutant 
tumours 

NCT00664781 

AZD2281 

(olaparib) 

PARP1 inhibitor 
(IC50 = 5 nM) 

PARP2 inhibitor  

(IC50 = 1 nM)  
Tankyrase 1 

inhibitor 

(IC50 = 1.5 μM) 

Phase I 
Phase I 

Phase II 

Phase II 

Neoplasm Metastasis 
Advanced Solid Malignancies 

Platin-sensitive ovarian 

cancer 
Ovarian Carcinoma and 

Breast Cancer 

NCT00710268 
NCT00572364 

NCT00753545 

NCT00679783 

BSI-201 PARPs Phase III 

Phase II 

Breast Cancer  

Ovarian Cancer 

Advanced Solid Tumors 

NCT00938652 

NCT01033123 

MK-4827 PARP1 inhibitor 

(IC50 = 3.2 nM)  
PARP2 inhibitor 

(IC50 = 4 nM)  

Phase I 

 

Solid tumours and ovarian 

cancer 

NCT01294735 

Niacin dietary NAD 
precursor 

Phase IV 
Phase III 

Phase IV 

Coronary Disease 
Hypolipoproteinemia 

 Coronary Heart Disease 

NCT00298909 
NCT00461630 

NCT01126073 

Nicotinamide 

riboside 

NAD precursor Phase 0 

Phase 1 

Dietary Supplement in 

healthy Participants 

Pharmacokinetics 

NCT02300740 

NCT02191462 

4-PBA 

(Buphenyl) 

ER stress inhibitor,  

chemical 

chaperone 
 

Phase I/II 

Phase II 

Phase II/III 
Phase IV 

Phase II/III 

Phase I 

Cystic Fibrosis 

Pulmonary Tuberculosis 

Maple Syrup Urine Disease 
Diabetes 

Urea Cycle Disorders 

Lymphoma 

NCT00590538 

NCT01580007 

NCT01529060 
NCT00533559 

NCT00947544 
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HDAC6 inhibitors 

HDAC6 inhibition, by tubacin, conserves α-tubulin proteostasis, prevents its 

degradation by calpain 1 and protects against loss of calcium transient and cardiac 

remodeling in experimental model systems for AF (chapter 4). However, tubacin is not 

suitable for in vivo studies as it has low druglikeness.30 Other HDAC6 inhibitors, such as 

tubastatin A and ACY-1215 have been developed, and show beneficial effects in mice 

models for neurodegenerative diseases and cancer.30-32  We very recently provided the first 

evidence for the efficacy of HDAC6 inhibitors in the dog model for AF.20 Dogs treated 

with tubastatin A were protected against atrial tachypacing-induced electrical remodeling, 

cellular Ca2+ handling/contractile dysfunction and AF progression. These in vivo findings 

strengthen the notion that HDAC6 inhibitors represent a novel therapeutic approach in AF. 

PARP inhibitors and NAD+ supplementation 

The inhibition of PARP proteins has become a promising therapeutic approach in 

several human diseases, including cardiovascular diseases.22 In chapter 5, we identified 

PARP1 activation in experimental models and in human permanent AF, and demonstrate 

the protective effect of ABT-888 in HL-1 cardiomyocytes and Drosophila. Recently, novel 

PARP inhibitors have entered clinical development for various cardiovascular 

indications.33,34 Early PARP inhibitors, such as 3-AB and nicotinamide, are designed to 

compete with NAD+ at the active site of the enzyme. They have little specificity for 

individual PARP proteins, with half-maximal inhibitory concentration (IC50) values in the 

micromolar range, and they elicit significant off-target effects and toxicity.35,36 The newer 

PARP inhibitors exhibit increased potency and specificity, with IC50 values reaching the 

low nanomolar range, and even PARP family member selectivity for some inhibitors. For 

example, ABT888 inhibits only PARP1 and PARP2 with high potency37, and is now in 

phase I and II for clinical cancer studies.34,36 Consequently, our findings call for the 

exploration of the action of ABT-888 in large animal models and in human AF. In addition, 

NAD+ supplementation protects against tachypacing-induced remodeling in HL-1 

cardiomyocytes and Drosophila. Currently, NAD+ precursors, such as niacin and 

nicotinamide riboside, which are currently tested in clinical trials in patients with heart 

diseases and in healthy patients (Table 1), might also represent therapeutic options in AF. 

HDAC5-MEF2 complexes stabilizer 

In chapter 6, we observed a key role for class IIa HDAC5 in AF remodeling via 

suppression of MEF2 activity. So compounds inhibiting the release of HDAC5 from MEF2 

might have a therapeutic potential for treatment of AF and it is of interest to test these 

compounds in experimental and clinical AF. One interesting compound is MC1568, since it 

inhibits the activity of HDAC4 and HDAC5, thereby leaving MEF2-HDAC complexes in a 

repressed state.38 In addition, inhibitors of upstream kinases which phosphorylate HDAC5 
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and thus its subsequent nuclear export, would also be of interest. A more upstream 

approach is to inhibit CaMK and PKC, since these represent two main kinases involved in 

HDAC5 phosphorylation and nuclear export in cardiomyocytes.39 In accord, CaMK 

inhibitors have been reported to prevent AF40, while the PKC inhibitor Go6983 blocked 

HDAC5 nuclear export and also α-tubulin deacetylation after nerve injury.41  Given that 

deacetylation of α-tubulin is involved in AF structural remodeling20, PKC inhibitor Go6983 

is also an interesting candidate to test in our experimental model systems. Thus, our study 

suggests that AF induces HDAC5 phosphorylation, leading to derepression of MEF2 

responsive genes, in turn contributing to cardiomyocyte remodeling and AF progression. 

Therefore, a stabilizer of HDAC5-MEF2 complex, which prevents AF-induced HDAC5 

release from MEF2, such as MC1568 and the PKC inhibitor Go6983, might represent novel 

therapeutic approaches to attenuate AF progression. 

