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General introduction 

1. Atrial fibrillation, clinical aspects 

Atrial fibrillation (AF) is the most common progressive cardiac arrhythmia, characterized 
by rapid and irregular beating of both right and left atria. Its prevalence in Western 
countries is estimated to be 1.5 - 2% of the general population, and steadily rises in people 
between 75 and 85 years [1]. In Europe, more than 6 million Europeans suffer from AF, and 
in the next 50 years its incidence is estimated to at least double due to ageing of the 
population [2]. Even in the Netherlands, its overall prevalence is 5.5% in the population 
over the age of 55 years, and there are approximately 45.000 new patients diagnosed with 
AF every year [3]. AF may have detrimental effects as, the arrhythmia is closely related with 
an increased risk of five-fold for stroke, two-fold for myocardial infraction and dementia, 
three-fold for heart failure, and a 40-90% increased risk for overall mortality [4-7]. As the 
incidence of AF is still approaching epidemic proportions over the coming years, AF causes 
a substantial burden on health care systems. It has been reported that the direct and 
indirect annual costs of AF per-patient is estimated in the range of US $2,000-14,200 in 
North America and of €450-3,000 in Europe [8]. 

AF is associated with well-known risk factors including ageing, hypertension, obesity, 
diabetes mellitus, valvular heart disease and heart failure with reduced and preserved 
ejection fraction [2, 9]. In the clinic practice, a surface electrocardiogram (ECG) is utilized 
to diagnose AF. As an ECG  captures only several seconds of the heart rhythm, episodes of 
AF can easily be missed [10]. Due to poor AF capture rates via standard ECG in patients with 
paroxysmal AF episodes, extended Holter recordings (1-7 days)  are required. Even though 
the majority of AF patients are associated with clinical symptoms, including palpitation, 
fatigue, chest pain and weakness, asymptomatic AF may occur, which disables rapid 
diagnosis [11]. In addition, current ECG recordings do not provide any information on the 
mechanism underlying AF and the severity of AF. 

According to the 2019 AHA/ACC/HRS guidelines for the management of patients with AF, 
the current classification of AF is based on ECG-based duration of the arrhythmia, and as 
such, AF is divided into paroxysmal, persistent, long-standing persistent and permanent AF 
[12]: 

Paroxysmal AF 

Episodes that last less than 7 days, they revert spontaneously or after direct electrical 

cardioversion 

Persistent AF 

Episodes that continue for more than 7 days and do not self-terminate. 

Long-standing AF 

Continuous AF for more than 1 year, despite a rhythm-control strategy. 

Permanent AF  
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When the patient and the treating physician decide to accept that the patient will remain 

in AF and will not attempt to achieve sinus rhythm. Often decided after an unsuccessful 

rhythm-control strategy. 

 

Based on chosen rhythm and/or rate control strategy, different treatment options, 
including pharmacotherapy and non-pharmacological treatments, are available for AF 
patients [13]. Much progress has been made in the field of catheter ablation including 
pulmonary veins isolation (PVI) and cardiac surgery methods. Left atrial appendage 
occlusion/closure is beneficial to reduce risk of thromboembolic complications in patients 
with AF [14]. Cardiovascular implantable electronic devices (CIED) are used to early detect 
AF and initiate treatment [15]. However, present drug therapy for AF has moderate efficacy 
and important limitations, particularly adverse pro-arrhythmic effects and bleeding 
complications [16]. Also, ablation treatment has been considered to be an efficient 
therapeutic option, but it is only efficient for trigger-driven AF and thus cannot be applied 
to the majority of patients with substrate-mediated AF [17]. Furthermore, treatment aimed 
at rhythm control such as ablative therapy is less successful in patients with persistent AF 
compared to paroxysmal AF [18]. Therefore, it is important to develop 1) novel mechanism-
based AF treatments and 2) effective diagnostic tools to detect the stage of AF which aids 
in identifying the most effective treatment. The first step in the development of such 
diagnostic tools and novel therapies is to identify molecular mechanisms which drive AF.  

2. State of the art in mechanistic AF research: role for proteostasis derailment  

Emerging research findings indicate that a healthy protein homeostasis, i.e. proteostasis 
network, is essential to safeguard the proper function of the heart by maintaining normal 
cellular metabolic function through balanced protein biosynthesis, correct folding, 
trafficking, and clearance of old and/or damaged proteins from the cardiomyocyte [19-21]. 
The functioning of proteostasis is monitored by the protein quality control (PQC) system, 
which consists of the heat shock response (chaperones), unfolded protein response, and 
protein degradation systems, including the ubiquitin-proteasomal system (UPS) and 
autophagy. A functional PQC system controls a healthy proteostasis in cardiomyocytes, and 
safeguards the maintenance of normal contractile function in the heart.  

2.1 Role of protein quality control system in proteostasis 

The PQC consists of chaperones, protein degradation systems including the ubiquitin-
proteosomal system (UPS) and autophagy, and as such guarantees a balanced protein 
function and prevents proteotoxic stress resulting from damaged proteins [22]. 
Chaperones consists of heat shock proteins (HSPs) including HSPB1, HSPB5, HSPB6, HSPB7, 
and HSPB8, which are highly expressed in the heart [23, 24].  
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Figure 1. Overview of protein quality control (PQC) system. The PQC systems consists of 
chaperones, ubiquitin-proteasome system (UPS) and autophagy. When stress occurs in 
cells, chaperones either initiates protein refolding or prevent stress-induced misfolding and 
aggregate formation of damaged proteins. Under non-stressful conditions, the HSP 
transcription factor heat shock factor 1 (HSF1) monomers are associated with a chaperone 

complex that includes HSP90 and T‑complex protein 1 ring complex (TRiC). During stress-
induced protein misfolding, the chaperones dissociate from the complex and bind to 
unfolded proteins. Dissociation of the complex frees HSF1 monomers, which then 
translocate to the nucleus as HSF1 trimers and stimulate HSP expression. When (re)folding 
is not an option, the UPS will be activated. UPS-mediated proteolysis, a primary 
degradation system, can remove misfolded, oxidized, mutant, and damaged proteins from 
the cell. In case of severe stress the HSR, (not mentioned in the text) and UPS can become 
overwhelmed. In this case, autophagy is activated to clear misfolded proteins and thereby 
guarantees cell survival. Figure adapted from Henning RH and Brundel BJJM, Nat Rev 
Cardiol, 2017. [21] 

HSPs assist in the correct folding/refolding of nascent or incomplete proteins, preventing 
them from misfolding and aggregation [25, 26]. Misfolding often results in the exposure of 
hydrophobic surfaces of the nascent protein, to which chaperones bind tightly, thereby 
preventing interaction and subsequent aggregation of misfolded proteins. If (re)folding is 
not an option, chaperones keep the misfolded protein in a soluble state enabling protein 
degradation systems, of which the UPS-mediated proteolysis is the primary degradation 
system, to remove soluble (chaperone-presented) misfolded, oxidized, mutant or damaged 
proteins [27].  
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For clearance of damaged proteins from the cell, autophagy is also involved. During 
autophagy, the formation of a double membrane structure, the autophagosome, is the first 
step. The autophagosome engulfs damaged organelles and aberrant proteins, followed by 
fusion with a lysosome to form the autolysosome [22]. In autolysosomes, lysosomal 
hydrolases degrade the cargo into recyclable ATP, amino acids, and fatty acids. Its general 
concept is that autophagy is activated to clear misfolded proteins and thereby guarantee 
cell survival [20]. Non-selective autophagy provides fuel for energy supply during starvation 
via self-digesting portions of the cytoplasm, whereas selective autophagy is used to 
degrade damaged organelles and aberrant protein aggregates that cannot be handled by 
the first line of chaperone and UPS defense [25].   

For the proper function of PQC system, an intact cardiomyocyte cytoskeleton is vital for 
communication between the key modulators. In cardiomyocytes, the cytoskeleton is highly 
specialized and includes actin filaments, desmin (intermediate) filaments, and 
microtubules. Within functional PQC system, HSPs and autophagy are important for the 
clearance of stress-induced misfolded proteins, thereby guaranteeing cardiomyocyte 
survival. It is because of the key role of PQC in cardiomyocyte function that several 
pathways within the PQC have been studied in AF. Previous research findings reveal that 
especially HSP and autophagy pathway play a key role in experimental and clinical AF. 
These two key pathways are further discussed in detail.   

2.1.2. Maintaining proteostasis by HSPs: role in AF 

It has been identified that HSPs play a vital role in maintaining a healthy proteostasis in 
cardiomyocytes. Heat shock proteins (HSPs) consist of five HSP families, including HSPA, 
HSPB, HSPC, HSPD, and DnaJB, of which especially HSPB members HSPB1, HSPB5, HSPB6, 
HSPB7, and HSPB8 are expressed at high levels in the heart [28]. In response to a loss of 
proteostatic control, by inducing AF-induced stress, HSPs act as molecular chaperones to 
conserve atrial cardiomyocyte structure, electrical and contractile function, thereby 
maintaining proteostasis and preventing AF [29].  

Research findings indicate that especially small HSPs play a protective role in AF. 
Overexpression of HSPBs, especially HSPB1, HSPB6, HSPB7 and HSPB8, protect against 
structural and contractile remodeling by inhibiting the RhoA GTPase pathway in 
tachypaced HL-1 atrial cardiomyocytes [24]. Moreover, compared to controls in normal 
sinus rhythm and paroxysmal AF patients, the level of small HSPs get exhausted in atrial 
tissue of patients with persistent AF [30]. In addition, genetic or pharmacological induction 
of HSPB protects against cardiomyocyte remodeling in cellular, Drosophila melanogaster, 
and animal experimental models for AF [30, 31]. Therefore, induction of the HSP system 
may offer novel therapeutic approaches for the prevention of atrial remodeling and disease 
progression through the maintenance of proteostasis and restoration of cardiomyocyte 
integrity and contractile function. 

So far, accumulating research findings indicate that the HSP-inducing compound 
geranylgeranylacetone (GGA) reveals protective effects in cardiovascular diseases 
including AF. GGA induces HSF-1 related HSPs including HSP70 expression, and improves 
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cardiac function in rat model of myocardial ischemia/reperfusion damage [32]. The 
protective effect of GGA-induced HSP expression on structural remodeling and AF 
promotion has been observed in experimental models of AF, suggesting that the induction 
of HSPs by GGA may have a potential value for clinical AF [30, 33]. In tachypaced 
Drosophila, GGA treatment protects against contractile dysfunction of the heart wall and 
structural remodeling [34]. Furthermore, in canine models for (acute) atrial ischemia-
related AF and tachypacing-induced AF, GGA treatment reveals protective effects against 
cardiomyocyte remodeling and AF promotion [31, 35]. However, GGA has its clinical 
limitations, as the molecule is lipophilic and reveals low solubility. Therefore, novel GGA 
derivatives with improved physicochemical properties compared to GGA may have clinical 
impact. Hereto, novel GGA-derivatives have been developed with improved 
physicochemical properties [36]. Interestingly, GGA derivate GGA*-59, which is a potent 
booster of HSP expression and protects against AF in experimental model systems, may 
substantiate the role of HSP boosters as novel therapeutics in clinical AF [36]. 

2.1.2 Autophagy 

Autophagy is a highly conserved process of lysosome-mediated protein and organelle 
degradation, and has a crucial role in maintaining proteostasis by removing toxic protein 
aggregates and damaged organelles inside cells [37]. Accumulating evidence shows that 
autophagy is a highly selective quality control mechanism whose basal level is necessary 
for mediating cellular homeostasis [38].  

Excessive autophagy is crucial important in the derailment of proteostasis and as such 
drives AF. Previous research indicates that autophagy is activated due to AF-induced 
endoplasmic reticulum (ER) stress, and is associated with cardiomyocyte remodeling and 
AF progression [22, 39]. Therefore, inhibition of ER stress, by genetic or pharmacological 
approaches, attenuates autophagy and protects against cardiac remodeling in in vitro and 
in vivo models of AF [39]. Detailed information on the role of autophagy in the heart and 
during AF is provided in Chapter 2 . 

2.2. Sarcoplasmic reticulum and mitochondrial contacts: key role in AF 

Importantly, it has been shown that ER and mitochondria intensively interact with each 
other and interaction is a prerequisite for healthy heart function [40]. Moreover, 
mitochondria are spatially and functionally organized in close contact with the ER and this 
contributes to mitochondrial uptake of Ca2+ released from the ER by IP3Rs, thereby 
providing the mitochondria with Ca2+ that is essential for ATP production [41]. Ca2+ signaling 
between the two organelles is accomplished through mitofusin2 (Mfn2), an essential 
physical tether between the ER and mitochondria [42]. The importance of Mfn2 is 
exemplified by Chen et al., who showed that cardiac-specific ablation of Mfn2 decreased 
ER-mitochondrial tethering by 30%, leading to a decreased mitochondrial Ca2+ uptake, 
which hampers the response to physiological stress [42].  

Although microtubule network disruption induces AF progression, the downstream 
mechanism by which disrupted microtubules regulate contractile function is still unknown. 
Various studies show the important role of microtubules in regulating the crosstalk 
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between sarcoplasmic reticulum (SR), i.e. smooth ER found in cardiomyocytes, and 
mitochondria, the two central organelles involved in Ca2+ and energy (ATP) homeostasis 
which are crucial for normal cardiomyocyte contraction and relaxation. The SR stores Ca2+ 
and plays a major role in excitation-contraction (EC) coupling in close cooperation with 
mitochondria, which play a vital role in generating ATP and buffering cytosolic Ca2+. In 
systole, Ca2+ is released from SR into the cytosol, and Ca2+ binding to the myofilament 
troponin-tropomyosin complex triggers myofibrillar contraction. In diastole, the 
sarcoplasmic reticulum calcium ATPase 2 (SERCA2) pumps Ca2+  back into the SR to maintain 
the balance of cytosolic Ca2+ [43]. ATP is required for proper Ca2+ handling and EC coupling. 
In order to provide efficient ATP, mitochondria take up SR-released Ca2+, and then increase 
the tricarboxylic acid (TCA) cycle to produce more substrates of electron transport chain, 
including NADH and FADH2 [42]. These physiological processes contribute to close 
interactions between SR and mitochondria, also named SR-mitochondria contacts (SMCs). 
So, SMCs support efficient mitochondria Ca2+ uptake and ATP production during cardiac 
contraction and relaxation. In addition, atria of patients with persistent AF show oxidized 
RyR2, the cardiac SR Ca2+ release channel. Oxidized RyR2 leads to aberrant intracellular Ca2+ 
release (Ca2+ sparks) and promotes the development of AF, suggesting that defective 
communication between the SR and mitochondria may contribute to the progression of AF 
[44]. However, whether microtubule regulate SMCs changes in atrial cardiomyocytes and 
thereby drive AF is unknown. 

Figure 2. Sarcoplasmic reticulum-mitochondrial contacts (SMCs) in the heart. In a healthy 
heart, mitochondria and sarcoplasmic reticulum (SR) travel along microtubules. The SR-
mitochondrial contacts are places at which crosstalk between the SR and mitochondria 
occur. Basal Ca2+ oscillations from SR to mitochondria drive mitochondrial metabolism for 
the production of NADH and ATP. In cardiac disease, the disruption by histone deacetylase 
6-induced de-acetylation of the microtubules results in altered calcium handling and 
energy depletion, and consequently structural remodeling, contractile dysfunction, and 
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progression of AF. Figure adapted from Henning RH and Brundel BJJM, Nat Rev Cardiol, 
2017 [21].  

2.3. Epigenetics via histone deacetylases  

Previous research findings also indicate a role for histone deacetylases (HDACs) to drive AF 
promotion [45]. HDACs are multi-subunit enzyme complexes that are responsible for post-
translational modification of histones in yeast cells and higher eukaryotes [46]. Based on 
their structure, complex activity and localization within the cell, HDACs are divided into 
four subgroups [47]. Class I HDACs include four group members (HDAC1, 2, 3 and 8) and 
are correlated to the yeast rpd3 gene. Class II HDACs contain HDAC IIa (HDAC4, 5, 7 and 9) 
and HDAC IIb (HDAC6 and 10) that are correlated to the yeast hda1 gene. Class III HDACs 
relates to the sir2 gene, and therefore are known as sirtuins (SIRTs), and contain seven 
group members SIRT1-7. SIRTs are NAD+-dependent HDACs [48]. HDAC11 is the latest 
identified member of HDAC family, belonging to class IV HDAC group [49]. Classes I, II and 
IV HDACs are considered “classical” HDACs whose activities are inhibited by trichostatin A 
(TSA), and they contain zinc-dependent active sites. Whereas class III enzymes are a family 
of NAD+-dependent proteins, and not affected by TSA [50, 51]. The nuclear or cytosolic 
localization of HDACs depends on special regions in the gene, including a nuclear 
localization signal (NLS), a nuclear export signal (NES) or depends on co-localization of 
HDACs with other proteins like myocyte enhancer factor-2 (MEF2) family members [52].  

An increasing amount of evidence shows that HDACs play an key role in cardiac 
hypertrophy and fibrosis via enchancement of pathological gene expression, resulting in 
cardiac dysfunction and heart failure [9, 53, 54]. Our previous study describes that the class 
IIa HDAC, HDAC6, is a key enzyme in proteostasis derailment, and AF promotion [45]. In 
this study, it was found that tachypacing increases HDAC6 expression and activity, resulting 
in deacetylation of α-tubulin and AF promotion in HL-1 cardiomyocytes and dog atrial 
cardiomyocytes. In turn, deacetylated α-tubulin is susceptible to degradation by calpain, 
causing microtubule network disruption and consequently contractile dysfunction [45]. 
Importantly, comparable findings were obtained in patients with persistent AF, suggesting 
HDAC6-induced post-translational modification via deacetylation and degradation of α-
tubulin to represent a common feature of remodeling in both experimental and clinical AF 
[45]. In line, pharmacological inhibition of HDAC6 with tubastatin A prevented AF 
promotion in a dog model, indicating HDAC6 could be a potential druggable target in AF. 

Interestingly, as mentioned above, research identified a prominent role of HDAC6-driven 
deacetylation of cytoskeletal α-tubulin in structural and functional remodeling of AF 
cardiomyocytes [45]. Moreover, nicotinamide (vitamin B3), an HDAC class III (sirtuins) 
inhibitor, also provides protective effects against cardiomyocyte remodeling in tachypaced 
cardiomyocytes and Drosophila prepupae, by a mechanism unrelated to its inhibition of 
sirtuins. However the mechanism how nicotinamide protects against AF is still unknown.  

2.5. Gene expression 

It has been identified that only 1.5% of the human genome has protein-coding potential, 
and the remaining majority has no or very little protein-coding function [55]. Long non-
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coding RNAs (lncRNAs), belonging to a class of non-coding RNAs with the length of more 
than 200 nucleotides, are now reported to have strong epigenetic regulation potentials 
[56]. With the progress of high-throughput sequencing technology, thousands of 
eukaryotic lncRNAs have been identified so far and more lncRNAs will follow [57].  

Emerging evidence indicates that lncRNAs play a critical pathophysioloigical role in 
cardiovascular diseases, including AF [58-60]. LncRNA OXCT1-AS1 (Sarrah) is an ageing-
regulated anti-apoptotic lncRNA in cardiomyocytes, and Sarrah overexpression has 
beneficial effects on acute myocardial infarction recovery, indicating that Sarrah may have 
a potential therapeutic effect against heart failure [61]. LncRNA urothelial carcinoma-
associated 1 (UCA1) is abundantly expressed in the heart, suggesting UCA1 may play a role 
in heart function [62]. Indeed, UCA1 expression is triggered during ischemia/reperfusion 
(I/R) injury and overexpression of UCA1 by adenovirus transfection conferred significant 
myocardial protection via suppressing ER stress and reactive oxygen species (ROS)-induced 
cell apoptosis [63]. In addition, plasma UCA1 levels are increased in chronic heart failure 
(CHF) patients compared to control patients, and CHF patients with elevated plasma UCA1 
levels are associated with a lower survival rate, compared to patients with a lower UCA1 
level [64]. The mitochondrial lncRNA uc022bqs.q (LIPCAR) level in the plasma of patients 
with myocardial infarction is initially reduced, but increased at later stages after myocardial 
infarction [65]. Also, blood-based LIPCAR levels are associated with increased mortality 
rates in the patients with heart failure, suggesting that LIPCAR may represent a novel 
marker of cardiac remodeling after myocardial infarction [65].  

Whether lncRNAs represent a biomarker in AF is unknown. However, recent studies have 
revealed that  lncRNA expression profiles are altered in peripheral blood samples of 
patients with cardiac arrhythmia and in left atrial tissue of patients with rheumatic heart 
disease in combination with AF [66]. Also, as study revealed AF to alter the expression of 
lncRNAs in right atria tissue of rheumatic heart disease patients [60]. These observations 
indicate that circulating lncRNAs may associate with the degree of electropathology and 
predict the stage of AF.  

In summary, our previous research findings reveal that proteostasis derailment contributes 
to sustainable structural remodeling and contractile dysfunction. Various pathways of 
cardiomyocyte proteostasis are involved, including HSP exhaustion, ER stress-induced 
excessive activation of autophagy and changes in gene expression by epigenetics. Based on 
these previous findings, we explored additional key mechanisms driving AF and identified 
modulators to represent druggable targets in AF and potential biomarkers for AF. 

Scope of the thesis 

Part I 

State of the art: role of autophagy, HDACs and SR-mitochondrial contacts in AF and other 
cardiac diseases 

A healthy proteostasis network is essential to guarantee normal cellular (metabolic) 
function through proper protein biosynthesis, folding, trafficking, and clearance (via 
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autophagy), thereby balancing normal heart function [19, 21]. Proteostasis functioning is 
monitored by the protein quality control (PQC) system, and, autophagy is of vital 
importance in PQC. In Chapter 2, the role of autophagy in various cardiac diseases is 
described. On the one hand, autophagy is able to degrade potentially toxic proteins and 
organelles from the cardiomyocyte, thereby preventing the accumulation of misfolded or 
aberrant proteins. On the other hand, autophagy acts as a cellular recycling program, 
reclaiming amino acids, lipids, and other molecular building blocks liberated from 
substrates with the help of lysosomal acidic hydrolases. Autophagy has distinct roles in 
various cardiac diseases. Whether it is beneficial or detrimental depends on the underlying 
pathophysiological condition of cardiac disease. Excessive activation of autophagy, as 
observed in heart failure and AF, promotes degradation of contractile proteins in the 
cardiomyocytes, and consequently contributes to cardiomyocyte damage and cardiac 
disease progression. In case of cardiomyopathy due to expression of a mutant protein, 
autophagy leads to removal of misfolded proteins, thereby contributing to cardiomyocyte 
function. 

As mentioned in Chapter 3, HDACs modulate cardiac proteostasis in AF and other cardiac 
diseases, by deacetylating various proteins, including nuclear histones, cytosolic structural 
and contractile proteins, thereby inducing pathological gene expression and/or affecting 
the function of structural and contractile proteins. 

In Chapter 4, the role of ER/SR-mitochondrial crosstalk in cardiac ageing and cardiac 
disease has been reviewed. The ER/SR and mitochondrial contacts are essential organelles 
for regulating protein homeostasis, thereby guaranteeing cardiomyocyte function and 
survival. Moreover, the functional and balanced interactions between ER and 
mitochondria, including Ca2+ handling, contraction, autophagy, and apoptosis, contribute 
to the maintenance of cardiomyocyte homeostasis. Therefore, a deeper understanding of 
ER and mitochondrial function during health and cardiac disease is required to ultimately 
develop novel therapeutic strategies. 

Part II 

Mechanistic research on role of HSPs, SR-mitochondrial contacts and HDACs in AF  

It has been demonstrated that prevention of proteostasis derailment through 
overexpression of HSPs attenuates structural remodeling and thereby prevents AF 
progression. Moreover, pretreatment with the HSP-inducer GGA was found to protect 
against the electrical, structural and contractile remodeling in various experimental models 
for AF, and consequently prevents  AF onset. Whether an HSP-inducing compound can also 
aid in the recovery from AF-induced remodeling is unknown. In Chapter 5, we describe that 
the most potent GGA-derivative, GGA*-59, accelerates recovery from tachypacing-induced 
contractile dysfunction in HL-1 cardiomyocytes. Also, the underlying mechanisms for 
accelerated recovery were explored. It was observed that the protective effect of GGA*-59  
is via restoration of microtubule network, by up-regulation of the α-tubulin mRNA levels, 
resulting in the recovery of the protein expression levels of both α-tubulin and acetylated 
α-tubulin.  
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As the microtubule network is required to ensure close contact between SR and 
mitochondria, we explored in Chapter 6 the role of SR-mitochondrial contacts in 
experimental AF models, and observed that AF results in reduced SMC contacts. In line, 
preservation of microtubule network protects against SMC reduction, and attenuated 
mitochondrial dysfunction and AF promotion. In addition, supplementation with the 
microtubule stabilizers taxol and β-hydroxybutyrate (βOHB) attenuate tachypacing-
induced reduction of SMCs and mitochondrial dysfunction in HL-1 cardiomyocyte. The 
findings indicate that conservation of the microtubule-SMC suppresses AF promotion in 
experimental model systems. In addition to pharmacological interventions, also genetic 
interventions substantiate this observation as mitofusion 2 (Mfn2, a SMC tether protein) 
suppression induced contractile dysfunction (decreased heart rate and increased 
arrhythmia) in Drosophila models for AF. Moreover, βOHB inhibits high glucose-induced 
reductions in SMCs in HL-1 cardiomyocyte and contractile dysfunction in Drosophila 
prepupa. This observation indicates that microtubule-SMC pathway may also underlie 
diabetes mellitus-initiated AF promotion. Consistently, loss of SMCs were shown in RAA 
tissue of persistent AF patients with diabetes. Taken together, this chapter indicates that 
microtubule-SMCs pathway may play a critical role in clinical AF onset and progression. 

In Chapter 7, we explored the role of two classes of HDACs, class I and class IIa HDACs in 
the tachypacing-induced remodeling in cardiomyocytes. We found that two HDACs, HDAC3 
and HDAC5, are of key importance. HDAC3 overexpression leads to contractile dysfunction, 
whereas HDAC3 inhibition prevents tachypacing-induced contractile dysfunction in both 
HL-1 and Drosophila AF model. Conversely, both HDAC5 and HDAC7 overexpression 
prevents tachypacing-induced contractile dysfunction in HL-1 cardiomyocytes. In addition, 
AF induces HDAC5 phosphorylation and nuclear export, followed by up-regulation of MEF2-
regulated fetal genes expression, including β-MHC and BNP, which finally leads to 
structural remodeling and AF progression. 

In Chapter 8, we observed that tachypacing-induced functional loss of atrial 
cardiomyocytes is precipitated by nicotinamide adenine dinucleotide (NAD+) depletion via 
excessive poly(ADP)-ribose polymerase 1 (PARP1) activation in response to oxidative DNA 
damage. Also compared to control patients in normal sinus rhythm, patients with 
persistent AF revealed DNA damage and PARP1 activation. The genetic suppression of 
PARP1 and pharmacological inhibition of PARP1 by ABT-888 and olaparib, as well as 
supplementation of NAD+, protected against tachypacing-induced contractile dysfunction, 
via preventing oxidative DNA damage and consequently PARP1 activation-induced NAD+ 
depletion. These findings suggest that PARP1 activation and NAD+ depletion are key 
modulators for cardiomyocyte remodeling in various experimental models for AF and 
clinical AF. 

Part III 

Biomarkers to stage AF: oxidative DNA damage 8-OHdG and circulating lncRNAs levels in 
atrial tissue and serum samples of patients 
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At present, AF can only be diagnosed with a surface electrocardiogram when a patient 
already suffers from AF. However, when a patient presents with AF, no effective diagnostic 
tool is available to stage AF, which hampers selection of the most suitable therapy. 
Therefore, there is an urgent need to develop valuable diagnostic biomarkers to stage AF 
[2]. Two types of markers were tested: oxidative DNA damage marker 8-OHdG and 
circulating lncRNAs. 

Oxidative DNA damage is induced in experimental AF model systems and in atrial tissue of 
patients with persistent AF [67]. In addition, inhibition of oxidative DNA damage resulted 
in attenuation of AF, indicating an intimate link between AF and oxidative DNA damage. 8-
hydroxy-2′-deoxyguanosine (8-OHdG), an important oxidative DNA damage byproduct, 
circulates in the blood. In Chapter 9, we determined the level of 8-OHdG in serum samples 
of AF patients and control patients, and observed that the level of 8-OHdG is closely 
correlated with the stage of AF, as it gradually increases during more progressive stages of 
AF. Also 8-OHdG may predict both recurrence of AF after ablative treatment and post-
operative AF (POAF) onset after surgical treatment for cardiovascular disease. Taken 
together, the level of 8-OHdG may represent a potential diagnostic biomarker to stage AF 
and predict POAF. 

In Chapter 10, we selected several circulating lncRNAs to test their levels in serum and 
atrial tissue samples of AF patients and controls, and found that Sarrah and UCA1 are 
significantly up-regulated in serum samples of PAF, and not PeAF patients compared to 
controls. Interestingly, there is a strong correlation between Sarrah and UCA1 levels in 
serum samples of these patients, indicating that Sarrah and UCA1 may represent 
potentially combined markers to stage AF. Moreover, in RAA and serum samples of AF and 
SR patients undergoing cardiac surgery, Sarrah levels significantly correlate with voltage 
and UCA1 significantly correlates with the degree of conduction delay and block, suggesting 
that Sarrah and UCA1 levels associate with the degree of electropatholgoy and help to 
stage AF.  

In Chapter 11, the research findings are summarized and discussed. Furthermore, future 
perspectives related to clinical translation of heat shock protein inducer GGA*-59, acetyl-
CoA inducer βOHB and biomarkers in AF are provided.  
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ABSTRACT 

Due to ageing of the population, the incidence of cardiovascular diseases will increase in 
the coming years, constituting a substantial burden on health care systems. In particular, 
atrial fibrillation (AF) is approaching epidemic proportions. It has been identified that the 
derailment of proteostasis, which is characterized by the loss of homeostasis in protein 
biosynthesis, folding, trafficking, and clearance by protein degradation systems such as 
autophagy, underlies the development of common cardiac diseases. Among various 
safeguards within the proteostasis system, autophagy is a vital cellular process that 
modulates clearance of misfolded and proteotoxic proteins from cardiomyocytes. On the 
other hand, excessive autophagy may result in derailment of proteostasis and therefore 
cardiac dysfunction. Here, we review the interplay between autophagy and proteostasis 
in the healthy heart, discuss the imbalance between autophagy and proteostasis during 
cardiac diseases, including AF, and finally explore new druggable targets which may limit 
cardiac disease initiation and progression. 

Keywords: proteostasis; autophagy; cardiac disease; atrial fibrillation 
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1. The proteostasis network in the heart 

A healthy proteostasis network is essential, safeguarding the proper function of the heart 
by maintaining normal cellular metabolic function through adequate protein biosynthesis, 
folding, trafficking, and clearance [1–3]. Research evidence shows that healthy proteostasis 
is controlled by the protein quality control (PQC) system, which consists of chaperones, 
protein degradation systems such as the ubiquitin-proteosomal system (UPS) and 
autophagy, and the cytoskeleton. In the case of stress, multiple stress pathways are 
activated, including the heat shock response (HSR), the unfolded protein response (UPR), 
and oxidative stress response [3–7]. In response to proteotoxic stress in the cytosol, the 
HSR is activated. The HSR acts as the cell’s frontline system to safeguard the folding and 
trafficking of functional proteins by means of chaperones, including heat shock proteins 

(HSPs) and chaperonins (such as T‑complex protein 1 ring complex [TRiC], HSPB1, HSPB5, 

HSPB6, HSPB7, and HSPB8), which are highly expressed in the heart [8–10]. Proteotoxic 
stress in the endoplasmic reticulum (ER) may lead to activation of the UPR, which prevents 
protein aggregation and guarantees correct protein folding. If the UPR fails and an 
accumulation of unfolded proteins occurs, the UPS will be activated. UPS-mediated 
proteolysis, a primary degradation system, can remove misfolded, oxidized, mutant, and 
damaged proteins from the cell [11,12]. After longer periods of cellular proteotoxic stress, 
the HSR, UPR, and UPS can become overwhelmed. In this case, autophagy is activated to 
clear misfolded proteins and thereby guarantee cell survival [2]. For the proper function of 
both autophagy and the pathways of the PQC system, an intact cardiomyocyte 
cytoskeleton is of crucial importance for communication between the components in the 
proteostasis network. In cardiomyocytes, the cytoskeleton is highly specialized and 
includes actin filaments, desmin (intermediate) filaments, and microtubules. 
To summarize, a functional PQC system underlies healthy proteostasis in cardiomyocytes, 
and safeguards the maintenance of normal contractile function in the heart. Within the 
PQC system, autophagy is important for the clearance of stress-induced misfolded 
proteins, thereby guaranteeing cardiomyocyte survival. 

2. Key role for autophagy in proteostasis 

2.1. Autophagy 

Autophagy, a lysosome-mediated degradation pathway, plays a critical role in proteostasis 
by removing potentially toxic cytosolic protein aggregates and damaged organelles inside 
cells [13]. According to the mode of cargo delivery to the lysosome, autophagy has been 
categorized into three different types: macroautophagy, microautophagy, and chaperone-
mediated autophagy (Figure 1) [14]. In macroautophagy, the formation of a double 
membrane structure, the autophagosome, is the first step. The autophagosome travels 
along microtubules and engulfs damaged organelles and aberrant proteins, followed by 
fusion with a lysosome to form the autolysosome. In autolysosomes, lysosomal hydrolases 
degrade the cargo into recyclable ATP, amino acids, and fatty acids (Figure 1a) [15,16]. This 
process is mediated by autophagy-related (ATG) proteins, which modulate the biogenesis 
of the autophagosome and its subsequent fusion with the lysosome. Recently, evidence is 
emerging showing that macroautophagy is a highly selective quality control mechanism, 
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and its basal levels are important to maintain intracellular proteostasis. A number of 
organelles have been found to be turned over by macroautophagy in an organelle-selective 
manner, for example, targeting of mitochondria (mitophagy), endoplasmic reticulum 
(reticulophagy or ERphagy), peroxisomes (pexophagy), lipid droplets (lipophagy), and even 
portions of the nucleus (nucleophagy) [17]. In contrast to macroautophagy, 
microautophagy involves non-selective engulfment of cytoplasmic contents into the 
lysosomes (Figure 1b). Chaperone-mediated autophagy is unique in mammalian cells and 
requires two essential components, the cargo recognition complex in the cytosol, and the 
cargo translation complex at the lysosome. Hsc70, an important component of the cargo 
recognition complex, recognizes and attaches to a specific motif sequence in target 
proteins, whereafter the complex shuttles and binds to the lysosomal-associated 
membrane protein type 2A (LAMP2A). LAMP2A forms a lysosomal channel to translocate 
the target protein, with the help of a lysosomal-resident form of Hsc70 (lys-hsc70), to the 
lysosomal lumen for degradation (Figure 1c) [18,19]. In addition, mitophagy is an organelle-
specific form of macroautophagy, which selectively removes damaged and dysfunctional 
mitochondria (Figure 1d) [20]. Since cardiomyocytes contain a very high volume of 
mitochondria, and cardiomyocytes are metabolically active cells, it is essential to conserve 
mitochondrial function to maintain a healthy energy balance and cardiac contractile 
function. This review focuses on macroautophagy (hereafter ‘autophagy’) and mitophagy, 
as they are the best studied in the heart and play a crucial role in the maintenance of 
cardiomyocyte homeostasis. 

 
 
Figure 1. The three different types of autophagy: (a) macroautophagy, (b) 
microautophagy, and (c) chaperone-mediated autophagy. Mitophagy (d) is a specialized 
form of macroautophagy, which selectively degrades mitochondria. 



Role of Autophagy in Proteostasis 

29 

 

2.2. Key regulators and signaling pathways of autophagy in the heart. 

Research has revealed that, dependent on the underlying stress condition, cardiomyocyte 
autophagy requires several key regulators and signaling pathways. Three master 
transcriptional regulators of autophagy have been recognized in the heart, including 
transcription factor EB (TFEB), zinc-finger protein with KRAB and SCAN domains 3 
(ZKSCAN3), and bromodomain containing 4 (BRD4). TFEB, a master regulator of lysosomal 
pathways, regulates a wide range of autophagy-related genes [21]. TFEB overexpression is 
sufficient to induce autophagy. However, after autophagy activation in response to 
different stimuli, such as nutrient depletion (starvation), TFEB is dephosphorylated through 
the inhibition of mammalian target of rapamycin (mTOR), resulting in its rapid translocation 
to the nucleus and the activation of autophagy genes [22]. TFEB activation protects against 
cardiac proteotoxicity by increasing autophagic flux [23]. ZKSCAN3 represents the 
transcriptional counterpart of TFEB, since it represses the transcription of a number of 
autophagy-related genes, including Unc-51-like autophagy activating kinase 1 (Ulk1). Upon 
autophagy induction, ZKSCAN3 translocates from the nucleus to the cytoplasm, allowing 
the transcriptional activation of target genes by TFEB. Interestingly, ZKSCAN3 knockdown 
is sufficient to induce autophagy, whereas its overexpression can inhibit autophagy [24]. 
BRD4, an evolutionarily conserved autophagy repressor, inhibits autophagic and lysosomal 
activities by repressing the expression of autophagy and lysosome genes under nutrient-
rich conditions, and de-represses this program to contribute to autophagy activation during 
nutrient deprivation [25]. Among numerous ATG proteins and kinases, mTOR is considered 
to be a critical negative regulator of autophagy. The activity of mTOR is regulated by the 
availability of nutrients, energy, and oxygen [26]. In nutrient-rich conditions, mTOR is 
activated, and thereby inhibits autophagy through phosphorylation, and subsequently, 
inactivation, of Ulk1/2, which inhibits autophagosome formation (Figure 2a) [27]. In 
addition, autophagy is also regulated through mTOR-independent mechanisms, including 
AMP-activated protein kinase (AMPK), hypoxia-inducible factor 1α (HIF1α), sirtuin 1 (sirt1), 
and ER stress (Figure 2b–d). As an energy sensor, AMPK is activated during metabolic stress 
that either interferes with ATP production (e.g., during glucose deprivation, hypoxia, and 
ischemia) or accelerates ATP consumption (e.g., during muscle contraction). Activation of 
AMPK requires the phosphorylation of its α subunit at Thr172 by two upstream kinases, 
liver kinase B1 (LKB1) and Ca2+/calmodulin-dependent kinase kinase (CaMKK)-β. Activation 
of AMPK initiates autophagy, not only through the inhibition of mTOR, but also by direct 
phosphorylation and, thereby, activation of Ulk1 (Figure 2b) [28]. Chronic AMPK activation 
restores cardiac function by upregulating autophagy activity in diabetic OVE26 mice (type 
I diabetes) [29]. HIF1α activates autophagy under hypoxia, where it provides a protective 
response, leading to cellular adaptation and survival (Figure 2c) [30]. Moreover, sirt1, an 
NAD+-dependent deacetylase, directly enhances autophagy in cells by deacetylating ATG 
proteins, resulting in expression of ATG proteins and autophagosome formation (Figure 2d) 
[31]. In fasting hearts, sirt1 indirectly stimulates autophagy by deacetylating transcription 
factors regulating autophagy, including Foxo family members, thereby maintaining left 
ventricular function during starvation [32]. In addition, NAD+ itself also influences 
autophagy (Figure 2e), as experimental evidence has revealed that autophagic flux is 
negatively affected by decreases in NAD+ levels during ischemia, due to the inhibition of 
lysosomal function [33]. Furthermore, nicotinamide phosphoribosyl transferase (Nampt), 
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a key enzyme in the salvage pathway of NAD+ synthesis in cardiomyocytes, is 
downregulated in the heart in response to prolonged ischemia, which contributes to a 
decrease in the level of NAD+ in the heart, inhibition of autophagic flux, and, consequently, 
increase in cardiomyocyte death [34]. ER stress is also known to induce autophagy, in which 
dissociation of BiP/GRP78 leads to phosphorylation of PERK and eIF2α. The latter induces 
transcription of ATG12, an important protein in autophagosome formation (Figure 2f) [35]. 
Vacuolar protein sorting 34 (Vps34) is also a critical regulator of autophagy in the heart, as 
deletion of Vps34 can impair autophagy, which leads to accumulation of aberrant 
complexes of αB-crystallin and desmin in cardiomyocytes (Figure 2g) [36]. A rise in free 
cytosolic calcium ([Ca2+]c) is also a potent inducer of autophagy, and promotes autophagy 
by modulating downstream targets, such as inositol 1,4,5-trisphosphate receptor (IP3R), 
and calmodulin-dependent protein kinase II (CAMKII) (Figure 2h) [37]. The IP3R regulates 
autophagy through its interaction with Beclin1, and its inhibition strongly induces 
autophagy [38]. CaMKII contributes to autophagy by promoting the calcium-dependent 
activation of AMPK [39]. Activation of mitophagy is regulated by different regulators 
compared to autophagy. Mitophagy is mainly regulated by three proteins: PTEN-induced 
putative kinase protein 1 (PINK1), mitofusin 2 (Mfn2), and Parkin [40–42]. In cases where 
mitochondria are depolarized and damaged, this contributes to PINK1 accumulation at the 
outer mitochondrial membrane. PINK1 accumulation phosphorylates Mfn2, which 
promotes Parkin to bind Mfn2 in a PINK1-dependent manner, thereby targeting damaged 
mitochondria for mitophagy [42]. Interestingly, AMPK activation also serves a critical role 
in mitochondria quality control, via modulation of mitophagy in the heart. In failing hearts, 
PINK1 phosphorylation by AMPKα2 was essential for activation of mitophagy to prevent 
the progression of heart failure (HF) [43]. 
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Figure 2. Different pathways activate autophagy: (a) mTOR, (b) AMPK, (c) HIF1α, (d) sirt1, 
(e) NAD+, (f) ER stress, (g) Vps34, and (h) Ca2+. 