ER stress inhibitors  

In chapter 7, we revealed that inhibition of ER-stress induced autophagy preserves 

proteostasis and protects against cardiomyocyte dysfunction in experimental model systems 

for AF. Therefore, pharmacological intervention to inhibit autophagy may constitute a 

promising therapeutic strategy in clinical AF. Currently, autophagy can be modulated by a 

number of small molecules.42 Since basal autophagy is crucial for normal cell physiology, 

chronic treatment with autophagy inhibitors, such as in permanent AF, may be detrimental 

to the cardiomyocyte.43,44 Such view is corroborated by the high toxicity of bafilomycins, 

which precludes its use in the clinical setting.45  As the clinical options for autophagy 

inhibition are currently limited, inhibitors of ER stress may represent a suitable alternative, 

as identified in chapter 7. From the available compounds, the chemical chaperone 4-PBA 

seems the most promising, as this compound not only inhibits ER-stress induced 

autophagy, but also has been approved for clinical use (Table 1). More importantly, 4-PBA 

was reported to have minor side effects and is considered safe in patients.46 Currently, we 

conduct a 4-PBA study in the dog model for AF, in collaboration with Dr. S. Nattel, which 

so far shows encouraging results. Therefore, our findings suggest 4-PBA as a therapeutic 

agent with great potential in clinical AF. 

2. DISCUSSION: key role of HDACs in cardiac proteostasis 

As reviewed in chapter 2, loss of proteostasis creates a substrate for AF initiation and 

progression.10 We previously found HSPs to protect against AF by preserving proteostasis 

in experimental models for AF as well as in clinical AF.14,15,48,49 Here, we identified a group 

of enzymes, HDACs, to be an important modulator of proteostasis in AF (chapter 4 and 

chapter 6).20  HDACs have been recently implicated in various heart diseases, especially 

heart failure. Liu et al. were the first to show that HDAC inhibition reverses atrial 



 Summary, general discussion and future perspective 

 165 

 

 

 

 
 

 
 

 

 
 

 

  

 
 

 

 

 

 
8 

 
 

 

 

 

 

 

 

arrhythmia inducibility and fibrosis in cardiac hypertrophy.50 We discovered that class I 

HDACs (HDAC1 and HDAC3), class IIa (HDAC5 and HDAC7), and class IIb (HDAC6) 

to be involved in derailment of proteostasis and subsequent tachypacing-induced contractile 

dysfunction and structural remodeling in AF. The potential mechanisms of HDACs to 

regulate proteostasis in heart diseases include by epigenetic regulation, by deacetylation of 

contractile and structural proteins or by modulation of autophagy and/or HSP production 

(Figure 2).  The detailed mechanisms are discussed below.  

 

Figure 2: The role of HDACs in cardiac proteostasis network, regulating cardiac protein function and 

structural remodeling. Shown are the interactions that comprise the cardiac proteostasis network responsible for 

cardiac protein function. Central components of the cardiac proteostasis network are outlined in the inner layer 
(green) including synthesis, folding, post translational modification (PTM) and degradation. The second layer 

(purple) consists of major modifiers of each central component. The specific HDACs regulating each modifier in 

the second layer are indicated in the third layer (yellow). Stress activates these HDACs, thereby contributing to 
derailment of proteostasis, details of which are indicated in the fourth layer (red). 

2.1. Aspects of epigenetic regulation by HDACs: transcriptional reprogramming 

Transcriptional reprogramming, especially by activation of the fetal gene program, is 

associated with AF susceptibility and progression.51,52 For example, the thick filament of 

the mammalian sarcomere consists of two myosin isoforms, fast-contracting alpha-myosin 

heavy chain (α-MHC) and slow-contracting beta-myosin heavy chain (β-MHC). Stress 

signals enhance the expression of fetal β-MHC and reduce the expression of adult α-MHC. 

The consequences include diminished myofibrillar ATPase activity and impaired 

contractility.53 In AF patients, myolytic cardiomyocytes are in a dedifferentiated state 

resembling that of immature muscle cells. Here, β-myosin heavy chain (MHC) and smooth 
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muscle α-actin (α-SMA), two proteins of the fetal program, were re-expressed.54  In both, 

tachypaced HL-1 cardiomyocyte model and  canine model for AF, transcriptional 

expression of α-MHC was decreased.55,56 However, the mechanisms underlying 

transcriptional reprogramming and fetal gene expression in AF is not yet elucidated. 

HDACs can deacetylate histones and numerous transcriptional factors57, thereby 

affecting multiple processes by altering chromatin structure and gene expression. Studies 

on heart failure and development strongly indicate, that class I and IIa HDACs are involved 

in transcriptional (i.e., chromatin-related) reprogramming.58-60 Class IIa HDACs (HDAC4, 

HDAC5, HDAC7, and HDAC9), and especially HDAC4 and HDAC5, are highly expressed 

in the heart. Class IIa HDACs normally repress pathological cardiac fetal gene expression. 

In response to stress signals, class IIa HDACs are phosphorylated and undergo nuclear 

export, resulting in derepression of downstream target pathological fetal genes.60 Generally, 

class IIa HDACs regulate gene expression through recruitment of class I HDACs and 

interaction with various transcription factors. Numerous transcription factors have been 

implicated in stress-dependent gene expression in the heart. Most of these transcription 

factors do not change abundantly in the stressed myocardium, suggesting that their 

enhanced activity depends on posttranslational mechanisms. HATs and HDACs play a 

central role in modulating the activities of these transcription factors during pathological 

cardiac growth and development61, and our findings strongly indicate that HDACs play also 

a key role in AF.  