2.3. Autophagy in proteostasis 

Since cardiomyocytes are post-mitotic cells, and therefore not constantly replaced by 
proliferation, a proper PQC system is highly important to safeguard cardiomyocyte 
function. Since aberrant proteins and organelles may impair cardiomyocyte function, the 
cell activates a specialized autophagic protein degradation pathway to clear these 
proteotoxic elements. In addition, autophagy generates recycled fatty acids and amino 
acids, and provides energy and nutrients for the cardiomyocytes [44]. In all cell types, 
including cardiomyocytes, autophagy serves proteostasis by coordinating with other 
components of the proteostasis network. It is largely accepted that the UPS and autophagy 
collaborate in defending against proteotoxic stress, and that p62/SQSTM1, a sensor of 
proteotoxic stress, acts as a mediator in the crosstalk between the UPS and autophagy [45–
47]. P62/SQSTM1 is a multifunctional protein, containing a number of protein–protein 
interaction motifs that are involved in the regulation of cellular signaling, protein 
aggregation, and degradation. Also, autophagy inhibition may impair proteasome function, 
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thereby severely increasing the levels of proteasome substrates in the cardiomyocyte [48]. 
In addition, evidence suggests that the impairment of a specific degradation pathway can 
result, as part of compensatory mechanism, in the activation of another one [49,50]. 
Recently, more attention has been paid to the exact relationship between autophagy and 
the microtubule network. It was found that microtubule dynamics, posttranslational 
modifications of alpha-tubulin and microtubule molecular motors (on the outer face of 
microtubules) are important regulators within the autophagy process. Microtubule 
dynamics and microtubule molecular motors are involved in autophagosome formation, 
orchestration of pre-autophagosomal structures and autophagosome movements, and 
immature and mature autophagosome localization [15,51,52]. 
To summarize, autophagy contributes to the maintenance of cellular proteostasis by 
regulating the PQC. On the one hand, autophagy is able to degrade potentially toxic 
molecules and organelles from the cardiomyocyte, thereby preventing the accumulation 
of misfolded or aberrant proteins. On the other hand, autophagy acts as a cellular recycling 
program, reclaiming amino acids, lipids, and other molecular building blocks liberated from 
substrates with the help of lysosomal acidic hydrolases. 

3. Autophagy in cardiac ageing and diseases 

As mentioned above, cardiomyocytes largely depend on efficient clearance of aberrant and 
damaged proteins and organelles via autophagy to maintain healthy heart function [53]. 
Therefore, impairment of autophagy results in an imbalance in protein degradation and 
handling of misfolded or damaged proteins, which has been associated with ageing, and 
onset and progression of cardiac disease. However, several cardiac diseases are linked to 
excessive activation of autophagy, which may lead to the degradation of contractile 
proteins and autophagic cell death, which is detrimental for cardiomyocytes (Table 1) [54]. 

Table 1. Autophagy in cardiac ageing and disease. 

Condition Subgroup Main pathways Autophagy Protective/ 

Detrimental 

Cardiac ageing  
Sirtuins, NAD+, 

AMPK and mTOR 
 Detrimental 

Inherited 

cardiomyopathy 
HCM VSP34, ATG7  Detrimental 

 DCM   Detrimental 

Diabetic 

cardiomyopathy 
Type I 

Beclin1, ATG16, 

AMPK, mTORC1 
Not clear Not clear 

 Type II mTORC1, BCL2  Detrimental 



Role of Autophagy in Proteostasis 

33 

 

Atherosclerosis  
Beclin-1, ATG7, 

PINK1/Parkin 
 Protective 

MI Ischemia 

AMPK, mTORC1, 

NAD+, 

PINK1/Parkin 

 Protective 

 Reperfusion 
Beclin1, mTOR, 

PINK1/Parkin 
 Detrimental 

AF Persistent ER, Ca2+, AMPK  Detrimental 

 POAF   Not clear 

Heart failure Hypertrophic stage 
AMPK, mTOR, 

PINK1 
 Detrimental 

 Chronic AMPK, Beclin1  Detrimental 

3.1. Cardiac ageing 

Ageing is an independent risk factor for cardiac disease development [55]. Age-related 
changes in the proteostasis network are observed in cardiomyocytes. During normal 
ageing, the structure and function of the heart is diminished, resulting in a decline in 
diastolic heart function during rest and systolic function during exercise, impairment of Ca2+ 
homeostasis, induction of reactive oxygen species (ROS), and structural remodeling, 
including cardiac hypertrophy and fibrosis. Autophagy is downregulated in the heart during 
the course of ageing [56]. Stimulation of autophagy in the aged hearts of mice decreases 
hypertrophy, reduces protein damage, restores Ca2+ homeostasis, attenuates hypertrophy, 
and improves contractile function [56]. Cardiac-specific deletion of GSK-3α, a crucial 
regulator in age-related pathologies in mice, accelerated the development of cardiac 
ageing, accompanied by suppression of autophagy [57,58]. In addition, a genome-wide 
association study of ageing identified a single nucleotide polymorphism (SNP) near the 
ATG4C gene as being associated with a higher risk of death, suggesting that autophagy may 
be intimately involved in the risk of heart disease in elderly patients [59]. This suggests that 
autophagy is required for normal cardiac function during ageing, and that impairment of 
autophagy in the ageing heart may contribute to cardiac disease development and 
progression. Moreover, impaired autophagy affects the UPS, as damaged or aged 
proteasomes are degraded by autophagy, contributing to senescence of the heart and 
cardiac disease onset [48]. In recent years, the role of mitophagy in ageing has attracted 
attention. Mitochondrial dysfunction is a hallmark of ageing [60]. An experimental study in 
Caenorhabditis elegans revealed that mitochondria accumulate with age, which was 
related to a decrease in clearance of damaged mitochondria via mitophagy [61]. In aged 
mice, the induction of mitophagy was found to improve overall mitochondrial function and 
prevent arterial wall stiffness [62].  



Chapter 2 

34 

 

3.2. Cardiomyopathy 

3.2.1. Inherited cardiomyopathy 

Inherited cardiomyopathies are characterized by mutations in genes encoding sarcomeric 
proteins, and are associated with high mortality and morbidity worldwide [63]. There are 
four main types of inherited cardiomyopathy: hypertrophic cardiomyopathy (HCM), dilated 
cardiomyopathy (DCM), restrictive cardiomyopathy, and arrhythmogenic right ventricular 
cardiomyopathy. Accumulating evidence indicates that alterations in autophagy are a vital 
factor in pathological development of these diseases. Defective autophagy was reported in 
HCM caused by Danon disease, Vici syndrome, or LEOPARD syndrome. These 
cardiomyopathies are related to a mutation in a gene encoding a protein involved in the 
autophagy–lysosomal pathway, leading to protein accumulation [64–66]. Significantly, 
incomplete mitophagic flux and mitochondrial dysfunction are also shown in both in vitro 
and in vivo models of Danon disease [67]. Furthermore, altered autophagy was also found 
in HCM directly caused by mutations in MYBPC3, the most frequently mutated gene in HCM 
[68]. Moreover, data shows that autophagy was impaired in a MYBPC3-targeted knock-in 
mouse model, and that activation of autophagy ameliorated the cardiac disease phenotype 
in this mouse model [68]. Recently, it was shown that Vps34, an important autophagy 
regulator, was decreased in the myocardium of HCM patients, and muscle-specific deletion 
of Vps34 resulted in an HCM-like phenotype and sudden death in a mouse model [36]. 
Furthermore, deletion of Vps34 impaired autophagy in cardiomyocytes, as indicated by αB-
crystallin-positive aggregates in mice with HCM-like abnormalities [36]. Interestingly, 
autophagy flux was also impaired in DCM caused by a Pleckstrin homology domain-
containing protein (PLEKHM2) mutation [69]. Autophagic vacuoles in cardiomyocytes are 
associated with an improved heart failure prognosis in patients with DCM, suggesting that 
autophagy may play a role in the prevention of myocardial degeneration [70]. Autophagic 
vacuolization in DCM has also been reported for mutations in novel α-actinin 2 (ACTN2), 
MYBPC3 and nebulette (NEBL) [71–73]. This observation suggests that the accumulation of 
autophagic vacuoles implies cardiomyocyte stress. However, the interpretation of vacuole 
accumulation remains unclear, since it could reflect an increase in autophagic activity or an 
impairment of autophagosome–lysosome fusion [74]. So far, inherited cardiomyopathies 
are associated with impairment of autophagy, and activation of autophagy ameliorates 
cardiac dysfunction. 

3.2.2. Diabetic cardiomyopathy 

Diabetic cardiomyopathy is characterized by ventricular dysfunction that increases the risk 
of heart failure and mortality in diabetic patients, independent of vascular pathology [75]. 
There is a strong indication that autophagy is involved in the pathophysiology of diabetic 
cardiomyopathy, however, the exact role of autophagy in diabetic cardiomyopathy remains 
controversial [29,76,77]. It has been reported that autophagic adaptations in diabetic 
cardiomyopathy differ between type 1 and type 2 diabetes [76]. Moreover, autophagy in 
the heart is enhanced in type 1 diabetes, but is suppressed in type 2 diabetes. Cardiac 
damage in the streptozotocin (STZ)-induced and OVE26 type 1 diabetic heart is ameliorated 
in Beclin1- or ATG16-deficient mice [78]. In high fat diet (HFD)-induced diabetic 
cardiomyopathy, increased mTORC1 activity contributes to the development of diabetic 
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cardiomyopathy, and mTORC1 inhibition prevents the development of HFD-induced 
diabetic cardiomyopathy by improving hepatic insulin sensitivity in obesity [79]. 
Conversely, two studies show that autophagy is suppressed in the hearts of STZ-induced 
diabetic mice and OVE26 type 1 diabetic model mice [29,78]. One study from Xie et al. 
reports that suppressed autophagy in hearts of STZ-treated mice and OVE26 type 1 diabetic 
mice improves cardiac function by reducing AMPK activity [29]. Another study, from Xu et 
al., shows that diminished autophagy in the same models is an adaptive response, one that 
limits cardiac dysfunction in the type 1 diabetic heart by increasing mTORC1 activity [78]. 
Therefore, further research is needed to determine whether autophagy is beneficial or 
detrimental in diabetes. Interestingly, exercise has beneficial effects on human health, 
including protection against metabolic disorders such as obesity and diabetes [80]. BCL2 is 
a crucial regulator of exercise-induced autophagy in vivo, and autophagy induction may 
contribute to the improved metabolic effects of exercise, indicating that exercise has 
potential beneficial effects on diabetic cardiomyopathy [81].  

3.3. Ischemic heart disease 

3.3.1. Atherosclerosis 

Atherosclerosis is a progressive and complex disease that causes the buildup of plaque 
inside the walls of arteries. Due to technical limitations, investigation on the role of 
autophagy in plaque formation has not yet reached clear answers. Based on existing 
evidence, triglycerides or other dietary lipids are degraded via autophagy to provide free 
fatty acid substrates under physiological conditions [82]. However, in the heart, our 
understanding of the lipid-induced regulation of autophagy is still emerging. In vitro studies 
in H9C2 cardiomyocytes recapitulate some of the in vivo findings on lipid overload-induced 
cardiac autophagy [83]. Other studies showed that, in human endothelial cells, oxidized 
LDLs (OxLDLs) trigger the activation of autophagy by upregulating Beclin1 expression, 
which contributes to phagocytosis of OxLDLs exposed cells [84]. In an ApoE−/− mice study, 
the importance of autophagy in atherosclerosis progression was further demonstrated by 
utilizing specific smooth muscle cells (SMCs) containing a deletion in ATG7. These SMCs 
exhibited accelerated atherosclerotic plaque development after 10 weeks of high fat diet 
[85]. Interestingly, it has been recently reported that PINK1 or Parkin knockdown increases 
the cytotoxic response of human vascular SMCs exposed to OxLDL, whereas PINK1 or 
Parkin overexpression has cytoprotective effects, suggesting that mitophagy plays a critical 
role in modulating vascular SMCs fate, whether by favoring cell survival or by enhancing 
apoptosis [86]. Furthermore, in a macrophage-specific ATG5 knockout mice model, the 
study shows that autophagy becomes dysfunctional in atherosclerosis, and its deficiency 
promotes atherosclerosis in part through inflammasome hyperactivation [87]. However, 
the relevance of beneficial effects of autophagy in the early stages of atherosclerosis, and 
the detrimental effects of autophagy observed in the late stages of mouse atherosclerotic 
plaque formation, remains to be further demonstrated in human clinical samples. 

3.3.2. Myocardial infarction 

Myocardial infarction (MI), one of the major contributors of morbidity and mortality in 
patients with coronary heart diseases (CHD) worldwide, is the irreversible death of cardiac 
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muscle following a prolonged lack of oxygen supply (ischemia) [88]. In experimental cell 
models of hypoxia or starvation, the limitation in the availability of oxygen or nutrients in 
cardiomyocytes is a powerful activator of autophagy via HIF1-α and AMPK, respectively 
[30,89]. During an ischemic event in MI, limitations in the availability of both oxygen and 
nutrients are found to activate autophagy [90,91]. Inhibition of autophagy during ischemia 
leads to activation of the cell death program, suggesting that autophagy plays a cardio-
protective role during ischemia. However, heart reperfusion after ischemia restores oxygen 
and nutrients to the injured tissue, but triggers a complex cascade of events and a second 
wave of injury [92]. The role for autophagy during reperfusion remains to be clarified, since 
it has not been thoroughly established whether autophagic flux is also increased during 
reperfusion [93]. Inhibition of autophagy significantly decreases infarct size and improves 
cardiac functions after ischemia/reperfusion (I/R)-induced myocardial injury in an I/R 
mouse model [58]. However, autophagic induction was detrimental for an infarcted heart 
during reperfusion, and its attenuation in Beclin1+/− mice decreased in the infarcted area 
after I/R [90]. Since myocardial reperfusion is accompanied by an increase in ROS that 
triggers the upregulation of Beclin1 [94,95], which in turn has been associated with the 
onset of maladaptive autophagy in the heart [90,96], autophagy may be a double-edged 
sword in myocardial I/R injury. Interestingly, progressive reduction in cardiomyocyte 
autophagy in the remote non-infarcted myocardium was associated with myocardial 
oxidative stress and left ventricular remodeling after MI. Antioxidants prevented the 
reduction in cardiomyocyte autophagy after MI, suggesting that oxidative stress mediates 
reduction in cardiomyocyte autophagy that contributes to post-MI remodeling [97]. In 
addition, selective elimination of damaged mitochondria by mitophagy is predicted to 
protect cardiomyocytes during reperfusion. Consistent with this, loss of Pink1 has been 
reported to increase the infarct size after I/R [98]. Furthermore, Parkin-/- mice had reduced 
survival and developed larger infarcts when compared with wild type mice after MI, and 
Parkin-/- cardiomyocytes had reduced mitophagy and dysfunctional mitochondria after 
infarction. Overexpression of Parkin in isolated cardiomyocytes also protected against 
hypoxia-mediated cell death, suggesting that Parkin plays a critical role in adapting to stress 
in the myocardium by promoting removal of damaged mitochondria [99].  

3.4. Atrial fibrillation 

Atrial fibrillation (AF) is the most common progressive cardiac rhythm disorder, and is 
associated with substantial morbidity and mortality. It has been recognized that AF 
persistence is rooted in the presence of proteostasis derailment in the cardiomyocyte 
[100]. Recently, studies revealed a crucial role of autophagy in proteostasis derailment 
contributing to AF progression. We observed that autophagy is induced upon endoplasmic 
reticulum (ER) stress, and is associated with cardiomyocyte remodeling in experimental 
and human AF. Inhibition of ER stress was shown to attenuate autophagy and to protect 
against cardiac remodeling in in vitro and in vivo models of AF [101]. In addition, a study 
reported that AMPK-dependent autophagy occurred in atrial cardiomyocytes after rapid 
atrial pacing of dogs and in persistent AF patients, indicating that activation of AMPK and 
downstream autophagy may also be a novel mechanistic contributor to AF [102]. Ca2+ 
deregulation is a critical hallmark of cardiac arrhythmias and dysfunction of the regulatory 
proteins involved in Ca2+ homeostasis, including ryanodine receptor type 2 (RyR2), IP3R, 
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and CAMKII, which may lead to the development of AF. CAMKII activation and Ca2+ release 
from the ER can activate autophagic pathways, indicating that both of them can modulate 
autophagy activation in cardiomyocytes [37]. Induction of autophagy has been observed in 
atrial cardiomyocytes in AF patients with severe mitral and tricuspid regurgitation, and is 
closely associated with the degradation of sarcomeric structures (myolysis) in this disease 
[54]. Autophagic flux and ATG7 protein levels were markedly increased in atria of persistent 
AF patients and a rabbit model of rapid atrial pacing [103]. So far, studies addressing the 
role of mitophagy during AF are lacking. In addition, recent evidence also showed that 
impaired cardiac autophagy is present in patients developing postoperative atrial 
fibrillation (POAF) after coronary artery bypass surgery [104]. Taken together, the findings 
in experimental AF models and clinical AF indicate that excessive activation of autophagy 
may result in cardiomyocyte impairment and myolysis. 

3.5. Heart failure 

Heart failure (HF) is a clinical syndrome caused by structural and functional defects in the 
myocardium, resulting in impairment of ventricular filling and reduction in the ejection 
fraction [105]. The first stage of HF exists as compensatory left ventricular hypertrophy, 
which develops to chronic HF. Autophagy has been recognized to play a role in the 
pathophysiology of HF. In the heart subjected to thoracic transverse aortic constriction 
(TAC), an experimental model of HF, autophagy is initially suppressed in hypertrophied 
hearts. During development of chronic HF, autophagy becomes activated through the 
upregulation of Beclin1 [96,106]. Initially, activation of autophagy prevents TAC-induced 
ventricular hypertrophy by increasing protein degradation, thereby improving ventricular 
function [107,108]. The study shows that the protein level of PINK1 is decreased after TAC. 
In line, PINK1-deficient mice develop age-dependent hypertrophy and cardiac dysfunction 
accompanied by mitochondrial dysfunction, even without pressure overload, and 
consequently suppression of mitophagy resulting in impaired heart function [109]. 
However, excessive autophagy induction in a failing heart leads to autophagic cell death 
and loss of cardiomyocytes in ischemic cardiomyopathy (ICM) or HF, suggesting that the 
level and duration of autophagy determines whether autophagy is protective or 
detrimental in HF [110–113].  
To summarize, autophagy has distinct roles in various cardiac diseases. Whether it is 
beneficial or detrimental depends on the underlying pathological condition of cardiac 
disease. Excessive activation of autophagy, as observed in HF and AF, promotes 
degradation of contractile protein in the cardiomyocytes, contributing to cardiomyocyte 
damage and autophagic cell death. In case of cardiomyopathy, caused by expression of a 
mutant protein, autophagy leads to removal of misfolded proteins, thereby contributing to 
cardiomyocyte function. 