Table 2: Overview of cardiac transcription factors (TGs) regulated by HDACs 

TG HDACs Pathological pathways References 

MEF2 HDAC4 

HDAC5 

HDAC7 

HDAC9 

Heart failure 

Cardiac hypertrophy 

38,61-68 

KLF4 HDAC2 Cardiac hypertrophy 71 

YY1 HDAC2 

HDAC4 

HDAC 5 

Cardiac hypertrophy 75,76 

NKX 2.5 HDAC5 Heart development, NCX1 expression 92 

Myocardin/SRF HDAC5 Differentiation of smooth muscle cells 93 

FOXO HDAC4 

HDAC5 

HDAC7 

Glucose Homeostasis 94,95 

PGC-1α HDAC5 

SIRT1 

Mitochondrial biogenesis, fatty acid 

oxidation 

65,96 

NF-κB HDAC1 

HDAC5 

Cardiac infarction 97 
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HDACs in cardiac hypertrophy and heart failure 

One transcriptional mechanism by which HDACs regulate the phenotype of the heart, 

involves the hypertrophic transcription factor MEF2.38,62-68 In pathological cardiac 

remodeling, MEF2 may serve as a platform on which HATs and HDACs converge as 

positive and negative regulators of pathologic cardiac gene expression. Despite high levels 

of MEF2 expression in heart, MEF2 induced proteins display only basal levels of 

transcriptional activity in adult myocardium.69 Hypertrophic agonists or biomechanical 

stress result in a dissociation of class IIa HDACs from MEF2, the export of HDACs from 

the nucleus, exchange of HDAC for HAT binding and consequent activation of MEF2 

target genes leading to pathological cardiac growth.70 Another transcription factor regulated 

by HDACs is krüppel-like factor 4 (KLF4). KLF4 overexpression blocks cardiac 

hypertrophy in cultured cells and KLF4 knockout mice develop exaggerated cardiac 

hypertrophy and fibrosis in response to pressure overload.71-73 Pan-HDAC inhibitors 

increase the expression of KLF4 in cultured cardiomyocytes, and the resulting increase in 

KLF4 expression appears to be sufficient to block agonist-dependent hypertrophy of the 

cells.71,72 

In patients with heart failure, reactivation of a fetal gene program, including atrial 

natriuretic peptide (ANP) and brain natriuretic peptide (BNP), is a hallmark for maladaptive 

remodeling of the left ventricle.74 Expression of BNP is enhanced in ventricular 

cardiomyocytes during pathological cardiac hypertrophy, and circulating BNP levels are 

used clinically as a surrogate measure for heart failure. Employing cultured neonatal rat 

cardiac myocytes, Gardner and colleagues demonstrated that upregulation of BNP 

expression in response to endothelin signaling is dependent on association of HDAC2 with 

the Yin Yang 1 (YY1) transcription factor on the BNP gene promoter.75 YY1 is acetylated 

in cardiac myocytes, and deacetylation of this transcription factor by HDAC2 enhances its 

ability to stimulate BNP gene transcription. TSA treatment disrupts YY1-HDAC2 

complexes and suppresses endothelin-induced BNP expression. In addition, the interaction 

of HDAC4 and HDAC5 with YY1 was also found necessary for the repressor activity of 

YY1 in cardiac specific promoters.76 Recently, it was shown that in isolated working 

murine hearts, an acute increase of cardiac preload induced HDAC4 nuclear export, H3K9 

demethylation, HP1 dissociation from the promoter region, and activation of the ANP gene. 

Increased cardiac preload and/or activated CaMKIIδB induces nucleo-cytoplasmic shuttling 

of HDAC4 and dissociation of its corepressor complex with SUV39H1 and HP1. This 

relieves H3K9me3, resulting in chromatin condensation, and repression of ANP and BNP 

gene transcription in response to MEF2.74 Given the apparent role of HDACs in AF, these 

results in heart failure warrant the exploration of the involvement of above mentioned 

transcription factors in AF-induced cardiomyocyte structural and functional remodeling.  
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HDACs in cardiac fibrosis 

An important substrate for AF induction is fibrosis. Interestingly, much of the 

beneficial effects of HDAC inhibitors in models of heart failure are likely due to inhibition 

of pathological fibrosis, although surprisingly little is known about the anti-fibrotic 

mechanisms of HDAC inhibitors in the heart.77 It seems likely that HDAC inhibitors block 

cardiac fibrosis by multiple mechanisms, including inhibition of cardiac fibroblast 

proliferation or migration, induction of genes that suppress extracellular matrix production 

from fibroblasts, suppression of proinflammatory cues for fibrosis, and blockade of the 

endothelial-to-mesenchymal transition (Endo-MT). 

Endo-MT is a form of epithelial-to-mesenchymal transition (EMT) that occurs during 

the embryonic development of the heart: the mesenchymal cells that form the 

atrioventricular cushion, the primordia of the valves and septa of the adult heart, are derived 

from the endocardium by Endo-MT.78 Endo-MT initiates a process of pathological 

dedifferentiation of vascular endothelial cells into matrix-producing mesenchymal cells. 

During this process, excessive numbers of cardiac fibroblasts are produced in adult hearts 

in response to pressure overload 79 and myocardial infarction.80 Cardiac Endo-MT is 

stimulated by Transforming Growth Factor-Beta (TGF-β) and suppressed by Bone 

Morphogenic Protein-7 (BMP-7)79, which blocks fibrosis.81 Endothelin-1, a potent 

vasoconstrictor with promitogenic properties, stimulates cardiac fibrosis by promoting 

Endo-MT.82 TSA blocks EMT, by inhibition of HDAC1 and HDAC2.83 Shan et al. 

investigated the role of HDAC6 in TGF-β1-induced EMT and showed that TGF-β1 induces 

HDAC6-dependent deacetylation of α-tubulin in human lung epithelial cells, which was 

concurrent with the expression of EMT markers. Inhibition of HDAC6 attenuated the TGF-

β1-induced expression of EMT markers as well as activation of SMAD3. In addition, 

inhibition of SMAD3 activation abrogated HDAC6-dependent deacetylation of α-tubulin 

and the expression of EMT markers induced by TGF-β1.84,85 Yu et al. found that high 

concentrations of glucose induced EMT, suggested by a decreased expression of E-cadherin 

and increased expression of α-SMA, fibronectin, and type I collagen and by increased cell 

migration.86  As such, future studies should address whether HDAC inhibition alters Endo-

MT in the heart. Interestingly, these initiators of Endo-MT, such as TGF-β187, fibrosis88, 

HDAC6 activation20and high glucose89 are all related to AF induction and progression. 