4. Autophagy as potentially therapeutic target in cardiac disease 

As mentioned above, autophagy shows distinct roles in different pathological conditions in 
the heart. Therefore, in the following section we will discuss potential pharmacological 
modulators of autophagy for the treatment of specific cardiac pathological conditions 
(Table 2). 
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Table 2. Pharmacological targeting of autophagy in cardiac ageing and disease. 

Condition Autophagy Drug Regulator 

Cardiac ageing  

Caloric restriction Sirt1, AMPK, mTOR 

modulation 

Resveratrol Sirt1 activation 

Metformin AMPK activation 

Rapamycin mTOR suppression 

Spermidine Autophagy activation 

Hypertrophic 

cardiomyopathy 
 

Rapamycin mTOR suppression 

Caloric restriction Sirt1, AMPK, mTOR 

modulation 

Myocardial infarction-

Ischemia 
 

Trehalose Autophagy activation 

Antihypertensive drugs 

Cloramphenicol, 

Sulfaphenazole 

Myocardial infarction-

Reperfusion 
 

Urocortin Beclin1 suppression 

Cloroquine Lysosomal enzyme 

suppression 

Propofol Beclin1 suppression, 

mTOR activation 

Atrial fibrillation-

Persistent 
 

Ca2+ channel blockers Decrease intracellular Ca2+ 

levels 

Antiarrhythmic drugs 

4-phenyl butyrate ER stress suppression 

Heart failure‐ 

Hypertrophic Stage 
 

Rapamycin mTOR suppression 

Metformin AMPK activation 

AICAR 

Heart failure-Chronic  Urocortin Beclin1 suppression 
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Cloroquine Lysosomal enzyme 

suppression 

4.1. Therapeutic modulation of autophagy during ageing. 

As mentioned before, autophagy is intimately involved in the regulation of lifespan and 
ageing [114]. Autophagy is downregulated in the heart with age, and thereby contributes 
to development of cardiac disease. Therefore, activation of autophagy may be used to 
delay ageing of the heart and thereby attenuate cardiac disease development. Lifestyle 
change by caloric restriction (CR) has been shown to extend lifespan and reduce age-
related cardiac pathologies by stimulating autophagy [115–117]. Interestingly, 
accumulating evidence also shows that the major effect of CR on autophagy is the 
modulation of multiple upstream regulators of autophagy, including sirt1, AMPK, and 
mTOR. CR increases the expression and activity level of sirt1, and pharmacological 
activation of sirt1 by resveratrol mimics important outcomes of CR, including the reduction 
of age-related cardiac dysfunction [118,119]. The AMPK activator metformin has been 
shown to attenuate cardiomyocyte contractile defects in an ageing-induced myocardial 
contractile dysfunction model [120,121]. Direct suppression of mTOR via administration of 
rapamycin inhibits the adverse effects of ageing, increases lifespan, and promotes 
autophagy in the heart as well as in many other cell types and organs, even when 
autophagy was suppressed by ageing [122,123]. Supplementation with spermidine, a 
natural polyamine, has shown cardiac protective effects and lifespan extension by 
enhancing autophagy in ageing-related skeletal muscle atrophy in young and old mice 
[124,125]. 

4.2. Pharmacological modulation of autophagy in inherited cardiomyopathy 

Studies show that autophagy is impaired in HCM and DCM. In mice with HCM caused by 
aggregation of the αB-crystallin mutant, ATG7-dependent activation of autophagy reduces 
accumulation of amyloid oligomers in cardiomyocytes [96]. Moreover, inhibition of 
autophagy through beclin1 knockout accelerates ventricular dysfunction in the αB-
crystallin mutant mice, suggesting that stimulation of autophagy may improve cardiac 
function and reduce ventricular remodeling [126,127]. Rapamycin treatment and CR both 
activate autophagy and improve the HCM phenotype in a mouse model of HCM, indicating 
that it is of interest to test whether mTOR inhibitors and AMPK modulators protect against 
cardiac remodeling and ventricular dysfunction in the heart with early stage HCM or DCM 
by stimulating autophagy [68]. However, it should be noted that excessive activation of 
autophagy is not beneficial, as observed in end-stage HCM and DCM patients [128,129]. 

4.3. Pharmacological modulation of autophagy in MI 

It has been recognized that cardiac autophagy is involved in the pathological process of MI. 
As we mentioned above, activation of autophagy may be protective in the heart during 
ischemia.  Trehalose, a natural and non-reducing disaccharide, attenuates cardiomyocyte 
death by activating autophagy during glucose deprivation in a model mimicking ischemia 
[130]. Similarly, trehalose administration improves cardiac remodeling after MI through 
the activation of autophagy in the mouse heart [131]. These studies suggest that trehalose 
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may also be considered as an alternative autophagy inducer for the treatment of cardiac 
ischemic injury. Interestingly, antihypertensive drugs, including propranolol, verapamil, 
nicardipine, and nimodipine, not only ameliorate ischemic tolerance and reduce blood 
pressure, but also stimulate cardiomyocyte autophagy, suggesting that administration of 
these drugs can provide additional cardioprotection during ischemia [74,132]. During 
reperfusion, urocortin, an endogenous cardiac peptide, inhibits autophagy by decreasing 
Beclin1 expression, indicating administration of urocortin as an interesting treatment 
option [133,134]. In addition, administration of chloroquine, a strong inhibitor of 
autophagic flux, is indicated to delay autophagy-induced degradation of proteins, such as 
catalases, that are essential for the myocardial response to reperfusion injury [135]. 
Propofol, a common drug used for induction of anesthesia, has both antioxidant and 
autophagy inhibiting properties, and limits myocardial damage during reperfusion injury. 
Notably, propofol inhibits autophagy through inhibition of Beclin1 and activation of mTOR 
[136]. Interestingly, two antimicrobial agents, chloramphenicol and sulfaphenazole, have 
recently been shown to activate autophagy and reduce myocardial damage during IR 
[137,138]. 

4.4. Pharmacological modulation of autophagy in AF 

There are strong indications that alterations of autophagy contribute to AF pathogenesis. 
Therefore, pharmacological modulation of autophagy may offer a novel and promising 
strategy to prevent or treat AF. We found that blocking of ER stress-associated autophagy 
by the chemical chaperone 4-phenyl butyrate prevents downstream autophagy activation 
and contractile dysfunction in in vitro and in vivo models of AF, suggesting 4-phenyl 
butyrate as a potential drug for the treatment of AF [101]. Accordingly, Ca2+-channel 
blockers and antiarrhythmic drugs in the clinic, such as verapamil, nimodipine, 
nitrendipine, niguldipine, and pimozide, may modulate autophagy by decreasing 
intracellular Ca2+ levels [132]. In addition, ageing is an important risk factor for the 
development of AF. Therefore, the discussed therapies to attenuate cardiac ageing, such 
as CR, may have beneficial effects in the prevention of risk factors which underlie AF 
development. 

4.5. Pharmacological modulation of autophagy in heart failure 

Activation of autophagy during compensated hypertrophy in response to moderate 
pressure overload was found to reveal protective effects against further development of 
HF. Studies show that a low-dose of rapamycin administration or AMPK activators, 
including metformin and 5-aminoimidazole 1 carboxamide ribonucleoside (AICAR), 
improve cardiac function, reduce cardiac hypertrophy, and delay the onset of HF during 
pressure overload [108,139,140]. In addition, metformin, a glucose-lowering agent, is 
prescribed to patients with diabetes who display impaired cardiac activity of AMPK [141]. 
In contrast, autophagy suppression was found to be beneficial in the presence of severe 
pressure overload and in end-stage failing hearts. Urocortin, a protein that belongs to the 
family of corticotropin-releasing factors, was shown to inhibit Beclin1 and autophagy, and 
thus could be a valid therapeutic option [134]. In addition, excessive autophagy in HF may 
trigger cell death through massive depletion of essential proteins and organelles, 
suggesting that lysosomal enzyme inhibitors, such as chloroquine, could be appropriately 
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used in this condition to delay autophagy-induced protein degradation and to reduce cell 
death [142].  
To summarize, converse roles for pharmacological modulators of autophagy in the 
treatment of cardiac diseases in experimental models have been observed. Dependent on 
the mechanisms driving the pathological condition in various cardiac diseases, an inhibitor 
or an activator of autophagy is the treatment of choice.  

5. Conclusions 

Maintaining proteostasis through autophagy is critical and essential in cardiac health. 
Autophagy is altered under different pathological conditions, resulting in an imbalance in 
protein degradation and/or impaired handling of misfolded/damaged proteins, which is 
often associated with cardiac disease. Autophagy is a so-called double-edged sword, where 
autophagic activation is a friend in some cardiac diseases, but a foe in others. 
Pharmacological modulation of autophagy offers a novel and promising strategy for 
treating cardiac diseases, including AF. However, there are several factors to consider when 
choosing the pharmacological modulator of autophagy. Firstly, autophagy has distinct roles 
in cardiac diseases, therefore, activators or inhibitors of autophagy should be chosen based 
on the mechanisms involved in the pathology of the cardiac disease. Secondly, excessive 
activation or complete inhibition of autophagy are both detrimental in cardiac disease 
development. Thirdly, it should be noted that, although several autophagy modulators are 
marketed, the efficacy of pharmacological modulation of autophagy in cardiac diseases is 
based exclusively on findings from experimental model systems. It is recommended that 
some exciting preclinical results be translated to human clinical trials. 
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ABSTRACT 

Perpetuation of atrial fibrillation (AF) is caused by electropathology, which is defined as 
impairment of electrical activation caused by structural and metabolic remodeling of 
cardiomyocytes. We previously dissected the molecular mechanisms underlying 
electropathology and identified an important role for histone deacetylases (HDACs). HDACs 
catalyze the removal of acetyl-groups from lysine residues within nucleosomal histone tails 
and many non-histone proteins. Various HDAC inhibitors are efficacious in attenuating 
electropathology, and improve contractile function in experimental AF. Emerging evidence 
reveals novel mechanisms by which HDAC inhibitors prevent cardiac electropathology and 
thereby benefit the heart during AF. These mechanisms include post-translational 
modification of contractile and structural proteins and changes in gene expression. In this 
review paper, we summarize recent findings on novel functions of zinc-dependent HDACs 
in electropathology and discuss the potential for pharmacological HDAC inhibition as a 
strategy to treat AF.  

Keywords: atrial fibrillation; HDACs; electropathology; microtubule; structural remodeling; 
cytoskeleton 
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1. Introduction 

Atrial fibrillation (AF) is the most common progressive cardiac rhythm disorder. Studies 
have revealed an AF prevalence of approximately 3% in adults aged 20 years or older, with 
greater prevalence in patients with risk factors, including old age, hypertension, obesity, 
diabetes mellitus, valvular heart disease, or heart failure, especially heart failure with 
preserved ejection fraction (HFpEF) [1]. One third of AF patients are hospitalized each year 
with an annual cost of 13 billion euros in the European Union [1].  Due to the ageing 
population, these costs will increase dramatically unless AF is prevented and treated in a 
timely and effective manner. Present drug therapy for AF has moderate efficacy and 
important limitations, particularly due to proarrhythmic events (antiarrhythmic drugs) and 
bleeding complications (anticoagulants). Ablation procedures have emerged as efficient 
therapeutic options, but they are only efficient in the treatment of trigger-driven AF and 
thus cannot be applied to the majority of AF patients who suffer from substrate-mediated 
AF [2, 3]. In the latter group, AF perpetuation is caused by electropathology, which is 
defined as impairment of electrical activation caused by  structural and metabolic 
remodeling of cardiomyocytes that underlies AF progression [2-5] (Figure. 1). Therefore, a 
clear and unmet need exists for a better understanding of mechanisms underlying 
electropathology and AF development, in order to identify novel mechanism-based 
treatment approaches. Importantly, histone deacetylases (HDACs) have recently been 
shown to play a vital role in AF electropathology by regulating both gene transcription in 
the nucleus and post-translational modification of structural and contractile proteins in the 
cytoplasm [6-8]. Importantly, small molecule inhibitors of zinc-dependent HDACs are 
efficacious in attenuating electropathology caused either by risk factors of AF or AF itself, 
and also improve contractile function in multiple pre-clinical cardiac disease models, 
implying a broad therapeutic aplicability of HDAC inhibitors [6, 7, 9-16]. 
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Figure 1. AF is driven by electropathology. Electropathology refers to impairment of 
electrical activation caused by structural and metabolic remodeling of atrial 
cardiomyocytes that underlies AF progression. a) A schematic overview showing gradual 
increase in electropathology from paroxysmal, persistent to long-standing (LS) persistent 
AF. The mapping area, activated by each individual fibrillation, is represented by a color; 
every color indicates the moment of entrance in the mapping area (from red to purple); 
the arrows indicate the main trajectory of the fibrillation wave (black: peripheral fibrillation 
wave, white epicardial breakthrough wave). During paroxysmal AF, there are a fewer 
number of fibrillation waves and the patterns of activation are less complex, compared to 
persistent AF. In addition, ‘focal fibrillation waves’ occur more frequently during persistent 
AF [4, 5]. During the progression of AF, the structural and metabolic remodeling 
accumulates resulting in a gradual increase in chaotic electrical activation patterns of atrial 
tissue. The black curvy line indicates gradual substrateincrease with small fluctuations. b) 
Representative structural remodeling of microtubules (MT) and metabolic remodeling of 
mitochondria (Mito) in persistent AF compared with normal sinus rhythm. 

HDACs catalyze removal of acetyl groups from lysine residues in numerous proteins. HDACs 
have mainly been studied in the context of regulation of chromatin structure, where they 
deacetylate nucleosomal histone tails and alter the electrostatic properties of chromatins 
in a manner that represses or promotes gene expression [7, 17]. In addition, HDACs have 
many non-histone substrates, as proteomic studies have revealed that thousands of 
proteins undergo reversible lysine (de)acetylation [18]. Proteins that undergo 
(de)acetylation in the heart include cytoskeletal proteins within microtubules and cortical 
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microfilaments, contractile proteins within the myofibrils, Ca2+-handling proteins, 
ryanodine receptor 2 (RyR2) and sarco/endoplasmic reticulum Ca2+ ATPase (SERCA2), and 
metabolism-regulating proteins, indicating that HDACs regulate calcium handling and 
contractile function of the heart [8, 19, 20]. So far, 18 mammalian HDACs have been 
described and they are clustered into four classes: class I HDACs (1, 2, 3 and 8), class II 
HDACs (4, 5, 6, 7, 9 and 10), class III HDACs (Sirtuin 1-7) and class IV (HDAC11) [4]. Class II 
HDACs are further separated into two subclasses, IIa (HDACs 4, 5, 7 and 9) and IIb (HDACs 
6 and 10). Class I, II and IV HDACs are zinc-dependent enzymes, namely classical HDACs 
(Figure. 2), while class III HDACs, which are also known as Sirtuins, are NAD+ dependent 
enzymes [6, 17]. In this review we focus on classical zinc-depend HDACs, as small molecule 
inhibitors of zinc-dependent HDACs are efficacious in attenuating electropathology in AF 
and improve contractile function in multiple pre-clinical cardiac disease models. 
Furthermore, we discuss two mechanisms by which HDACs contribute to electropathology: 
1) rapid induction of post-translational modification via deacetylation of structural and 
contractile proteins and 2) regulation of gene expression as a long-term response. Both 
mechanisms may precipitate the onset and contribute to progression of cardiac diseases, 
especially AF (Figure. 3). Finally, we discuss the therapeutic potential of HDAC inhibition in 
AF.  

 

Figure 2. Overview of the classical zinc-dependent HDAC superfamily. The 
classical HDAC family consists of members of the class I, IIa, IIb, and IV HDACs. 
Rectangles indicate the conserved HDAC catalytic domain. Numbers following the 
HDAC domain indicate the number of amino acids in human. MEF2-binding sites 
and binding sites for the 14-3-3 chaperone protein sites are marked. S represents 
the serine residue which can be phosphorylated by kinases. Among the zinc-
dependent HDACs, HDAC6 is a unique HDAC, as it contains two catalytic domains, 
the N terminal domain is named tubulin deacetylase (TDAC) and targets α-tubulin 
in the cytoplasm [21]. It also contains a zinc-finger ubiquitin-specific protease (ZnF-
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UBP) domain, which can bind to ubiquitin and plays an important role in 
autophagy.  
 

 

Figure 3. HDACs are involved in electropathology which underlies AF onset and 
progression. Risk factors for AF, such as hypertension [22, 23], heart failure 
(especially HFpEF) [24-26], ischemia and inflammation [24], obesity and diabetes 
[27-29], cause cardiac stress resulting in HDAC activation. By targeting contractile 
and structural proteins in the cytoplasm or transcription factors (TFs) in the 
nucleus, HDACs initiate rapid post-translational modifications (PTM) or long-term 
transcriptional reprogramming, eventually leading to electropathology which 
underlies AF onset and progression. The HDAC-induced electropathology includes 
structural changes such as fibrosis, myolysis, cardiomyocyte dedifferentiation and 
hypertrophy, dilation of atria and metabolic changes. These changes underlie 
impaired electrical activation patterns as observed in AF, such as conduction block, 
changes in ion currents, action potential duration (APD) and effective refractory 
period (ERP).  

2. Direct effect of HDACs on contractile function by deacetylating cytoskeletal and 
contractile proteins 
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2.1 Cytoskeletal and contractile proteins within the heart 

Table 1. Cytoskeletal and contractile filaments in the heart. 

Type Filament Major 

components 

Main functions 

Contractile filaments Thin filaments Actin 

Tropomyosin 

Troponin C/I/T 

Sarcomeric contraction 

through interaction with 

myosin and modulation of 

actin-myosin interaction 

Thick filaments Myosin Sarcomeric contraction 

through interaction with 

actin 

Cytoskeletal 

filaments 

Cortical F-actin 

filament  

 

Actin  

Cortactin 

CapZ 

Maintaining cell shape, 

provide linkage to the cell 

surface, organize cell 

contents, intracellular 

transport 

Intermediate 

filament 

Desmin Maintains cell shape, provide 

linkages to the cell surface 

Microtubules α- and β-tubulin  Intracellular transport with 

kinesin and dynein 

Cardiac muscle fibers are composed of bundles of myofilaments called myofibrils that 
contain the contractile components responsible for the conversion of chemical energy into 
mechanical energy, in order to perform work and generate force [30]. Running parallel 
along the axis of the cardiomyocyte, myofibrils are defined by a homogeneous succession 
of transverse stripes, containing repeating individual units called sarcomeres. Sarcomeres 
can be subdivided in two main components based on their specific characteristics: 1) the 
contractile filaments that govern muscle contraction and relaxation and 2) the structural 
scaffolding or cytoskeletal filament proteins. Myofilament contraction is governed by the 
thin actin and thick myosin filament proteins that interact to generate force. The 
cytoskeleton filaments, which mainly consists of cortical microfilament composed with F-
actin, the intermediate filament protein desmin, and microtubules composed of  α-tubulin 
and ß-tubulin via polymerization (Table 1 and Figure. 4) [30, 31], forms the scaffold of 
cardiomyocytes as it regulates cell shape, provides mechanical integrity and resistance, and 
stabilizes the sarcomeric proteins. Importantly, this structural framework mediates 
biomechanical and biochemical signaling, both inwards and outwards of the 
cardiomyocyte, and thereby alters gene expression, post-translational modulation and 
protein synthesis [30-32]. HDAC activation in AF disrupts this structural framework, 
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resulting in structural remodeling of the myocardium [8, 33-35]. Furthermore, structural 
remodeling impairs electrical coupling and functional recovery to sinus rhythm after 
pharmacological and electrical cardioversion.  

 

Figure 4. Schematic drawing of the major cytoskeletal and contractile proteins targeted 
by HDACs in cardiomyocytes. Contractile filaments within the myofibrils include thin 
filament composed of actin and thick filament composed of myosin. Monomer actin 
polymerizes into F-actin (filamentous) to form both thin filament in the myofibril and the 
cortical filament underneath sarcolemma. The F-actin polymerization is regulated by actin-
binding proteins CapZ and cortactin. The latter cortactin binds to Kv1.5 channel and 
thereby regulates potassium current [36]. Microtubules transport mitochondria and 
protein aggregates for clearance by autophagy with help of its motor proteins kinesin and 
dynein. Microtubules are also necessary for enhanced gap junction growth and likely 
facilitate connexin trafficking under basal conditions. Microtubules, cortactin and 
myofibrils are all substrates for HDAC-induced deacetylation, thereby resulting in 
electropathology and AF development (Table 2). ECM, extracellular matrix.  

 
Table 2. Cytoskeletal and contractile proteins targeted by HDACs in the heart. 

HDACs Targets Diseases/ 

Pathological pathways 

 Species and References 

HDAC1 Kinesin-microtubule 

complexes 

Cardiomyocyte 

autophagy 

Rat [37] 

HDAC2 Myofibril Diastolic dysfunction/ Rat [15] 



Chapter 3 

60 

 

hypertension 

HDAC3 Actin capping protein 

CapZ 

Hypertrophy Rat [38] 

HDAC4 Sarcomeric protein 

MLP 

Myofilament calcium 

sensitivity 

Mouse [19]  

HDAC6 Microtubule/α-tubulin 

Microtubule/α-tubulin 

Cortactin 

Myofibril  

Atrial fibrillation 

Desminopathy/autophagy 

K+ current/ 

proplatelet-formation 

Systolic dysfunction 

Drosophila, mouse and dog 

[8] 

Mouse[39] 

Mouse and Human[36, 40, 

41]  

Mouse [42] 

 

2.2 Effect of HDACs on cytoskeletal proteins  

The cardiac cytoskeleton mainly consists of cortical F-actin, desmin and microtubules 
(Table 1 and Figure.4) [30, 31]. Activation of HDACs contributes to electropathology, at 
least in part, by targeting the the microtubules and cortical F-actin network including actin, 
cortactin and CapZ (Table 2 and Figure. 4) [8, 36, 40, 41]. So far, it is unknown whether 
HDACs also deacetylate desmin in the heart. Microtubules are necessary for enhanced gap 
junction growth and likely facilitate connexin trafficking under basal conditions [43]. 
Microtubule dysregulation has been reported to be involved in various heart diseases [44]. 
Unlike other HDACs, HDAC6 is predominantly cytoplasmic and affects cytoskeletal 
dynamics through deacetylation of α-tubulin and cortactin [41, 45]. We recently identified 
that tachypacing increases HDAC6 expression and activity, resulting in deacetylation of α-
tubulin and AF promotion in HL-1 cardiomyocytes and dog atrial cardiomyocytes. In turn, 
deacetylated α-tubulin is susceptible to degradation by calpain, causing disruption of the 
microtubule structure and consequently contractile dysfunction [8]. Importantly, 
comparable findings were obtained in patients with persistent AF, suggesting HDAC6-
induced post-translational modification via deacetylation and degradation of α-tubulin to 
represent a common feature of remodeling in both experimental and clinical AF [8]. The 
group of Robbins found inhibition of HDAC6 to increase acetylated α-tubulin levels, 
resulting in improvement of heart function in a desmin-related cardiomyopathy mouse 
model. Here, HDAC6 inhibition resulted in increased acetylated α-tubulin levels and 
enhanced autophagy-regulated clearance of toxic protein aggregates [39]. Besides 
microtubules, cortactin, an actin-binding scaffold protein, is also a substrate of HDAC6 [41]. 
Activation of the small GTPase Rac1 contributes to pathogenesis of AF at least partially 
through the formation of stress fiber filament actin (F-actin) [46, 47]. Interestingly, in 
response to Rac1 activation, cortactin is deacetylated by HDAC6, and then translocates 
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from the cytosol to the cell periphery, where it interacts with and enhances the formation 
of F-actin  [41, 48]. Prevention of F-actin formation can protect against calcium transient 
loss in tachypaced HL-1 cardiomyocytes model for AF [47]. Therefore, HDAC6 inhibition, 
which leads to increased acetylated cortactin levels, probably prevents the formation of F-
actin and consequently protects against loss of calcium transient [47]. In addition, cortactin 
is also found to associate with Kv1.5 channels at the sarcolemma in cardiomyocytes and 
thereby regulates the ultrarapid activation of delayed rectifier potassium currents, IKur, a 
major repolarizing current in human atria [36]. These studies indicate that deacetylation of 
cortactin by HDAC6 fuels arrhythmogenesis in AF by affecting potassium current in atrial 
cardiomyocytes. Furthermore, the HDAC6-cortactin axis has recently been found to act as 
a positive regulator of human platelet formation. Here, HDAC6 inhibition and genetic 
knockdown lead to a strong decrease in human proplatelet formation [40]. Given the fact 
that stroke is an important comorbidity of AF, the inhibition of platelet formation is 
probably beneficial for AF patients [40].  

Besides the key role of HDAC6 in regulation of the cytoskeleton in the heart, class I HDACs 
have been recently found to influence actin and microtubule dynamics in the heart. 
Treatment of cultured cardiomyocytes with the class I HDAC inhibitor, MGCD0103, leads 
to dramatic induction of c-Jun amino-terminal kinase (JNK)-interacting protein-1 (JIP1) 
mRNA and protein expression. The induction of JIP1 was required to stimulate expression 
of the kinesin heavy chain family member, KIF5A, which binds to polymerized microtubule 
and thereby regulates intracellular transport of cargo such as autophagosomes [37]. These 
findings define a novel role for class I HDACs in the control of the JIP1/kinesin-microtubule 
axis in cardiomyocytes, and suggest that class I HDAC inhibitors could be used to alter 
microtubule transport in the heart. Unfortunately, this study doesn’t identify the specific 
HDAC involved in the process, but as the HDAC inhibitor used in this study is MGCD0103, 
which has highest potency for the inhibition of HDAC1 [49], HDAC1 is the most likely 
candidate to regulate this interaction between kinesin and microtubules [37]. F-actin 
dynamics are negatively regulated by the actin capping protein, which is a mushroom-like 
heterodimeric protein (α and β subunits) that binds to the barbed ends of the actin 
filaments and thereby slows down F-actin assembly [50]. In muscle cells, this complex is 
named CapZ because of its localization to the Z-disc [51]. HDAC3 directly interacts with 
CapZβ1 and myofibrils in cardiomyocytes. During cardiomyocyte hypertrophy, 
translocation of HDAC3 out of myofibrils results in CapZβ1 acetylation and consequently 
increase in CapZ dynamics and induction of cardiomyocyte hypertrophy [38].  

Taken together, HDAC6 and class I HDACs regulate the cytoskeletal dynamics in the heart 
by direct targeting of microtubules, microtubule-binding motor proteins, F-actin binding 
protein cortactin and CapZ, resulting in structural remodeling, ionic current remodeling and 
AF development.  

2.3 Effect of HDACs on contractile proteins 

Myofibrils mainly include thin filaments composed of actin, tropomyosin and troponin and 
thick filaments composed of myosin (Table 1). Interestingly, HDACs bind to myofibrils 
directly and thereby affect the contractile function of myofibril (Table 2). One example of 
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HDAC binding to myofibrils is shown in experimental HFpEF models. The group of Mckinsey 
recently discovered that a clinical-stage HDAC inhibitor, ITF2357, is efficacious in two 
distinct murine models for HFpEF. ITF2357 blocked left ventricle diastolic dysfunction due 
to aging in mice and hypertension in Dahl salt-sensitive rats. Furthermore, they found that 
the HDAC inhibitor-mediated effects were not due to lowering of blood pressure, inhibiting 
cardiac fibrosis, hypertrophy, or changes in myosin isoform expression. Instead, ITF2357 
attenuated HDAC2-induced impairment of cardiac myofibril relaxation, a previously 
unrecognized, myocyte-autonomous mechanism for diastolic dysfunction. These data 
suggest that agents such as HDAC inhibitors, which potentiate cardiac myofibril relaxation, 
and therefore hold promise for the treatment of HFpEF in humans [15].  Given the fact that 
HFpEF is usually associated with AF [25], HDACs inhibitor ITF2357 is highly interesting for 
AF patients with HFpEF.  

Class IIa HDAC4 also localizes to cardiac myofibrils, where it deacetylates muscle LIM 
protein (MLP), resulting in decreased myofilament calcium sensitivity [19]. It remains 
unclear whether MLP is a direct substrate of HDAC4 [19], as for many years it was believed 
that class IIa HDACs lack intrinsic catalytic activity, because recombinant forms fail to 
deacetylate canonical histone proteins. Instead, the catalytic activity of class IIa HDACs was 
attributed to their association with class I HDACs [52]. However, a synthetic substrate that 
is efficiently deacetylated by class IIa HDACs has been identified recently [53]. 
Nevertheless, the exact 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 also plays a role in the regulation of myofibril contraction. HDAC6 co-
precipitates with cardiac myofibrils, suggesting a possible role for HDAC6 in the control of 
myofibril protein acetylation and function [42]. Myofibrils from HDAC6-deficient mice that 
were administered with angiotensin II, exhibit a dramatic increase in calcium-activated 
force generation compared with wild type controls without blocking cardiac hypertrophy 
or fibrosis. Furthermore, various extracellular hypertension stimuli consistently increase 
HDAC6 activity in myocardium, cultured cardiomyocytes and fibroblasts, suggesting a 
unique role for HDAC6 in the regulation of myofibril contraction due to hypertension-
related AF [22]. 

Taken together, HDAC2, HDAC4 and HDAC6 directly deacetylate contractile proteins in the 
myofibrils and thereby contribute to impairment of contractile function, which underlies 
the development of cardiac diseases. Given the key role of HDAC2 in HFpEF and HDAC6 in 
hypertension, both common risk factors for AF, HDAC2 and HDAC6 may represent 
interesting therapeutic targets for the treatment of AF. 

3. Role of HDACs in electropathology by transcriptional reprogramming  
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Table 3. Overview of identified transcription factors (TFs) regulated by HDACs in diseased heart. 

HDACs Target TFs Cardiac Disease/ 

pathological pathway 

Species and 

references 

HDAC1 NF-κB  

KLF5 

YY1  

NKX 2.5 

Cardiomyopathy/Ca2+ handling 

Heart failure/lipid metabolism 

Hypertrophy 

Hypertrophy 

Mouse [54] 

Mouse [55, 56] 

Mouse [57] 

Mouse [57] 

HDAC2 YY1 

KLF4 

Hypertrophy/BNP expression 

Hypertrophy 

Rat [58]  

Rat [59]  

HDAC3 ? 

NKX 2.5 

TBX5 

PPAR-α 

Atrial fibrillation  

Hypertrophy/ion channel expression 

Cardiogenesis/dedifferentiation 

Hypertrophy/lipid metabolism 

Drosophila and 

mouse [6] 

Mouse [57] 

Mouse [60] 

Mouse and rat [61] 

HDAC4 MEF2 

FOXO 

TGF-β1 

Heart failure/hypertrophy/Ca2+ handling 

Glucose/lipid Homeostasis  

Fibrosis/myofibroblast activation 

Mouse [62] 

Drosophila [63] 

Mouse[64] 

HDAC5 MEF2 

MEF2 

YY1 

NKX 2.5[57] 

PGC-1α 

Foxo1/3 

Atrial fibrillation/dedifferentiation 

Cardiac inflammation 

Hypertrophy/dedifferentiation 

Hypertrophy/ion channel expression 

Mitochondrial biogenesis  

Glucose/lipid Homeostasis  

Drosophila and 

mouse [6] 

Mouse [65] 

Mouse [57, 66, 67]  

Mouse [57, 68] 

Mouse [69] 

Mouse [70] 
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HDAC6 TGF-β1 

TGF-β1/Gata6 

Fibrosis/myofibroblast activation 

Hypertension/ EMT/fibrosis 

Mouse [64] 

Rat [71] 

HDAC7 MEF2 Atrial fibrillation/ differentiation Mouse [6, 72] 

HDAC8 TGF-β1 Fibrosis/myofibroblast activation Mouse [64] 

HDAC9 MEF2 Hypertrophy Mouse [73, 74] 

 

Next to deacetylation of α-tubulin by HDAC6 in experimental and human AF, there is also 
evidence for transcriptional reprogramming to underlie AF susceptibility and progression 
[6, 75, 76]. Transcriptional reprogramming refers to the phenomenon of global changes in 
gene expression initiated by transcription factors [77]. During transcriptional 
reprogramming, the expression of specific genes is elevated, whereas other genes are 
repressed compared to the previous state. During cardiac transcriptional reprogramming, 
especially pathological and fetal gene expression is activated, leading to structural and 
metabolic changes, such as cardiomyocyte dedifferentiation, fibrosis, hypertrophy, atrial 
dilation, ion channel remodeling and metabolic remodeling, all of which have been 
identified as important mechanisms underlying the onset and progression of AF (Figure. 3)  
[7, 60, 78-80]. HDACs, especially class I and class IIa HDACs, play a key role in the 
transcriptional reprogramming which underlies AF onset and progression (Table 3).  

3.1 HDACs in cardiac (de)differentiation 

Research revealed that transcriptional reprogramming by activation of fetal gene 
programs, is associated with AF susceptibility and progression [80]. An example of this 
dedifferention of cardiomyocytes is the re-expression of fetal β-myosin heavy chain (β-
MHC) in cardiac tissue. The thick filament of the mammalian sarcomere consists of two 
myosin isoforms, fast-contracting α-myosin heavy chain (α-MHC) and slow-contracting β-
MHC. Cardiomyocyte stress enhances the expression of fetal β-MHC and reduces the 
expression of adult α-MHC [81]. The consequence of this shift to fetal gene expression 
includes diminished myofibrillar ATPase activity and impaired cardiomyocyte contractility 
[81, 82]. In AF patients, myolytic cardiomyocytes are in a dedifferentiated state resembling 
that of immature muscle cells. Here, β-MHC and smooth muscle α-actin (α-SMA), two 
proteins of the fetal program, are re-expressed [83]. Findings from AF patients are in line 
with findings from experimental AF models, as in both tachypaced HL-1 cardiomyocyte 
model and canine model for AF, transcriptional expression of α-MHC was decreased and β-
MHC was increased [84, 85]. Also, 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 [9]. In addition, 
persistent AF was associated with higher cardiac mRNA expression of brain natriuretic 
peptide (BNP) [10]. Collectively, these data suggest that cardiomyocyte dedifferentiation, 
caused by activation of fetal gene program, is associated with AF development.  
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Class I and IIa HDACs work cooperatively to regulate fetal gene expression in the heart [52, 
70]. During cardiac stress, posttranslational modifications, including oxidation and 
phosphorylation of class IIa HDACs, lead to their nuclear export and cytoplasmic 
accumulation and thereby precipitate de-repression of downstream gene programs [17, 
62, 86, 87]. Class I HDACs deacetylate histones and numerous transcription factors in the 
nucleus, thereby altering chromatin structure and affecting gene expression. The role of 
class I and class IIa HDACs in AF has recently been uncovered by utilizing experimental 
model systems of AF and clinical AF. Overexpression of HDAC1 and HDAC3 in tachypaced 
HL-1 cardiomyocytes has detrimental effects on contractile function. Also, HDAC3 
expression and activity levels are increased in atrial tissue from persistent AF patients 
compared to controls in sinus rhythm. In line, genetic and pharmacological inhibition of 
HDAC3 protected against tachypacing (TP)-induced contractile dysfunction in HL-1 
cardiomyocytes and Drosophila, suggesting that HDAC3 inhibition is able to attenuate AF 
remodeling. Lewandowski and colleagues discovered that HDAC3 regulates differentiation 
by interaction with TBX5 [60]. They showed that HDAC3 physically interacts with TBX5 to 
induce its deacetylation, which contributes to repression of TBX5-dependent activation of 
cardiomyocyte lineage-specific genes during early cardiogenesis, resulting in defects in 
heart development [60]. Our findings indicate a role for HDAC3 in AF, probably via changing 
the expression of ion-channels and contractile proteins, as have been observed for Class I 
HDACs [88]. However, whether HDAC3 activation contributes to AF progression via 
regulation of cardiomyocyte dedifferentiation remains to be studied. 

In contrast to the detrimental role of HDAC3 in contractile function, nuclear overexpression 
of HDAC5 and HDAC7, but not HDAC4 or HDAC9, prevented TP-induced contractile 
dysfunction in HL-1 cardiomyocytes, via binding to myocyte enhancer factor (MEF2), 
thereby attenuating fetal gene expression. Furthermore, compounds that boost HDAC5 
levels in the nucleus prevented TP-induced contractile dysfunction in both HL-1 
cardiomyocytes and Drosophila model for AF. Mechanistically, tachypacing induces HDAC5 
phosphorylation and consequently its nuclear export 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 [74, 89]. Consistently, compared to control patients in 
sinus rhythm, AF patients reveal increased HDAC5 phosphorylation levels which were 
accompanied with increased β-MHC and BNP levels [6]. In summary, class IIa HDAC5 
regulates dedifferentiation of cardiomyocytes in experimental models and clinical AF by 
targeting MEF2, resulting in fetal gene expression and possible changes of ion channel 
expression, both of which underlie AF electropathology.  

Moreover, HDAC5 regulates dedifferentiation by targeting Yin Yang 1 (YY1), an important 
transcription factor that activates or represses transcription of a variety of genes involved 
in cardiac development and differentiation. In differentiated cells, HDAC5 is present in the 
nucleus where it interacts with YY1 to repress fetal gene program. Under stress, HDAC5 
translocates to the cytoplasm leading to dedifferentiation of H9C2 cells [67]. These results 
suggest that control of YY1 function by HDAC5 is important in the maintenance of the 
cardiac differentiated phenotype. Although we found that HDAC5 translocates to the 
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cytoplasm in experimental and human AF leading to activation of fetal gene program, 
whether YY1 is involved in this process warrants further investigation.  

3.2 HDACs in cardiac fibrosis and inflammation 

An important substrate for the development of AF is the presence of fibrosis and 
inflammation in atrial tissue. Interestingly, much of the beneficial effects of HDAC inhibitors 
in models of heart failure and arrhythmia are likely due to inhibition of pathological fibrosis 
formation [16, 90], although surprisingly little is known about the anti-fibrotic mechanisms 
of HDAC inhibitors in the heart. It seems that HDAC inhibitors attenuate cardiac fibrosis by 
multiple mechanisms, including inhibition of cardiac fibroblast proliferation and/or 
migration, induction of genes that suppress extracellular matrix production from 
fibroblasts, suppression of pro-inflammatory cues for fibrosis, and blockade of the 
endothelial-to-mesenchymal transition (Endo-MT) [90].  

Previous research revealed that Endo-MT initiates a process of pathological 
dedifferentiation of vascular endothelial cells into matrix-producing mesenchymal cells 
[91]. During this process, excessive numbers of cardiac fibroblasts are produced in adult 
hearts in response to pressure overload and myocardial infarction [92-94]. Cardiac Endo-
MT is stimulated by transforming growth factor beta (TGF-β) and suppressed by bone 
morphogenic protein-7 (BMP-7) [93]. TGF-β1-mediated differentiation of fibroblasts into 
myofibroblasts is characteristically associated with the neo-expression of α-SMA, a 
cytoskeletal protein that enhances the contractile activity of myofibroblasts. Silencing of 
HDAC4, HDAC6, and HDAC8 expression impaired TGF-β1-induced α-SMA expression [64]. 
Another study showed that sodium valproate (VPA) inhibits the cardiac hypertrophy 
accompanied by fibrosis in the heart of chronic hypertensive rats by inhibiting HDAC6 and 
HDAC8. Interestingly, the expression of GATA6 and HDAC6 is upregulated in these rats, 
suggesting a role of HDAC6 in regulating fibrosis formation via enhancing GATA6 expression 
[71].  As such, future studies should address whether HDAC inhibition alters Endo-MT in 
the heart. Importantly, initiators of Endo-MT, such as TGF-β, fibrosis, and HDAC6 activation 
are all related to AF induction and progression [8, 16]. Whether Endo-MT occurs in AF and 
contributes to AF electropathology remains to be studied. 