Whether Endo-MT occurs in AF and contributes to AF progression remains also to be 

studied. 

HDACs in regulation of ion channels 

NKX2.5 is a transcription factor that regulates cardiac development in humans. 

NKX2.5 works along with MEF2, HAND1, and HAND2 transcription factors to direct 

heart looping during early development. NKX2.5 in vertebrates is equivalent to the 
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‘tinman’ gene in Drosophila and directly activates the MEF2 gene to control 

cardiomyocyte differentiation.90 NKX2.5 operates in a positive feedback loop with GATA 

transcription factors to regulate cardiomyocyte formation.91 NKX2.5 influences HAND1 

and HAND2 transcription factors that control essential asymmetrical development of the 

heart’s ventricles. NKX2.5 recruits HDAC5 to the sodium-calcium exchanger gene (NCX1) 

promoter, where HDAC5 complexes with HDAC1. Chandrasekaran et al. demonstrated 

that acetylation of NKX2.5 induces its association with HDAC5, whereas deacetylated 

NKX2.5 is in a complex with p300. Notably, TSA treatment prevents p300 from being 

recruited to the endogenous NCX1 promoter, resulting in the repression of the NCX1 

gene.92 

2.2. Direct modulation of contractile function by deacetylating structural and contractile 

protein 

HDACs can deacetylate numerous non-histone and structural proteins57, thereby 

affecting multiple processes beyond altering chromatin structure and gene expression.  

Work by Gupta and colleagues revealed that class I HDAC3 localizes to cardiac 

sarcomeres, thereby regulating the cardiac contractility.98 Deacetylation of both α- and β-

MHC by HDAC3 reduces their affinity for actin, resulting in decreased actin sliding 

velocity of the myosin heads.98  

Class IIa HDAC4 is also localized to cardiac sarcomeres, where it appears to decrease 

myofilament calcium sensitivity by promoting deacetylation of muscle LIM protein (MLP). 

It remains unclear whether MLP is a direct substrate of HDAC4.99 Indeed, for many years it 

was believed that class IIa HDACs lacked intrinsic catalytic activity, because recombinant 

forms fail to deacetylate canonical HDAC substrates. Instead, the catalytic activity of class 

IIa HDACs was attributed to their association with class I HDACs.100 However, a synthetic 

substrate that is efficiently deacetylated by class IIa HDACs has been identified recently.101 

Nevertheless, the endogenous substrates of class IIa HDACs in the heart have not been 

identified. Further investigation is needed to address the role of HDAC4 in the control of 

cardiac contractility, as well as the general role of class IIa HDAC catalytic activity in the 

heart.  

Class IIb HDAC6 activation leads to microtubule structure disruption and contractile 

dysfunction.20 Microtubules together with cortical (non-sarcomeric) actin filaments, desmin 

(intermediate) filaments forms the cytoskeleton of cardiomyocytes. Microtubule 

dysregulation has been reported to be involved in various heart diseases.102-105 Microtubules 

are necessary for enhanced gap junction growth and likely facilitate connexin trafficking 

under basal conditions.106 HDAC6 is a key enzyme to deacetylate α-tubulin causing 

microtubule depolymerization and influencing microtubule-dependent cell mobility.102,103 
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In addition to its role in microtubule-dependent cell motility, HDAC6 influences actin-

dependent cell motility by altering the acetylation of cortactin, which in turn changes the F-

actin binding activity of cortactin.107 In accord with a main function of HDAC6 in 

preservation of the cytoskeleton, its deletion in mice dramatically improves myofibril force 

generation without blocking cardiac hypertrophy or fibrosis.108 HDAC6 co-purifies with 

cardiac myofibrils, suggesting a possible role for HDAC6 in the control of sarcomere 

protein acetylation and function.108 Furthermore, various extracellular stress stimuli 

consistently increase HDAC6 activity in myocardium, cultured cardiomyocytes and 

fibroblasts.109 Finally, HDAC6 contributes to pathological responses of heart and skeletal 

muscle to chronic angiotensin II signaling108, substantiating the important role of HDAC6 

in cardiac diseases. 

In summary, a combination of chromatin and non-chromatin substrates for HDACs 

will play key roles in derailment of cardiac proteostasis under stress (Figure 3). 

 

Figure 3: Effects of cardiac stress signals on HDACs in proteostasis regulation. Class IIa HDACs normally 

repress pathological cardiac gene expression. In response to stress signals, kinases, including protein kinase C 
(PKC), protein kinase D (PKD) and calcium/calmodulin-dependent kinase (CaMK), directly phosphorylate class 

IIa HDACs to trigger their nuclear export. Class IIa HDACs undergo nuclear export, resulting in derepression of 

downstream target pathological genes contributing to structural remodeling such as fibrosis and hypertrophy and 
changes of ion channel expression. In the cytoplasm, cardiac stress activates HDAC6, HDAC3 and HDAC4. 

HDAC6 deacetylates substrates such as tubulin and cortactin. During stress, HDAC398, HDAC499 and HDAC6108 

colocalize with sarcomeric proteins and contribute to hypocontractility by deacetylation of sarcomeric and 
cytoskeletal proteins.  

2.3. Involvement of HDACs in major proteostasis pathways 

Role of HDACs in autophagy 
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Autophagy is primarily considered a non-selective degradation process induced by 

starvation. Nutrient-independent basal autophagy, in contrast, imposes intracellular quality 

control by selective disposal of aberrant protein aggregates and damaged organelles. 

Controlled autophagy during (mild) cardiac stress conditions, such as nutrient deprivation, 

brief hypoxia and oxidative stress, supports cardiomyocyte survival. In contrast, excessive 

activation of autophagy causes derailment of cell proteostasis by degradation of essential 

proteins and organelles and thereby triggers autophagic cell death, as found in mitral valve 

regurgitation43,110 and cardiac hypertrophy.111 Recently, autophagy has been identified as an 

obligatory element in pathological cardiac remodeling and point to HDAC1 and HDAC2 as 

required effectors.23 HDAC6 is the first HDAC to be found involved in autophagy and is a 

component of the aggresome.27 HDAC6 has the capacity to bind polyubiquitinated 

misfolded protein cargo to dynein motors for transport to aggresomes. Indeed, cells 

deficient in HDAC6 fail to clear misfolded protein aggregates from the cytoplasm, cannot 

form aggresomes properly, and are hypersensitive to accumulation of misfolded proteins. 

These findings identify HDAC6 as a crucial player in the cellular management of misfolded 

proteins.27 HDAC6 recruits and deacetylates cortactin, thereby promoting F-actin 

remodeling important for autophagosome-lysome fusion and protein aggregate clearance 

and defective mitochondria clearance.24,112 HDAC6 overexpression activates c-Jun NH2-

terminal kinase (JNK) and activates autophagic cell death through the c-Jun NH2-terminal 

kinase (JNK)/Beclin 1 pathway in liver cancer.113 In summary, HDAC1, HDAC2 and 

HDAC6 are involved in the regulation of autophagy, which we demonstrate in chapter 7 to 

be activated by ER-stress in AF. However, to which extend HDACs are involved in the 

regulation of autophagy in AF remains unclear and needs future investigation. 

Role of HDACs in HSP production 

With respect to maintenance of proteostasis in case of protein misfolding, HDACs may 

also have an indirect effect via HSPs, which are known to (re)fold misfolded proteins and 

thereby prevent proteotoxic effects in the cell. Reports about the role of HDACs in the 

regulation HSP production are limited and reveal seemingly conflicting conclusions among 

different HDAC classes. 

Inhibitors of class I/II HDACs have been reported to boost HSP production in various 

cells, suggesting that protective effects of these inhibitors may be related to HSP 

expression. In mouse and human embryonic stem (ES) cells, class I/II HDAC inhibitors, 

TSA, SoBu, suberoylanilide hydroxamic acid (SAHA) and valproic acid trigger early 

differentiation of mouse ES cells and induction of HSP70. In contrast, a class III HDAC 

inhibitor, nicotinamide, fails to induce HSP70 expression or differentiation in these ES 

cells.114 TSA but not nicotinamide induces an association of HSF1 with the HSP70 

promoter, indicating that HSF1 is activated and bind to the HSP70 promoter in response to 
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TSA.114 In Drosophila, class I/II HDAC inhibitors, TSA and SoBu, also affect the 

chromatin structure at the site where HSP70 gene is located and significantly promote the 

HSP70 gene transcription and hence play important roles in HSP gene regulation.115 

Furthermore, these two inhibitors, TSA and SoBu, promote HSP22 and HSP70 expression 

and extend the lifespan in Drosophila.116 Interestingly, we found TSA to enhance the 

reversibility of tachypacing-induced remodeling in HL-1 cardiomyotes and boost HSP70 

expression (unpublished data). Taken together, these data suggest class I/II HDACs 

negatively regulate HSP production and inhibitors of class I/II HDACs can boost HSP 

production. Notably, the use of broad spectrum inhibitors precludes further identification of 

specific class I/II HDACs that are responsible for HSP induction. However, as the Class II 

HDACs have low activity in vivo, it is conceivable that mainly class I HDACs convey the 

inhibition of HSPs. 

In contrast, a class IIb HDAC, HDAC6, and a class III HDACs, SIRT1, have both been 

implicated in boosting/facilitating the heat shock response (HSR) via regulation of HSF1 in 

cells under proteotoxic stress.  Hsp90-HSF1 complex is present in the unstressed cell in 

cytoplasm and dissociates during stress.117 In stressed cells, HDAC6 senses ubiquitinated 

cellular aggregates via its ubiquitin binding domain and consequently mediates the 

dissociation of the repressive HSP90-HSF1 complex leading to subsequent release and 

activation of HSF1, in turn inducing the expression of major cellular chaperones including 

HSP70 and HSP25.118  Notably,  the ubiquitin binding domain and not the catalytic domain 

of HDAC6 is required for stress-induced HSF1 activation.118 Thus, tubacin, which inhibits 

the HDAC6 activity and conserves microtubule structure in AF20, will not interfere with the 

role of HDAC6 in boosting HSP expression under stress.  Furthermore, a class III HDAC, 

SIRT1, boosts HSP production by deacetylation of HSF1 K80, thereby prolonging HSF1 

binding to the promoter of HSP70 by maintaining HSF1 in a deacetylated, DNA-binding 

competent state. Conversely, down-regulation of SIRT1 accelerates the attenuation of the 

HSR and release of HSF1 from its cognate promoter elements.119 These results provide a 

mechanistic basis for the requirement of HSF1 in the regulation of life span and establish a 

role for SIRT1 in protein homeostasis and the HSR.119   

In summary, HDACs role in the regulation of HSP production is class dependent. The 

deacetylase activity of Class I/IIa HDACs negative regulate HSP expression. Class IIb 

HDAC6 induces HSP expression in the cytoplasm, which is dependent of the ubiquitin 

binding domain. SIRT1 positively regulates HSP expression through its deacetylase 

domain.  One possible explanation of the different actions of class I/II HDACs and SIRT1 

on HSR may constitute of the different substrates they address. Class I/II HDACs, 

especially class I HDACs, deacetylate histones, resulting in chromatin condensation, thus 

rendering the heat shock element (HSE) to become unaccessible for HSF1 to bind the HSE 
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in the promoter sequence of hsp genes. In contrast, the SIRT1 deacetylates HSF1 itself119, 

which increases the affinity of HSF1 to HSE and thus positively regulate HSR. 