Another pathway for induction of fibrosis is via inflammation of the heart muscle, i.e. 
inflammatory cardiomyopathy, which is associated with impaired function of the 
myocardium. It is well known that inflammatory cardiomyopathy is an important risk factor 
for AF onset and progression [95-97]. Various HDAC inhibitors have been shown to reduce 
inflammation and thereby benefit the heart. Treatment with the class I and II HDAC 
inhibitor VPA leads to a reduction in IL-1β and TNF-α expression in the left ventricle and 
suppresses M1 macrophages, a marker for early inflammation [98]. Interestingly, Adras et 
al. recently discovered that the G-protein coupled receptor mediated inflammation factor, 
prostaglandin E2, induces HDAC5 nuclear exportation, resulting in de-repression of MEF2 
and consequent fetal gene expression in rat ventricular cardiomyocytes [65], suggesting a 
key role of HDAC5-MEF2 axis in inflammatory cardiomyopathies. Consistently, we found 
boosting of nuclear HDAC5 to prevent MEF2 de-repression and thereby AF remodeling [6]. 
Given the fact that inflammation is also found in clinical AF, inflammation-induced nuclear 
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export of HDAC5 and downstream MEF2 related fetal gene expression may also be an 
important mechanism in AF electropathology. Recently, Yao et al. discovered that the 
NLRP3 inflammasome promotes AF onset and progression in animal models for AF and AF 
patients [97]. Intriguingly, an endogenous inhibitor of class I HDACs [99], the ketone 
metabolite β-hydroxybutyrate (βOHB), inhibits NLRP3 inflammasome-mediated 
inflammatory diseases [100]. So far, little is known about the role of βOHB in AF, therefore 
It is of high interest to test whether βOHB, attenuates the promotion of AF. Furthermore, 
we recently discovered PARP activation in AF leads to NAD+ depletion [101], which may 
cause the activation of NLRP3 inflammasome [102]. Besides administration of exogenous 
βOHB, fasting/calorie restriction and exercise are also strategies to increase the abundance 
of the metabolite βOHB and NAD+ [99]. Thus, in addition to pharmacological targeting of 
NLRP3, low-carbohydrate ketogenic diet and exercise, may also help to reduce the burden 
of the NLRP3-associated inflammatory pathophysiology that underlies AF onset and 
progression. Finally, Adras et al. recently discovered that the G-protein coupled receptor 
mediated inflammation factor, prostaglandin E2, induces HDAC5 nuclear exportation, 
resulting in de-repression of MEF2 and consequent fetal gene expression in rat ventricular 
cardiomyoyctes [65], suggesting a key role of HADC5-MEF2 axis in inflammatory 
cardiomyopathies. Consistently, we found boosting of nuclear HDAC5 to prevent MEF2 de-
repression and thereby AF remodeling [6]. Given the fact that inflammation is also found 
in clinical AF, inflammation-induced nuclear export of HDAC5 and downstream MEF2 
related fetal gene expression may also be an important mechanism in AF electropathology. 

3.3 HDACs in cardiac hypertrophy and heart failure 

Hypertrophy and heart failure are important risk factors for AF [103]. A key transcriptional 
mechanism by which HDACs regulate the phenotype of the heart, involves the hypertrophic 
transcription factor MEF2 [62, 73, 74]. In pathological cardiac remodeling during 
hypertrophy and heart failure, MEF2 may serve as a platform where histone 
acetyltransferases (HATs) and HDACs converge as positive and negative regulators of 
pathologic cardiac gene expression. Despite high levels of MEF2 expression in the heart, 
MEF2-induced protein expression displays only basal levels of transcriptional activity in 
adult myocardium [104]. Hypertrophic agonists or biomechanical stress result in the 
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 [89]. Another transcription factor regulated by HDACs in 
hypertrophy is krüppel-like factor 4 (KLF4) [59]. KLF4 overexpression blocks cardiac 
hypertrophy in cultured cells and KLF4 knockout mice develop exaggerated cardiac 
hypertrophy and fibrosis in response to pressure overload [59, 103]. 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 
cardiomyocytes [59]. 

YY1 is also a key transcription factor regulated by HDACs in hypertrophy. During 
hypertrophy, YY1 is acetylated in cardiomyocytes, and its deacetylation by HDAC2 
enhances gene transcription of BNP [58], which is a hallmark cardiac hypertrophy and heart 
failure  [106]. Treatment with the class I and class II HDAC inhibitor, trichostatin A (TSA), 
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disrupts YY1-HDAC2 complexes and suppresses BNP expression [58]. Next to HDAC2, 
HDAC5 also interacts with YY1, which is required for the repression of the activity of YY1 in 
cardiac gene promoters, such as the promoter of BNP as described above [57, 66, 67]. 
Specifically, HDAC5 is required for the interaction of the HDAC1, HDAC2 and the scaffold 
protein SIN3A as co-repressor complex with the YY1 transcription factors and which binds 
to the BNP gene promoter and thereby inhibits BNP expression [57]. Similar with HDAC5, 
an acute increase of cardiac preload in murine hearts induced nuclear export of HDAC4, 
resulting in increased ANP and BNP expression [106]. The important role of HDACs in heart 
failure and hypertrophy warrants the exploration of the involvement of these transcription 
factors, such as YY1 and KLF4, in AF-related electropathology and disease progression. 

3.4 HDACs in regulation of ion channels  

Various studies revealed a role for changes in ion channel expression in AF 
electropathology. Reductions in L-type calcium channel and dysregulated sodium and 
potassium channels are considered to underlie changes in APD and ERP and thereby 
contribute to AF progression [107]. So far, the exact role of HDACs in ion channel expression 
has not been elucidated. However, several studies describe involvement of HDAC in the 
regulation of sodium-calcium exchanger (NCX), which is considered one of the most 
important cellular mechanisms for removing Ca2+ out of the cardiomyocytes. The NCX1 
gene expression is regulated by NKX2.5, a transcription factor that is involved in cardiac 
development and ion channel expression. NKX2.5 recruits HDAC5 to the NCX gene 
promoter, where HDAC5 complexes with the HDAC1/HDAC3/SIN3A co-repressor complex 
[57, 68]. Chandrasekaran et al. demonstrated that acetylation of NKX2.5 induces its 
association with HDAC5, whereas deacetylated NKX2.5 is in a complex with p300. Inhibiting 
HDAC5/HDAC1/HDAC3/SIN3A co-repressor complexes by treatment with HDAC inhibitor 
TSA, keeps NKX2.5 acetylated, and thereby prevents p300 from being recruited to the 
endogenous NCX1 promoter, resulting in the repression of the NCX1 gene [68]. Besides the 
role of HDACs in transcriptional regulation of ion channel genes, the research group of 
Backs recently identified a new regulatory axis in which HDAC4 mediates epigenetic 
regulation of a metabolic pathway which affects Ca2+ handling in cardiomyocytes [62]. It 
was found that the N-terminal part of HDAC4 (HDAC4-NT) inhibits the activity of MEF2 
resulting in decreased expression of NR4A1 gene, which encodes a nuclear orphan 
receptor. Decreased NR4A1 expression suppresses the hexamine biosynthetic pathway, a 
metabolic pathway involved in Ca2+ handling and contractile function in cardiomyocytes 
[62]. Although AF induces metabolic remodeling in cardiomyocytes, the role of the HDAC4-
NT-Ca2+ handing axis has not been studied yet.  

3.5 HDACs in metabolic remodeling 

Metabolic remodeling is associated with various heart diseases including AF. HDAC1, 
HDAC3 and HDAC5 have been shown to be key modulators of cardiac metabolic 
remodeling. HDAC1 regulates fatty acid metabolism via interaction with krüppel-like factor 
(KLF5), a transcriptional regulator of peroxisome proliferator-activated receptor alpha 
(PPAR-α) and cardiac energetics. KLF5 gene knockout mice, show reduced expression of 
cardiac PPAR-α and its downstream fatty acid metabolism-related targets. These changes 
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were associated with reduced cardiac fatty acid oxidation, ATP levels, increased triglyceride 
accumulation, and cardiac dysfunction [56]. KLF5 is negatively regulated by HDAC1 through 
direct interaction. Overexpression of HDAC1 suppressed KLF5-dependent activation of its 
endogenous downstream fatty acid metabolism-related genes [55].  

HDAC3 also plays key role in regulation of cardiac lipid metabolism. Mouse with a cardiac-
specific deletion of the HDAC3 gene showed upregulation of genes associated with fatty 
acid uptake, fatty acid oxidation, and electron transport/oxidative phosphorylation, 
accompanied by fatty acid-induced myocardial lipid accumulation and elevated triglyceride 
levels [61]. These abnormalities in cardiac metabolism can be attributed to excessive 
activity of the nuclear receptor PPAR-α. The phenotype associated with cardiac-specific 
HDAC3 gene deletion differs from that of deletion of other HDAC genes, indicating a unique 
role for HDAC3 in maintenance of cardiac function and regulation of myocardial energy 
metabolism [61]. Recent observations in tachypaced HL-1 cardiomyocytes and clinical AF 
showed that HDAC3 activation is associated with contractile dysfunction and AF 
progression, and genetic and pharmacological inhibition of HDAC3 prevents AF remodeling 
and progression [6]. However, the exact mechanism by which HDAC3 activation results in 
AF remains to be studied. One possible explanation is that the increased fatty acid 
oxidation by inhibiting HDAC3 is a beneficial adaptation in AF. Consistent with our study, 
Mitsuru Seki et al. found that a class I HDAC inhibitor, CI994 (inhibiting HDAC1, HDAC2 and 
HDAC3), reduces the total time of fibrillation, atrial fibrosis, intra-atrial adipocytes, and 
immune cell infiltration in a Hopx transgenic mouse and dog model for sustained AF [108].  

Furthermore, class IIa HDACs (HDAC4, 5, and 7) recruit HDAC3 to regulate the glucose and 
lipid metabolism in Drosophila and mouse via deacetylation of FOXO transcription factor 
[63, 70]. PPAR-γ coactivator 1α (PGC-1α), a master regulator of mitochondrial biogenesis 
and fatty acid oxidation, is modulated by MEF2, which is repressed by HDAC5. HDAC5 
overexpression in the mouse heart downregulates PGC-1α, indicating that MEF2/HDAC5-
PGC-1α regulatory pathway is critical in maintenance of cardiac mitochondrial function 
[69]. The HDAC5S/A signal-resistant mutant efficiently inhibits MEF2 transactivation. 
Expression of HDAC5S/A in the adult heart resulted in sudden death of male mice 
accompanied by gross aberrations in mitochondrial architecture and down-regulation of 
mitochondrial enzymes and the PGC-1α [69]. 

Taken together, HDAC1, HDAC3 and HDAC5 are key modulators of cardiac lipid and glucose 
metabolism via regulating transcription factors KLF5, FOXO, PPAR and PGC1-α (Table 3). 
Due to the importance of these pathways in heart function, they may have a prominent 
role in AF. 

4. Therapeutic implications for AF  

Present drug therapies for AF have moderate efficacy and important limitations [109]. 
Thus, pharmacological approaches preventing or limiting electropathology in AF are 
warranted [13]. HDACs have an important role in the development of cardiac 
electropathology. Therefore, various HDAC inhibitors have been tested in experimental 
animal model systems for AF and revealed protective effects against cardiac 
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electropathology and AF promotion (Table 4). Furthermore, pan-HDAC inhibitors, including 
class I/II HDAC inhibitors and class I HDAC inhibitors, protect against hypertension [22, 23], 
hypertrophy, heart failure (especially HFpEF) [24-26], and obesity and diabetes [27-29] 
(Table 4), all risk factors for the development of AF. Several of these class I and/or II pan-
HDAC inhibitors are FDA approved drugs or are in clinical trials for the treatment of cancer 
(Table 4). Importantly, the generally well-tolerated pan-HDAC inhibitors reveal toxicities 
when administered at comparatively high chemotherapeutic doses [24]. At present it is 
uncertain whether the liabilities of current HDAC inhibitors may preclude their use as 
therapeutics in AF. In this context, future in vivo studies aimed at defining the therapeutic 
window of HDAC inhibitors for the treatment of AF will be essential. 

We recently screened the role of individual HDACs in AF and identified a specific role for 
HDAC3, HDAC5 and HDAC6 in AF [4, 7]. Overexpression of HDAC3 revealed detrimental 
effects on the cardiomyocytes, whereas HDAC5 protected against TP-induced 
cardiomyocyte remodeling. This highlights a need for isoform-selective HDAC drug design 
to limit unwanted side-effects through inhibition of protective HDACs. Isoform-selective 
HDAC inhibition will definitely be safer than pan-HDAC inhibition in the setting of AF. The 
specific inhibitor of HDAC3, such as RGFP966, prevented contractile dysfunction in both 
cardiomyocyte and Drosophila models for AF, suggesting HDAC3 as an very interesting 
therapeutic target for AF [4]. In addition, AF results in HDAC6 activation, which results in 
α-tubulin deacetylation, microtubule disruption and consequently AF progression. In line, 
proof of concept for HDAC6 as a druggable target in AF was provided by demonstrating 
that tubastatin A protects against electropathology and thereby attenuates AF onset and 
progression in tachypaced dogs [8]. Therefore, pharmacological inhibition of the major α-
tubulin deacetylating enzyme HDAC6 represents a potentially promising target for AF 
therapy. A clinical HDAC6 inhibitor, ricolinostat (ACY-1215) has been developed and is in 
clinical phase II for the treatment of multiple myeloma, breast cancer, and leukemia [8]. 
Since the specific inhibition of HDAC6 by ricolinostat has not been associated with any 
serious side effects so far [91], this drug may be an interesting candidate to test in patients 
with AF. Preventing phosphorylation and nuclear export of HDAC5 is accomplished by 
inhibiting upstream kinases and therefore may also benefit AF patients. We have showed 
that the PKC inhibitor Go6983 can prevent TP-induced contractile dysfunction in 
experimental models for AF [6]. Whether PKC is activated in AF patients is the subject for 
further investigation. Importantly, all the HDAC inhibitors listed in Table 4 can not 
efficiently cross the blood brain barrier (BBB) except RGFP966. On one hand, this limits 
possible side effect on central nervous system; on the other hand, for patients with 
neurological diseases in combination with AF, it may be more appropriate to use a drug 
with efficient BBB crossing such as RGFP966 [110].   

In conclusion, while class I HDAC inhibitors, isoform-specific HDAC3 and HDAC6 inhibitors 
may represent novel therapeutic targets for prevention of clinical AF onset and 
progression, the specific HDAC3 and HDAC6 inhibitors may be more appropriate because 
of their limited off-targets effects. Besides the pharmacological treatment, the low-
carbohydrate ketogenic diet and exercise, which increase the abundance of the 
endogenous HDAC inhibitor, βOHB, may also help to reduce especially the inflammatory-
related  AF persistence [97, 99, 100] . 
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Table 4. HDAC inhibitors with potential beneficial effects in clinical AF. 

Compound  
HDAC 
target 

 Phase  BBB Cross 
Animal models for cardiac 
diseases 

SAHA (zolinza, 
vorinostat) 

Classes I, II 
FDA 
approved for 
CTCL   

Yes, limited [111] 
Rat, heart 
failure/hypertrophy/ 
ischemia  [12] 

ITF2357 
(givinostat) 

Classes I, II Phase II Yes, limited [112]  Rat and mouse HFpEF [15]  

CI994 
(tacedinaline) 

Class I Phase III Yes, limited  [113] 
Mouse and dog, sustained 
AF [106] 

MGCD0103 
(mocetinostat) 

Class I Phase II Yes, limited [114] 
Rat, pulmonary 
hypertension/heart failure 
[115] 

VPA 
Classes I, 
IIa 

Approved 
drug for 
epilepsy 

Yes, limited 
(B/P=0.03-0.15) 
[116] 

Rat, hypertension-induced 
hypertrophy [71, 98] 

MS-275 
(entinostat) 

HDAC1, 2, 3 Phase III Yes, limited [113] 
Rat, pulmonary 
hypertension/heart failure 
[113] 

Phenylbutyrate 
Classes I, 
IIa 

Phase III Yes, limited [116] Dog model or AF [117] 

RGFP966 HDAC3 Pre-clinical Yes, B/P=0.45 [118] 
Drosophila model for AF 
[6] 

Tubastatin A HDAC6 Pre-clinical 
Yes, limited [118-
120] 

Drosophila, mouse and 
dog model for AF [8] 

ACY-1215 
(ricolinostat) 

HDAC6 Phase II 
Yes, limited [118, 
119] 

No publications in cardiac 
diseases yet 

CTCL: Cutaneous T-Cell Lymphoma; B/P: Brain/Plasma distribution ; limited: B/P<0.2 or no 
quantitative data available. 
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ABSTRACT 

Cardiac disease is still the leading cause of morbidity and mortality worldwide, despite 
some exciting and innovative improvements in clinical management. In particular, atrial 
fibrillation (AF) and heart failure show a steep increase in incidence and healthcare costs 
due to the ageing population. Although research revealed novel insights in pathways 
driving cardiac disease, the exact underlying mechanisms have not been uncovered so 
far. Emerging evidence indicates that derailed proteostasis (i.e., the homeostasis of 
protein expression, function and clearance) is a central component driving cardiac 
disease. Within proteostasis derailment, key roles for endoplasmic reticulum (ER) and 
mitochondrial stress have been uncovered. Here, we describe the concept of ER and 
mitochondrial stress and the role of interactions between the ER and mitochondria, 
discuss how imbalance in the interactions fuels cardiac ageing and cardiac disease 
(including AF), and finally assess the potential of drugs directed at conserving the 
interaction as an innovative therapeutic target to improve cardiac function. 

Keywords: endoplasmic reticulum stress; mitochondrial stress; unfolded protein 
response; protein quality control system; cardiac ageing; cardiac disease; atrial 
fibrillation; cardiomyopathy  
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1. Introduction 

Cardiac disease is still the leading cause of morbidity and mortality worldwide, even though 
the clinical management of cardiac diseases has been improved over the last years [1]. In 
particular, due to the ageing population, atrial fibrillation (AF), the most common cardiac 
tachyarrhythmia, shows a steep increase in incidence and, therefore, healthcare costs. Its 
prevalence in the developed world is estimated to be 1.5%–2% of the general population 
and steadily rises in the population between 75 and 85 years of age [2]. In Europe, more 
than 6 million people suffer from AF and in the next 50 years its incidence is estimated to 
at least double due to the ageing population [3]. In addition, heart failure (HF), the most 
common and chronic stage of cardiac disease, is also approaching a higher prevalence all 
over the world. HF constitutes a medical and economical problem worldwide, as treatment 
costs reach as much as 1%–2% of the total healthcare budget [4]. Unfortunately, no specific 
therapy exists for AF and HF, and, therefore, treatment is severely hampered. Reason for 
treatment failure is that the exact molecular mechanisms underlying the pathophysiology 
are still unknown. However, accumulating evidence shows that derailment of proteostasis 
(i.e., the homeostasis of protein expression, function, and clearance) is a central 
component driving cardiac ageing and cardiac disease [5–7]. 
A healthy proteostasis network safeguards normal cellular (metabolic) function through 
proper protein biosynthesis, folding, trafficking, and clearance, thereby maintaining 
normal heart function [5,8]. Proteostasis functioning is monitored by the protein quality 
control (PQC) system, which consists of the heat shock response (chaperones), unfolded 
protein responses, and protein degradation systems, including the ubiquitin–proteasomal 
system (UPS) and autophagy [9]. In general, cellular stress, including stress caused by 
cardiac disease, activates multiple stress pathways, including the cytosolic heat shock 
response, the endoplasmic reticulum (ER) unfolded protein response (UPRER), and the 
mitochondrial UPR (UPRmt) [10–12]. 
Within the PQC, the ER and mitochondria play a critical role in the regulation of protein 
homeostasis and the maintenance of normal cellular function. The ER is an essential 
organelle involved in protein synthesis, folding, and trafficking. As protein folding is an 
error-prone process, the PQC system of the ER is specialized in optimizing this process, 
thereby preserving cardiac protein quality and homeostasis [13]. As approximately 30% of 
the cardiomyocyte volume is comprised of mitochondria, the maintenance of a healthy and 
functional mitochondrial PQC system, which includes molecular chaperones (e.g., HSP60 
and HSP10) and proteases (e.g., ClpP), is critical to conserve the energy balance and 
cardiomyocyte function. The PQC system in mitochondria activates, upon stress, protein 
folding assistance mechanisms and promotes clearance of misfolded proteins to preserve 
mitochondrial function [14,15]. 
Thus, a healthy proteostasis in cardiomyocytes safeguards the proper contractile function 
in the heart. The ER and mitochondria are essential organelles for regulating protein 
homeostasis, thereby guaranteeing cardiomyocyte function and survival. Therefore, a 
deeper understanding of ER and mitochondrial function during health and cardiac disease 
is required to ultimately develop novel therapeutic strategies. 