2.4. Proteostasis and redox homeostasis:  crosstalk between sirtuins and PARPs via 

NAD+ 

A proper proteostasis requires a well-maintained energy balance, i.e. a proper redox 

homeostasis. Like other cell types, cardiomyocytes encompass the basic features of 

proteostasis, but they are postmitotic, highly specialized, force-generating, beating cells.120 

In terms of proteostasis, there is a permanent turnover of contractile proteins in an 

environment under pressure to maintain the redox homeostasis due to the high number of 

mitochondria, which produce the required ATP energy by redox reactions while generating 

potentially deleterious ROS.121 Nicotinamide adenine dinucleotide (NAD+) is a coenzyme 

and essential in redox reactions producing ATP. Enzymes that consume NAD+ thus 

interfere with ATP production and redox state. 

Interestingly, NAD+ is a rate-limiting co-substrate for the class III HDACs or sirtuins 

(SIRTs 1-7), implying that NAD+ modulation may regulate sirtuin function and, 

consequently, oxidative metabolism. Sirtuins target a wide range of cellular proteins in the 

nucleus, cytoplasm, and mitochondria for post-translational modification by acetylation 

(SIRT1, SIRT2, SIRT3 and SIRT5) or ADP ribosylation (SIRT4 and SIRT 6).122 The 

orthologs of sirtuins in lower organisms play a critical role in regulating lifespan.122  SIRT1 

functions in glucose homeostasis as a modulator of PGC1-α in a NAD+ dependent 

manner.96 It is important to note that although SIRT1 is not itself physically associated with 

mitochondria, it also impacts mitochondrial function.123 The mitochondrial localization of 

SIRT3–5 is especially intriguing, because mitochondrial dysfunction is associated with 

mammalian aging and many diseases, including cardiac diseases, neurodegenerative 

diseases and cancer.124  There is growing evidence linking mitochondrial sirtuins with 

regulating energy equilibrium and mammalian lifespan.125  Very recently, Gupta et al. 

found that activation of mitochondrial SIRT3 by a novel SIRT3 activator, honokiol (HKL), 

blocks and reverses cardiac hypertrophy in mice.126  HKL is present in mitochondria, 

enhances SIRT3 expression nearly twofold and further increase its activity. Increased 

SIRT3 activity is associated with reduced acetylation of mitochondrial SIRT3 substrates, 

MnSOD and oligomycin-sensitivity conferring protein (OSCP). HKL-treatment increases 

mitochondrial rate of oxygen consumption and reduces ROS synthesis in wild type, but not 

in SIRT3-KO cells. Moreover, HKL-treatment blocks cardiac fibroblast proliferation and 

differentiation to myofibroblasts in a SIRT3-dependent manner.126 Thus, NAD+-dependent 

sirtuin activity seems essential in maintaining redox homeostasis and consequently essential 

for proper preoteostasis. 



Chapter 8 

 174 

Activation of PARP enzymes, a family of major NAD+ consumers, deplete NAD+ 

levels thereby inhibiting sirtuins activity.123 In line with this premise, decreased activity of 

PARP1 increases NAD+ bioavailability, resulting in SIRT1 activation and protection 

against metabolic disease.123 Canto et al. evaluated whether similar effects could be 

achieved by increasing the supply of nicotinamide riboside (NR), a recently described 

natural NAD+ precursor with the ability to increase NAD+ levels. They show that NR 

supplementation in mammalian cells and mouse tissues increases NAD+ levels and 

activates SIRT1 and SIRT3, culminating in enhanced oxidative metabolism and protection 

against high fat diet-induced metabolic abnormalities. Consequently, their results indicate 

that the natural vitamin, NR, could be used as a nutritional supplement to ameliorate 

metabolic and age-related disorders characterized by defective mitochondrial function.127 

Both defective mitochondrial and derailed redox homeostasis is involved in AF.128,129 In 

chapter 5, we show that inhibition of NAD+ depletion caused by tachypacing-induced 

PARP1 activation, resulted in remodeling in experimental models systems for AF. How 

PARP1 activation induces NAD+ depletion and thereby influences sirtuins function, 

downstream energy metabolism and proteostasis in AF remains to be elucidated. 

3. CONCLUSIONS AND FUTHER PERSPECTIVES 

In summary, we discovered several novel key modulators of proteostasis, including 

HDAC6, HDAC5, PARP1 and ER-stress induced autophagy, to be involved in AF 

initiation and progression. Targeting of these modulators with compounds revealed 

protective effects against AF progression in experimental model systems for AF. However, 

it is still an open question how to explain the apparent effectiveness of interventions that 

target only one single factor in these pathways controlling proteostasis. Accumulating 

evidence from our studies suggest that their effectiveness is due to an interplay between 

these factors in the cardiac proteostasis network, which may include the protection of 

shared downstream targets. Studies from cardiac conditions other than AF, such as heart 

failure and hypertrophy, shed additional light on how HDACs regulate proteostasis by 

themselves or by the interplay with other modulators including HSPs, autophagy and 

energy metabolism. The pathways constituting this interplay still remain to be elucidated in 