2. Role of the ER in cardiac health 
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The ER is an essential organelle supporting multiple cellular processes such as protein 
synthesis, protein folding, regulation of Ca2+ homeostasis, and contribution to the 
generation of autophagosomes and peroxisomes [16]. The ER lumen constitutes of a 
specialized folding environment, including ER chaperones and oxidoreductases, which 
processes approximately one-third of newly synthesized proteins, including secretory, cell 
membrane, and ER proteins, to ensure that they are correctly folded and assembled [17]. 
One of these ER chaperones is glucose-regulated protein 78 (GRP78), a member of the heat 
shock protein 70 family, which promotes the folding of hydrophobic stretches in newly 
synthesized polypeptides [18,19]. The oxidizing folding environment in the ER is vital for 
the disulfide bond formation catalyzed by protein disulfide isomerase (PDI) and ER 
oxidoreductin 1 (Ero1) [20,21]. 
Besides protein-related functions, the ER is also a high-capacity reservoir for intracellular 
Ca2+, which is important for the regulation of muscle contraction and relaxation [22,23]. 
For example, in cardiomyocytes, the sarcoplasmic reticulum (SR), a muscle-specialized 
form of the ER, regulates Ca2+ fluxes and controls the excitation–contraction coupling of 
the heart [24]. In the ER/SR, several major proteins are involved in Ca2+ uptake and release: 
Ca2+-ATPases (SERCAs), that transport cytosolic Ca2+ into the ER lumen, and the ryanodine 
(RyRs) and inositol 1,4,5-triphosphate receptors (IP3Rs), which release Ca2+ from the ER 
lumen into the cytosol [25–27]. 
In response to physiological (or pathological) stress, such as proteotoxic stress, oxidative 
stress, or disturbances in Ca2+ homeostasis, an accumulation of unfolded proteins in the ER 
triggers the ER stress response. The PQC system in the ER is able to detect the accumulation 
of misfolded/unfolded proteins and, subsequently, activates the UPRER, a major ER stress-
responsive pathway that inhibits protein synthesis and expands ER folding capacity and 
degradation capacity. The UPRER consists of three stress-responsive arms: activating 
transcription factor 6 (ATF6), inositol-requiring transmembrane kinase/endoribonuclease 
1 (IRE1), and protein kinase RNA-like endoplasmic reticulum kinase (PERK) (Figure 1). Under 
normal circumstances, these three transmembrane proteins are rendered inactive through 
the binding of GRP78. However, during cellular stress, GRP78 dissociates from ATF6, IRE1, 
and PERK, thereby activating them. Activated IRE1 splices X-box binding protein 1 (XBP1) 
mRNA and the spliced XBP1 translocates to the nucleus where it acts as a transcription 
factor to initiate transcription of molecular chaperones and folding catalysts. ATF6 is 
cleaved in the Golgi upon ER stress activation and the N-terminal fragment acts as a 
transcription factor at protective response genes, including those that protect against ER 
stress and reactive oxygen species (ROS). Activated PERK phosphorylates eukaryotic 
initiation factor 2 alpha (eIF2α), resulting in a complete blockage of protein translation and 
initiation, except for the molecular chaperones and catalysts initiated by IRE1 and ATF6, 
which mRNAs consist of open reading frames in the 5′ untranslated region. In addition, 
eIF2α phosphorylation induces translation of ATF4, which is able to induce the expression 
of C/EBP homologous protein (CHOP) (Figure 1). The UPRER is initially an adaptive pathway 
to restore ER homeostasis, but, if unresolved, chronic/severe activation of the UPRER leads 
to cell dysfunction and apoptotic cell death, which is initiated by CHOP [6,28,29]. Prolonged 
ER stress may not be alleviated and cardiomyocytes may undergo apoptosis, which is in 
any other organ beneficial to clear irreparable damage. However, as cardiomyocytes do 
not regenerate, apoptosis is detrimental in the heart and prolonged ER stress must be 
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avoided. On the other hand, mild cardiac ER stress may be beneficial to clear unfolded, 
damaged or old proteins, thereby maintaining proper heart function. 
Thus, the ER stress-related signaling pathways activate transcriptional and translational 
mechanisms that reduce global protein synthesis, increase ER protein-folding capacity, and 
promote the degradation of misfolded proteins, thereby maintaining normal cardiac health 
and function. 

 

 
 

Figure 1. The ER and mitochondrial UPRs. ER stress activates the three arms of the UPRER: 
PERK, IRE1, and ATF6. PERK activation leads to phosphorylation of eIF2α, resulting in a 
protein translation block and transcription of ATF4 and CHOP. IRE1 splices XBP1 mRNA and 
a spliced form translocates to the nucleus. ATF6 is spliced in the Golgi and the N-terminal 
fragment acts as a transcription factor. All three arms initiate the transcription of ER-
related molecular chaperones and/or folding catalysts. Mitochondrial stress activates the 
UPRmt, which consists of ATF5, PERK, and JNK2. During mitochondrial stress, the import of 
ATF5 into the mitochondria is blocked, leading to the translocation of ATF5 to the nucleus. 
PERK activation leads to the transcription of ATF4, CHOP, and ATF5. JNK2 binds to the 
transcription factor c-Jun, which activates the transcription of CHOP. ATF5, PERK and JNK2 
all initiate the transcription of mitochondrial proteases, mitochondrial molecular 
chaperones, and proteins involved in ROS detoxification and mitochondrial import. 

 
3. Role of mitochondria in cardiac health 

Mitochondria are important organelles, especially in the heart, as they are the source of 
energy (adenosine triphosphate, ATP) and are required for numerous essential metabolic 
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processes to maintain cardiac contractility and normal heart function [30]. The protein-
folding environment in mitochondria is challenged by the complex organelle architecture 
and the delicate process of assembly of the electron transport chain. In addition, due to 
their role in energy production, mitochondria undergo continuous additional challenges, 
such as the management of ROS and the balance in potential mitochondrial DNA mutations 
[31]. 
The PQC system of mitochondria ensures mitochondrial integrity and proper mitochondrial 
function, thereby meeting the metabolic and functional demands of the cell. In response 
to physiological (or pathological) stress, the accumulation of misfolded/unfolded proteins 
in the mitochondria activates the UPRmt, initiating the transcription of nuclear-encoded 
mitochondrial proteases (ClpP), mitochondrial chaperones (HSP60, HSP10) and proteins 
involved in ROS detoxification and mitochondrial import, thereby ensuring the functional 
integrity of the mitochondrial proteome [15,32,33]. The exact mechanism of the UPRmt is 
still somewhat elusive, but two pathways have been described (Figure 1). The first pathway 
comprises of the transcription factor ATF5, which contains both a nuclear and a 
mitochondrial targeting sequence. Under physiological conditions, ATF5 is imported into 
the mitochondria, where it is degraded by the protease LON. However, mitochondrial 
stress hampers the import of ATF5, which is consequently targeted to the nucleus, where 
it initiates UPRmt-associated transcription [30,34,35]. The second pathway consists of c-Jun 
N-terminal kinase 2 (JNK2) and PERK. In accordance with the UPRER, PERK phosphorylates 
eIF2α, consequently blocking protein translation and initiation. Phosphorylation of eIF2α 
initiates the translation of ATF4, CHOP, and ATF5. In addition, JNK2 binds to the 
transcription factor c-Jun, which activates the transcription of CHOP. ATF4, CHOP, and ATF5 
all initiate UPRmt-associated transcription (Figure 1) [30,35]. 
Mitophagy, a specialized form of autophagy, is also activated to safeguard mitochondrial 
proteostasis in response to mitochondrial stress [36]. It serves to eliminate the most 
severely defective/damaged mitochondria, while the UPRmt promotes stabilization and 
recovery of the repairable mitochondria. 
Thus, the mitochondrial PQC system monitors protein integrity and prevents accumulation 
of damaged proteins in the mitochondria to maintain proper protein folding and clearance 
of misfolded proteins in cells, thereby conserving cardiac contractility and normal heart 
function. 

4. Interactions between the ER and mitochondria 

Over the past years, it has been observed that the ER and mitochondria intensively interact 
with each other and interaction is a prerequisite for healthy cardiac function [37], As a 
consequence, loss of interaction fuels ageing and cardiac disease. Mitochondria are 
spatially and functionally organized in close contact with the ER and this contributes to 
mitochondrial uptake of Ca2+ released from the ER by IP3Rs, thereby providing the 
mitochondria with Ca2+ that is essential for ATP production [37,38]. During the early phases 
of ER stress, ER Ca2+ leak and increased ER–mitochondrial coupling lead to an elevated 
mitochondrial Ca2+ uptake to promote mitochondrial respiration and bioenergetics [39]. 
Ca2+ signaling between the two organelles is accomplished through mitofusin 2 (Mfn2), an 
essential physical tether between the ER and mitochondria (Figure 2) [40]. The importance 
of Mfn2 is exemplified by Chen et al., who showed that cardiac-specific ablation of Mfn2 
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decreased ER–mitochondrial tethering by 30%, leading to a decreased mitochondrial Ca2+ 
uptake, which hampers the response to physiological stress [40]. Besides Mfn2, several 
other proteins, including VAPB, PTPIP51, GRP75, VDAC1, BAP31, FIS1, and Pdzd8, are 
important for the tethering and interactions, such as Ca2+ exchange, lipid trafficking, 
apoptosis, autophagy, and mitochondrial fission and fusion, between the ER and 
mitochondria [41]. Another example to stress the importance of the structural and 
physiological interactions between the ER and mitochondria consists of stromal interaction 
molecule 1 (STIM1). STIM1 is an ER Ca2+ sensor, which is essential for normal cardiac 
homeostasis through the maintenance of ER Ca2+ levels (Figure 2). This has been 
demonstrated in cardiomyocyte-specific STIM1 knockout mice, which do not only show 
pronounced ER dilatation, but also smaller mitochondria and a disrupted mitochondrial 
network. Importantly, these mice have cardiac fibrosis and develop dilated 
cardiomyopathy [42], suggesting that the structural and physiological interactions between 
the ER and mitochondria in the heart are of utmost importance for normal and healthy 
cardiac function. 
An important interaction between the ER and mitochondria involves the regulation of 
autophagy, a fundamental cellular pathway that is activated as a pro-survival pathway 
under physiological ER stress [43,44]. The IRE1 arm of the UPRER activates JNK and 
phosphorylates Bcl-2, leading to the dissociation of Bcl-2 from the autophagy-related 
protein Beclin-1 (Atg6), which is localized at both the ER and mitochondria. This results in 
the promotion of autophagy as a pro-survival mechanism in the early stages of ER stress 
(Figure 2) [45,46]. A specialized form of autophagy-mitophagy is initiated at the 
mitochondria-associated ER membranes (MAMs), where PINK1 and Beclin-1 re-localize to 
promote ER-mitochondria tethering and autophagosome formation [47]. The other way 
around, it has been demonstrated that dysfunctional and/or damaged mitochondria are 
able to induce ER stress [48]. In addition, the importance of the ER-mitochondrial 
interactions in the autophagic process comes from the notion that disruption of the ER–
mitochondrial contacts impairs the formation of the autophagosome [49]. These findings 
indicate that interactions between the ER and mitochondria are important for the 
activation of autophagy to eliminate damaged proteins and organelles, thereby 
maintaining healthy heart function. 
Next to their role in autophagy activation, interactions between the ER and mitochondria 
can regulate apoptosis under physiological conditions [50]. Bak, known for its localization 
on the outer mitochondrial membrane where it induces apoptosis upon activation, can also 
be targeted to the ER, where it depletes Ca2+, induces caspase 12 cleavage, and, 
subsequently, induces apoptosis (Figure 2) [51]. During the early phase of ER stress, the ER 
and mitochondria induce an increase in mitochondrial metabolism that depends crucially 
upon ER-mitochondrial coupling and Ca2+ transfer, which, by enhancing cellular 
bioenergetics, establishes the metabolic basis for the healthy adaptation to ER stress [39]. 
In addition, the pro-survival protein HCLS1-associated protein X-1 (Hax1), a novel 
endogenous inhibitor of apoptosis that is located at both the ER and mitochondria, is 
associated with maintaining a healthy mitochondrial function and protection from 
apoptotic cell death (Figure 2). Hax1 is significantly downregulated in cardiac cells upon ER 
stress, which also resulted in a disrupted mitochondrial morphology, Mfn2 
downregulation, and ROS production. Importantly, overexpression of Hax1 protected 
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against ER stress-induced apoptosis and mitochondrial changes, suggesting that Hax1 could 
be a critical modulator in the cross talk between the ER and mitochondria [52]. The tumor 
suppressor protein p53 is also an inducer of apoptosis (Figure 2). It can either act indirectly, 
as a transcription factor increasing or decreasing pro-apoptotic and anti-apoptotic 
proteins, respectively, or directly, by permeation of the outer mitochondrial membrane 
through interaction with Bcl-2, thereby releasing cytochrome c from the mitochondria 
[53,54]. However, p53 is also able to localize to the ER, where it contributes to the 
imbalance of ER–mitochondrial interactions by inducing mitochondrial damage, including 
the reduction of oxidative phosphorylation and the release of cytochrome c, leading to 
apoptotic cell death [55]. 
To summarize, the functional and balanced interactions, including Ca2+ handling, 
contractile function, autophagy, and apoptosis, between the ER and mitochondria 
contribute to the maintenance of cardiomyocyte homeostasis and cardiac contractile 
function. 

 

 
Figure 2. The interactions between the ER and mitochondria. Mfn2 is located on both the 
ER and mitochondrial membranes and is a physical tether between these two organelles. 
IP3Rs on the ER release Ca2+, which is taken up by the mitochondria, thereby providing the 
Ca2+ that is necessary for ATP production by the mitochondria. STIM1 is an ER Ca2+ sensor, 
which restores the Ca2+ storage in the ER upon Ca2+ release. Bak, Hax1, and p53 can all 
initiate apoptosis. Bax is located on the mitochondrial membrane and upon translocation 
to the ER membrane initiates apoptosis. Hax1 is located on both the ER and mitochondrial 
membranes, where it protects against apoptosis initiation. When p53 translocates to either 
the ER or mitochondrial membrane, apoptosis is activated. Beclin-1 is localized at both the 
ER and mitochondria. Upon phosphorylation of Bcl-2, this protein dissociation from Beclin-
1, thereby activating autophagy. 

5. Interactions between the ER and mitochondria in cardiac ageing and cardiac disease 
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There is compelling evidence that alterations in the interactions between the ER and 
mitochondria play fundamental roles in the development and progression of cardiac ageing 
and disease, including ischemic heart disease, AF, and cardiomyopathy. 

5.1. Alterations of interactions between the ER and mitochondria in cardiac ageing 

Ageing is a primary risk factor for cardiac disease [56]. Cardiac ageing manifests as a decline 
in structure and function of the heart, leading to cardiac disease [57,58]. At the cellular 
level, ageing entails a decline in mitochondrial function and dysregulation of cellular 
processes, such as oxidative stress, autophagy, and metabolic imbalance, in 
cardiomyocytes [57]. Mitochondrial alterations, including impaired metabolism and 
metabolic flexibility with a decreased capacity to oxidize fatty acids and enhanced 
dependence on glucose metabolism, are critically involved in increased sensitivity to stress 
in the aged heart [59]. Interestingly, mitochondrial Ca2+ uptake is reduced in 
cardiomyocytes from aged hearts, and this effect is closely linked with decreased NAD(P)H 
production and increased mitochondrial ROS production upon increased contractile 
activity [60]. Moreover, a defective communication between the mitochondrial voltage-
dependent anion channel (VDAC) and the SR RyR in cardiomyocytes from aged hearts is 
associated with a dysregulated Ca2+ handling. Age-dependent alterations in SR Ca2+ transfer 
to mitochondria and in Ca2+ handling in the SR and mitochondria can be reproduced in 
cardiomyocytes from young hearts after disrupting the connection between the SR and 
mitochondria, suggesting that defects in physiological interactions between the SR and 
mitochondria underlie inefficient inter-organelle Ca2+ exchange, and as such contributes to 
impaired mitochondrial function and energy demand–supply mismatch in the aged heart. 
In addition, it has been identified that the protective adaptive response of the UPRER is 
significantly reduced and pro-apoptotic signaling is more robust during ageing in several 
tissues, including brain, lung, liver, kidney and heart [61,62]. Moreover, the key quality 
control proteins, chaperones, and enzymes within the ER, such as GRP78, PDI, calnexin, 
and glucose-regulated protein 94 (GRP94), are impaired during the aging process [63]. 
Especially chaperones are progressively oxidized with age, contributing to their functional 
decline, which is in line with the observed impairment of an adequate cellular response to 
ER stress during cardiac ageing [63]. Impaired contractility and increased ER stress-induced 
apoptosis were observed in the heart of mice with cardiac-specific knockout of Sirtuin 1 
(Sirt1), an NAD⁺-dependent histone deacetylase, suggesting that a Sirt1 activator could be 
a potential modulator of the ER stress response to protect the ageing heart through the 
inhibition of ER stress-induced apoptosis [64]. 
These findings indirectly indicate that functional interactions between the ER and 
mitochondria in the aged heart are hampered and contribute to impairment of autophagy, 
apoptosis, and mitochondrial dysfunction, leading to cardiac dysfunction during ageing. 
Although accumulating evidence for loss of the interactions between the ER and 
mitochondria underlies cardiac ageing, our knowledge on the molecular mechanisms 
involved is still limited and further research is warranted to conclusively elucidate the 
importance of loss of interactions during ageing. 

5.2. Alterations of interactions between the ER and mitochondria in myocardial 
ischemia/reperfusion 
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In the clinic, acute myocardial ischemia/reperfusion (I/R) underlies coronary heart disease 
(CHD). CHD typically arises in patients presenting with an acute myocardial infarction (MI), 
a major cause of death and disability worldwide [65]. Over the last decade, accumulating 
evidence shows that alterations in the interactions between the ER and mitochondria 
contribute to the onset and progression of cardiac I/R injury, in particular interactions 
involving Ca2⁺ handling, autophagy, and apoptosis [66,67]. In regards to Ca2+ handling, upon 
I/R stress, IP3R expression on the ER is upregulated, leading to Ca2+ overload in 
mitochondria, which, subsequently, activates apoptotic signaling in re-perfused hearts 
[68,69]. However, returning the ER–mitochondrial interaction back to basal conditions, via 
the reduction of the upregulated IP3R1 Ca2+ channel complex, decreases the Ca2+ transfer 
from the ER to mitochondria, subsequently attenuating mitochondrial Ca2+ overload in 
adult mouse cardiomyocytes during hypoxia-reoxygenation (HR). This suggests that 
balancing the structural and physiological interactions between the ER and mitochondria 
during reperfusion could protect cardiomyocytes from lethal reperfusion injury [67]. 
Thioredoxin-related transmembrane protein 1 (TMX1), a novel SERCA-inhibiting protein, is 
enriched on the MAMs, which is the site of the ER-mitochondria Ca2+ flux. Cancer cells with 
low TMX1 levels show increased ER Ca2+ levels, accelerated cytosolic Ca2+ clearance, and 
reduced Ca2+ transfer to mitochondria, indicating that inhibition of TMX1 may reduce the 
susceptibility of the heart to I/R injury via reducing MAM contacts [70]. In regards to 
autophagy, Atg14, a pre-autophagosome/autophagosome protein marker, is re-localized 
to the MAMs after starvation, and is an indispensable factor for mitophagy activation [71]. 
However, Atg14 is decreased in a cardiac HR model, resulting in impaired mitophagy and 
increased cardiomyocyte apoptosis [72]. Finally, in regards to apoptosis, the inhibition of 
ER stress in in vitro and in vivo myocardial I/R models reveals beneficial effects on cardiac 
injury, myocardial apoptosis, and infarct area. Inhibition of ER stress increases the 
expression of superoxide dismutase (SOD) and Bcl-2, which, consequently, decreases the 
expression of Bax, resulting in the inhibition of apoptosis [73]. 
These findings suggest that the functional imbalance in the interactions between the ER 
and mitochondria contribute to increased myocardial apoptosis and damage in cardiac I/R 
injury. 