AF. Furthermore, although we obtained proof of concept that some pharmacological 

interventions directed at these key modulators of proteostasis prevent AF initiation and 

progression, it is unknown whether such interventions can reverse AF structural 

remodeling. Since most AF patients are subjected to cardiomyocyte remodeling at the 

moment they enter a clinic, therapies directed at enhancing the reversibility of 

cardiomyocyte remodeling and thereby improving functional recovery after AF conversion 

are clinically of major importance. 
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NEDERLANDSE SAMENVATTING  

Boezemfibrilleren is een hardnekkige hartritmestoornis, die leidt tot een sterke toename 

van het aantal samentrekkingen per tijdseenheid in de spiercellen (cardiomyocyten) van de 

boezem. De ritmestoornis gaat gepaard met een duidelijk verhoogde kans op het ontwikkelen 

van andere (hart)ziekten. Verder is boezemfibrilleren een progressieve aandoening, waardoor 

veel patiënten die eerst af en toe periodes met boezemfibrilleren hebben (z.g. paroxysmaal 

boezemfibrilleren) later continu boezemfibrilleren zullen krijgen ( z.g. persistent 

boezemfibrilleren). Daarnaast is de kans op een succesvolle cardioversie, het resetten van het 

hartritme naar normaal, in patiënten met persistent boezemfibrilleren kleiner dan in patiënten 

met paroxysmaal boezemfibrilleren. Dit komt omdat de normale functie van de 

cardiomyocyten in de boezem na cardioversie zich slechts langzaam of helemaal niet herstelt. 

De onderliggende oorzaak van het gebrek aan herstel zijn veranderingen in de elektrische en 

structurele opbouw van de cardiomyocyten. Al deze veranderingen samen noemen we 

cardiomyocyt remodellering. 

Wat gebeurd er precies als boezemfibrilleren ontstaat? Door het hoge ritme in de 

cardiomyocyten tijdens boezemfibrilleren ontspoort de eiwit expressie, vouwing en afbraak 

in de cel. Dit noemen wij ook wel ontsporing van de eiwit homeostase. Omdat eiwitten ervoor 

zorgen dat cellen, en dus organen, goed functioneren, is een goede balans in eiwit homeostase 

essentieel voor het functioneren van organen, dus ook het hart. In het verleden hebben wij al 

aangetoond dat patiënten met boezemfibrilleren schade hebben aan de cardiomyocyten, 

waardoor deze cellen niet meer goed kunnen samentrekken. We weten nu dat een ontspoorde 

eiwit homeostase hieraan ten grondslag ligt. Ook hebben wij gevonden dat bepaalde eiwitten, 

zogenaamde heat shock eiwitten (HSP), deze eiwit homeostase ontsporing en schade aan de 

cardiomyocyte kunnen voorkomen. Een overzicht van de beschermende rol van HSP in 

boezemfibrilleren staat beschreven in hoofdstuk 2. Om naast de rol van HSP, ook nog andere 

belangrijke spelers binnen de eiwit homeostase te bestuderen en om een vertaalslag te maken 

naar het hele organisme, hebben we een uniek fruitvlieg model voor boezemfibrilleren 

ontwikkeld (hoofdstuk 3). Belangrijke voordelen van de fruitvlieg (Drosophila melanogaster) 

zijn de mogelijkheid tot genetische manipulatie, de snelheid van het opkweken van vliegen 

en de lage kosten. Wij hebben transparante larven van de fruitvlieg onderworpen aan snelle 

elektrische stimulatie. In deze larven is de samentrekking van het hart verstoord en ontstaan 

ritmestoornissen. Ook vonden we structurele remodellering in de vorm van afbraak van 

contractiele eiwitten en activatie van het eiwitafbrekende enzym, calpaïne. Wanneer de 

larven voorbehandeld werden met HSP-inducerende geneesmiddelen, traden deze 

remodelleringen niet op. Vervolgens hebben we transgene vliegen gekweekt die specifieke 

eiwitten uit de Drosophila (Dm), de kleine HSP, tot expressie brachten in het hart. Van al 

deze kleine HSPs, beschermde alleen DmHSP23 tegen remodellering van het hart. 
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DmHSP23 is waarschijnlijk een functionele gelijke (ortholoog) van HSP27 in zoogdieren, 

precies die HSP die erg beschermend werkt tegen boezemschade in honden met 

boezemfibrilleren. Het onderzoek in de fruitvlieg toont aan dat de fruitvlieg een uitstekend 

modelsysteem is voor onderzoek naar remodellering geïnduceerd door boezemfibrilleren. Dit 

systeem biedt vele mogelijkheden om ook andere spelers binnen de eiwit homeostase te 

bestuderen. 

Het nieuw ontwikkelde Drosophila model, als ook het cardiomyocten model voor 

boezemfibrilleren, hebben wij vervolgens gebruikt om verschillende histon de-acetylases 

(HDACs) remmers te testen. HDACs zijn enzymen die acetyl groepen van eiwitten afhalen 

en daarmee de functie van het eiwit veranderen. In de kern van de cel zorgen HDACs voor 

deacetylering van histonen en daarmee beïnvloeden HDACs de gen expressie. In het cytosol 

kunnen HDACs ook contractiele en structurele eiwitten de-acetyleren, en daarmee de functie 

van de cel beïnvloeden. Recente studies hebben laten zien dat HDACs een rol spelen in het 

ontstaan van structurele veranderingen in het hart tijdens hartfalen en dat HDAC remmers 

deze veranderingen kunnen voorkomen. We hebben de mogelijk beschermende werking van 

trichostatines (TSA), natrium butyraat (SoBu), nicotinamide en een specifieke HDAC6 

remmer tubacine getest in de experimentele systemen voor boezemfibrilleren (hoofdstuk 4). 

We vonden dat nicotinamide en tubacine beschermen tegen het ontstaan van 

boezemfibrilleren. Omdat tubacine een specifieke remmer is voor slechts 1 van 18 HDACs, 

namelijk HDAC6, hebben we het mechanisme hoe HDAC6 boezemfibrilleren stimuleert 

verder uitgezocht. Daaruit bleek dat HDAC6 het tubuline netwerk in de cardiomyocyte de-

acetyleert, waardoor het tubuline netwerk gevoelig wordt voor afbraak door calpaïne. Het 

gevolg is dat door het afbreken van het tubuline netwerk de structuur van de cardiomyocyte 

kapot gaat en de cardiomyocyte niet meer goed kan samentrekken. Deze experimentele 

bevindingen hebben wij ook in patiënten met boezemfibrilleren kunnen waarnemen. Om nu 

aanvullend bewijs te krijgen voor een HDAC6 remmer als nieuwe therapeutische 

mogelijkheid in boezemfibrilleren, hebben wij de HDAC6 remmer onderzocht in honden met 

boezemfibrilleren. Ook daar bleek behandeling met een HDAC6 remmer beschermend tegen 

de nadelige gevolgen van boezemfibrilleren.  

Naast tubuline, beschermde ook nicotinamide tegen experimenteel boezemfibrilleren. In 

hoofdstuk 5 hebben we aangetoond dat nicotinamide er voor zorgt dat de hoeveelheid NAD+ 

in de cel hoog blijft. NAD+ is een belangrijk molecuul in de stofwisseling en energie aanmaak 

van de cel. We vonden dat boezemfibrillen de hoeveelheid NAD+ verlaagt door een sterke 

activatie van het poly(ADP-ribose) polymerase PARP. PARP is een enzym dat geactiveerd 

wordt wanneer de cel DNA schade heeft en voor zijn functie NAD+ moleculen nodig heeft. 

Doordat PARP zoveel NAD consumeert, ontstaat metabole stress in de cardiomyocyte en 

kan de cel niet meer goed functioneren. Remmers van PARP, zoals ABT888 en 3-AB, maar 
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ook supplementair NAD+, beschermen dan ook tegen contractiele dysfunctie en structurele 

remodellering in boezemfibrilleren.   

De HDAC familie bestaat uit verschillende subgroepen met in totaal 18 leden. We 

hebben dus al laten zien dat HDAC6, van de IIb subgroep, een belangrijke rol speelt in het 

ontstaan van boezemfibrilleren. De rol van de andere HDAC klassen en leden in 

boezemfibrilleren hebben we onderzocht in hoofdstuk 6. We hebben leden van klasse I en 

IIa tot overexpressie gebracht in het cardiomyocyten model voor boezemfibrilleren  en hun 

effect op contractiele functie onderzocht. Klasse I HDACs verslechteren de contractiele 

functie al in normale cardiomyocyten en hebben dus een toxisch effect op de cellen. 

Overexpressie van klasse IIa leden HDAC5 en HDAC7 beschermen juist tegen 

boezemfibrilleren. Omdat HDAC5 veel voorkomt in cardiomyocyten hebben wij de rol van 

HDAC5 verder uitgediept. HDAC5 zit in normale cellen in de kern waar het de expressie van 

pathologische genen onderdrukt. We zien dat boezemfibrilleren de export van HDAC5 uit de 

kern stimuleert, met als gevolg het opstarten van pathologische gen expressie. Het gevolg 

hiervan is weer dat er structurele remodellering optreedt en dat de cardiomyocyte niet meer 

goed samentrekt. Deze bevindingen suggereren dat HDAC5 ook een interessant 

therapeutisch aangrijpingspunt kan zijn voor het tegengaan van cardiomyocyten schade door 

boezemfibrilleren.  

Zoals hierboven beschreven, speelt HDAC6 een belangrijke rol in het de-acetyleren van 

het tubuline netwerk. Dit netwerk speelt een belangrijke rol als een soort ‘snelweg’ in de cel 

om afval te transporteren naar de ‘afvalverwerkingsplekken’. Deze afbraakroute heet in 

wetenschappelijke term autofagie. In hoofdstuk 7 bestuderen wij de rol van autofagie in 

boezemfibrilleren. We vonden dat boezemfibrilleren leidt tot overmatige eiwitafbraak via 

autofagie met als gevolg een afname in de functie van de cardiomyocyte. Verder vonden we 

dat verschillende remmers van autofagie beschermen tegen boezemfibrilleren. Eén van deze 

remmers, 4-phenylbutyrate, is bijzonder interessant. 4-phenylbutyrate remt autofagie door 

het remmen van een belangrijke schakel in  autofagie activatie namelijk endoplasmatisch 

reticulum stress (ER-stress).  Belangrijker is echter dat 4-phenylbutyrate al jaren als 

geneesmiddel gebruikt wordt om patiënten met ureumcyclus deficiënties te behandelen en de 

bijwerkingen gering zijn. Wij tonen aan dat in cardiomyocyten dit geneesmiddel dus ook 

beschermd tegen de nadelige gevolgen van boezemfibrilleren. Daarmee is het een goede 

kandidaat om als eerste klinisch te testen of het handhaven van een goede eiwit homeostase 

gunstig werkt in patiënten met boezemfibrilleren. 

Samengevat toont het onderzoek aan dat verschillende moleculaire processen, die een 

sleutelrol spelen in eiwit homeostasis, zijn veranderd tijdens boezemfibrilleren, en een 

‘footprint’ achterlaten in de cardiomyocyte zodat deze niet meer goed functioneert. Deze 
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sleutel processen zijn HSP, HDAC6, HDAC5, PARP en ER-stress geïnduceerde autofagie. 

Door geneesmiddelen, die erop gericht zijn deze sleutel processen te neutraliseren, te 

gebruiken zijn we in staat om de schade/remodellering van de hartcellen tegen te gaan en 

boezemfibrilleren te voorkomen in experimentele model systemen. De volgende stap is het 

testen van deze geneesmiddelen in patiënten met boezemfibrilleren. 
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