5.3. Alterations of interactions between the ER and mitochondria in AF 

AF is the most common progressive cardiac tachyarrhythmia, and is associated with high 
morbidity and mortality worldwide [3]. There are strong indications that defective 
interactions between the ER and mitochondria may contribute to AF pathogenesis. In 
experimental AF models and AF patients, ER stress is present, which induces autophagy 
and, thereby, cardiac remodeling [74]. Importantly, overexpression of the ER chaperone 
GRP78 or prevention of ER stress by treatment with the chemical chaperone 4-PBA 
protected against cardiac remodeling and AF in experimental cardiomyocytes, Drosophila 
melanogaster, and a dog model for AF [74]. Moreover, ER stress may activate mitogen-
activated protein kinases (MAPKs), which initiate the mitochondrial apoptotic pathway 
[75]. In addition, atria of patients with persistent AF show oxidized RyR2, the cardiac SR 
Ca2+ release channel. Oxidized RyR2 leads to aberrant intracellular Ca2+ release (Ca2+ sparks) 
and promotes the development of AF, suggesting that defective communication between 
the SR and mitochondria contributes to the progression of AF [76]. In concordance, 
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experimental AF models and AF patients show mitochondrial stress, exemplified by 
increased expression of HSP60 and HSP10, decreased ATP expression, loss of the 
mitochondrial membrane potential, and mitochondrial network fragmentation, resulting 
in contractile dysfunction and AF progression [77]. These observations suggest that ER 
stress may be linked with mitochondrial stress, and that an imbalance in the functional 
interactions between the ER and mitochondria may contribute to AF progression. 
In summary, there is proof for a key role of ER stress and mitochondrial stress in AF. 
Whether this is a result of loss of interactions between the ER and mitochondria is not 
known. 

5.4. Alteractions of interactions between the ER and mitochondria in (inherited) 
cardiomyopathy 

Accumulating evidence indicates that ER stress and mitochondrial stress play important 
roles in cardiomyopathy [78–80], of which approximately 50% is inherited [81]. Elevated 
expression of the ER stress markers GRP78, eIF2α, and XBP1 and increased activation of 
the UPRER is observed in patients with the p.S143P mutation in the intermediate filament 
gene lamin A/C, the most frequently reported genetic variant in inherited dilated 
cardiomyopathy (DCM) [82]. Enhanced mitochondrial oxidative stress and mitochondrial 
dysfunction were observed in the heart of cats with hypertrophic cardiomyopathy (HCM) 
[83]. Moreover, impaired autophagy was shown in a Mybpc3-targeted knockin HCM mouse 
model and in DCM patients with mutations in PLEKHM2 [84,85]. Although ER stress and 
mitochondrial stress are undeniably present in different forms of cardiomyopathy, it is, 
however, not known whether loss of the functional interactions between the ER and 
mitochondria affect the pathogenesis of cardiomyopathies. Therefore, further research is 
needed to unravel how the molecular mechanisms in the regulation of the interactions 
between the ER and mitochondria contribute to cardiomyopathies. 

5.5. Alterations of interactions between the ER and mitochondria in diabetic 
cardiomyopathy 

Diabetic cardiomyopathy is characterized as dysfunctional remodeling of the myocardial 
structure and abnormal cardiac performance in patients with diabetes mellitus, which is 
independent of vascular pathology [86]. Increasing evidence shows that alterations in the 
interactions between the ER and mitochondria are involved in the pathophysiological 
process of diabetic cardiomyopathy. Reduced protein levels of RyR2 in streptozotocin 
(STZ)-induced diabetic rats contributed to a decrease in the SR Ca2+ storage and decreased 
rates of Ca2+ release in cardiomyocytes [87], suggesting that reduced contacts between the 
SR and mitochondria and the subsequent aberrant intracellular Ca2+ signaling may 
contribute to diabetic cardiomyopathy. On the other hand, reduced contacts between the 
SR and mitochondria may be beneficial, as the downregulation of Mfn2 expression in STZ-
induced type I diabetes inhibited the interaction between the ER and mitochondrial 
apoptotic pathways [88]. More interestingly, the expression of FUN14 domain containing 
1 (Funcd1), an outer mitochondrial membrane protein important for mitophagy and 
MAMs, was increased in cardiac tissue from diabetic patients. In STZ-induced diabetic mice, 
increased Funcd1 induced MAM formation, increased mitochondrial Ca2+ influx and, 
subsequently, mitochondrial dysfunction, resulting in diabetic cardiomyopathy [89]. These 
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observations suggest that the structural and functional interactions between the ER and 
mitochondria have a fine line between being beneficial and being detrimental and should, 
therefore, be precisely regulated. In experimental diabetic cardiomyopathy, severe ER 
stress and prolonged UPRER activation contribute to cardiomyocyte apoptotic death 
[90,91]. In line, markers of ER stress (GRP78 and CHOP) and apoptosis (cleaved caspase-3) 
were elevated in myocardium of diabetic patients [92]. 
Taken together, an imbalance in the interactions between the ER and mitochondria may 
contribute to mitochondrial dysfunction and lead to cardiomyocyte apoptotic death in 
diabetic cardiomyopathy. 

6. ER and Mitochondria interactions as therapeutic targets 

As discussed above, alterations in and loss of the interactions between the ER and 
mitochondria may induce cardiomyocyte dysfunction and cardiac disease. Therefore, 
therapeutic interventions to improve interactions between the ER and mitochondria may 
conserve cardiac function and represent possible promising strategies to delay cardiac 
ageing and to delay or prevent cardiac disease. 

6.1. Lifestyle interventions—caloric restriction and exercise 

Lifestyle change by caloric restriction (CR) is one of the most effective nutritional 
interventions that reproducibly showed protection against cardiac risk factors and age-
related cardiac disease in humans [93]. Besides CR, also exercise training is an effective 
non-pharmacological approach to improve heart function in cardiac ageing and disease [6]. 
In an aged rat model, a combination of intermittent ladder-climbing exercise training and 
a reduced caloric intake were found to decrease the levels of ER stress-related proteins, 
including phosphorylated PERK and CHOP, proteins that contribute to cardiac muscle 
damage in ageing [94]. Moreover, high-intensity training can improve cardiac function and 
reduce cardiac infarction by decreasing the expression of GRP78, phosphorylated PERK, 
phosphorylated eIF2α, ATF4, ATF6, XBP1, CHOP, and cleaved caspase-3 in an intermittent 
I/R rat model [95,96]. In addition, treadmill exercise has been shown to ameliorate ER 
stress by down-regulating phosphorylated eIF2α and ATF6 in diabetic mice [97]. As ageing 
is an important risk factor for cardiac disease, including AF, lifestyle interventions such as 
CR and proper exercise training could prevent ER stress, mitochondrial stress, and the 
progression of AF [98]. However, the effect of CR and exercise training on ER–mitochondrial 
interactions is so far unknown. 

6.2. Pharmacological interventions—improved interactions between the ER and 
mitochondria 

Pharmacological therapies that improve the balance in interactions between the ER and 
mitochondria attenuate ER and mitochondrial stress, thereby restoring heart function in 
ageing and cardiac disease. 
One option to improve the ER–mitochondrial balance is by means of taurine, a marketed 
key nutrient for cardiac health. In ischemic rat cardiomyocytes, administration of taurine 
attenuated ER stress (GRP78, ATF6, PERK), mitochondrial oxidative stress, and 
mitochondrial-dependent apoptosis (Bax, Bcl-2) [99]. Another option is the utilization of 
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metformin, a traditional anti-diabetic drug, which decreases ER stress-induced cardiac 
injury through the protection of mitochondria and attenuation of CHOP expression during 
cardiac I/R [100]. Moreover, sulodexide (SDX), a glycosaminoglycan, decreases cardiac 
injury, infarct area, and myocardial apoptosis during I/R through increased Bcl-2 and 
decreased Bax expression in a mouse model of I/R, suggesting that SDX has in vivo a 
cardioprotective role in the suppression of ER stress and apoptosis [73]. In addition, ER–
mitochondrial cross talk can be regulated by exogenous H2S, which inhibits the activation 
of apoptotic pathways [88]. Finally, the administration of edaravone, an antioxidant, 
proved to be beneficial in ameliorating oxidative and ER stress-mediated myocardial 
apoptosis in an experimental DCM model [101]. 
Taken together, several compounds may improve the interactions between the ER and 
mitochondria, thereby having a beneficial effect on cardiac ageing and disease. However, 
further research is needed to elucidate compounds that directly target the ER-
mitochondrial interactions. Nevertheless, with the current knowledge, a combination of 
lifestyle interventions (caloric restriction and/or high intensity training) and a 
pharmacological intervention, taurine, may be the most beneficial to improve the ER-
mitochondrial interactions in cardiac disease. 

7. Conclusion 

A healthy proteostasis in cardiomyocytes maintains the proper contractile function in the 
heart. The ER and mitochondria are key players in the regulation of protein homeostasis 
and are important for the clearance of stress-induced misfolded proteins, thereby 
guaranteeing cardiomyocyte health. The structural and functional interactions between 
the ER and mitochondria are essential for normal cardiac function. Loss of these 
interactions contribute to the progression of ageing and cardiac disease and preservation 
of the ER–mitochondrial interactions by pharmacological targeting may represent a 
promising strategy to conserve cardiac function. 
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ABSTRACT 

Background: Atrial Fibrillation (AF) is the most common progressive tachyarrhythmia. AF 
progression is driven by abnormalities in electrical impulse formation and contractile 
function due to structural remodeling of cardiac tissue. Previous reports indicate that 
structural remodeling is rooted in derailment of protein homeostasis (proteostasis). Heat 
shock proteins (HSPs) play a critical role in facilitating proteostasis. Hence, the HSP-
inducing compound geranylgeranylacetone (GGA) and its derivatives protect against 
proteostasis derailment in experimental models for AF. Whether these compounds also 
accelerate reversibility from structural remodeling in tachypaced cardiomyocytes is 
unknown. 

Objective: To investigate whether the potent HSP inducer GGA*-59 restores structural 
remodeling and contractile dysfunction in tachypaced cardiomyocytes and explore the 
underlying mechanisms. 

Materials and Results: HL-1 cardiomyocytes post-treated with GGA*-59 or recombinant 
HSPB1 (rcHSPB1) revealed increased levels of HSPB1 expression and accerated recovery 
from tachypacing (TP)-induced calcium transient (CaT) loss compared to non-treated 
cardiomyocytes. In addition, protein levels of the microtubule protein (acetylated) α-
tubulin, and contractile proteins cardiac troponin I (cTnI) and troponin T (cTnT) were 
reduced after tachypacing and significantly recovered by GGA*-59 or rcHSPB1 post-
treatment. The mRNA levels of α-tubulin encoding genes, but not cardiac troponin genes, 
were reduced upon tachypacing and during recovery, but significantly enhanced by GGA*-
59 and rcHSPB1 post-treatment. In addition, tachypacing increased calpain activity, which 
remained increased during recovery and GGA*-59 post-treatment. However, HDAC6 
activity, which deacetylates α-tubulin resulting in microtubule disruption, was significantly 
increased after tachypacing and during recovery, but normalized to control levels by GGA*-
59 or rcHSPB1 post-treatment in HL-1 cardiomyocytes.  

Conclusions: Our results imply that the HSP inducer GGA*-59 and recombinant HSPB1 
accelerate recovery from TP-induced structural remodeling and contractile dysfunction in 
HL-1 cardiomyocytes. GGA*-59 increases HSPB1 levels, represses HDAC6 activity and 
restores contractile protein and microtubule levels after tachypacing, indicating that HSP-
induction is an interesting target to accelerate recovery from AF-induced remodeling. 

Key words: Geranylgeranylacetone, HSPB1, microtubule, cardiac troponins, atrial 
fibrillation   
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1. Introduction  

AF is the most common 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, almost 30 million North Americans and Europeans will 
be affected with AF by 2050 [2]. AF progression is associated with increased cardiovascular 
morbidity and mortality, with stroke, myocardial infarction, and heart failure being the 
most critical complications [3, 4]. In addition, prevention of AF progression from a recurrent 
intermittent (paroxysmal) to a (longstanding) persistent rhythm disorder is crucial, as 
persistent AF patients are more refractory to rhythm control therapy [5]. At present, no 
effective curative therapy exists. Although ablative therapy initially seemed promising, 
many patients (40-60%) have AF recurrences and require multiple ablation procedures [6]. 
Current pharmacological therapy is only moderately effective and its usage is limited by 
pro-arrhythmia and non-cardiovascular toxicities [7]. Electrical cardioversion is only 
temporarily effective and AF recurs in up to 87% of the patients [8, 9]. Thus, there is a great 
need to improve AF therapy. To design new therapies, we need to understand the 
mechanisms driving AF progression. It was previously discovered that the progressive 
nature of AF is rooted in AF-induced structural remodeling in cardiomyocytes, including 
degradation of structural and contractile proteins (myolysis) [10-12]. As structural 
remodeling promotes persistence of the disease [13-15], it is important to uncover the 
underlying molecular mechanisms with the aim to identify key modulators involved in the 
reversibility from remodeling. 

Our research group previously demonstrated a prominent role for proteostasis derailment 
as an underlying mechanism for structural remodeling and AF progression [11, 16, 17]. 
Proteostasis ensures a balanced cellular protein production, folding and clearance of 
misfolded and/or damaged proteins [18]. A healthy proteostasis is heavily controlled by 
heat shock proteins (HSPs). HSPs constitute the cell’s frontier system to ensure the 
production and persistence of functional and correctly folded proteins [19, 20]. HSPs are 
classified in six subgroups namely HSPA (HSP70), HSPB (small HSPs), HSPC (HSP90), HSPD/E 
(chaperonin families HSP60/HSP10), HSPH (HSP110) and DNAJ (HSP40) [19, 21]. In the 
heart, cardiomyocytes express high levels of specific members of the small HSP family, the 
HSPBs. These include HSPB1 (HSP27), HSPB5 (or αB-crystallin), HSPB6 (HSP20), HSPB7 
(cvHSP) and HSPB8 (HSP22) and are considered to safeguard cardiomyocytes from 
proteotoxicity by stabilizing the contractile apparatus [16, 17, 22-25].  

We previously disclosed that some small HSPs, particularly HSPB1, bind to structural 
proteins and protect them from degradation by calpain in tachypaced atrial 
cardiomyocytes and human AF [11, 16, 26]. Moreover, we observed that AF increases 
HDAC6 activity, which deacetylases α-tubulin resulting in depolymerization and 
degradation of the microtubule network by calpain. In line, inhibition of HDAC6 prevented 
deacetylation of α-tubulin and calpain-induced microtubule disruption in tachypaced HL-1 
cardiomyocytes and protected against AF induction in a dog model for AF, indicating the 
importance of an intact microtubule network in AF prevention [12].  
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In addition, the HSP response gets temporarily activated in patients with short duration of 
AF, but exhausts when AF persists [11]. Consequently, cardiomyocytes lose defense against 
structural protein degradation, thereby rendering cardiomyocytes increasingly permissive 
to structural remodeling and AF.  

In line with the observed cardio-protective role of HSPB1 in AF, pharmacological treatment 
with a non-toxic HSP-inducing compound, geranylgeranylacetone (GGA), was found to 
protect cardiomyocytes from structural remodeling and AF progression [11, 26, 27]. 
Recently, our research group identified one potent derivate of GGA, named GGA*-59, to 
reveal superior protective effects against contractile dysfunction in both tachypaced HL-1 
cardiomyocytes and Drosophila model systems for AF [28]. Whether GGA*-59 enhances 
recovery from tachypacing-induced structural and contractile remodeling is unknown.  

In the current study, we observe GGA*-59 and recombinant HSPB1 to enhance recovery 
from tachypacing-induced contractile dysfunction and structural remodeling. GGA*-59 and 
recombinant HSPB1 act via inhibition of HDAC6 activity, thereby resulting in restoration of 
(acetylated) α-tubulin levels, and the microtubule network in HL-1 cardiomyocytes.  

  



Chapter 5 

104 

 

2. Materials and methods 

2.1 HL-1 atrial cardiomyocyte reversibility model and calcium transient measurements 

Information on HL-1 atrial cardiomyocyte culture and description of calcium transient 
measurements can be found in the supplementary materials and methods section.  

2.2 GGA*-59 treatment of HL-1 cardiomyocytes 

After subjecting HL-1 cardiomyocytes to 10 h TP, the cardiomyocytes were post-treated 
with 10 µM GGA*-59 (Chaperone Pharma BV, the Netherlands) or the same volume of 
DMSO for 8 h, followed by various measurements. 

2.3 Protein Isolation and Western blot analysis  
HL-1 cardiomyocyte samples were used for protein extraction. Detailed methods are 
available in the supplementary materials and methods section.  

2.4 Quantitative RT-PCR 
Total RNA was isolated from cardiomyocytes by using the NucleoSpin RNA isolation kit 
(Machery-Nagel). First strand of cDNA was generated by using the iScript cDNA synthesis 
kit (BioRad). The relative changes in transcription levels were determined by using CFX384 
Real time system C1000 Thermocycler in combination with SYBR green supermix (Biorad) 
and primers (Invitrogen). The calculations were performed by using comparable threshold 
cycle method, fold changes were adjusted to GAPDH or β-actin levels. Primer sequences 
are listed on the supplementary materials and methods section.   

2.5 Chariot transfection of recombinant HSPB1 in tachypaced HL-1 cardiomyocytes 

The transfection of recombinant HSPB1 in HL-1 cardiomyocytes is described in detail in the 
supplementary materials and methods section.  

2.6 Calpain activity measurement 

The calpain activity was measured in protein extracts of HL-1 cardiomyocytes subjected to 
various conditions. Detailed methods are available in the supplementary materials and 
methods section.  

2.7 Fractionation of depolymerized and polymerized α-tubulin  

The fractionation of depolymerized and polymerized α-tubulin was described previously 
for HL-1  

cardiomyocytes. Detailed methods for this study are described in the supplementary 
materials and methods section.  

2.8 Immunofluorescent staining 
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The immunofluorescent staining of the microtubule network was conducted in HL-1 
cardiomyocytes. Detailed methods are available in the supplementary materials section.  

2.9 HDAC6 activity measurement 

The HDAC6 activity was measured in protein extracts of HL-1 cardiomyocytes according to 
the protocol as described in the supplementary materials and methods section.  

2.10 Statistics analysis 

Results were expressed as mean ± SEM of at least duplicated independent experiments. 
Statistical analysis was performed by using a Student’s t test. All P values were 2 sided. P ≤ 
0.05 was considered statistically significant. GraphPad Prism 5 was used for all the statistic 
evaluations.  
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3. Results  

3.1 GGA*-59 post-treatment enhances recovery from calcium transient loss in HL-1 
cardiomyocytes 

Previously, we observed that tachypacing reduces CaT amplitudes [12, 26, 29, 30]. To test 
whether reduction in CaT amplitude in HL-1 cardiomyocytes is reversible in a time 
dependent manner, cardiomyocytes were tachypaced for 10 h, followed by recovery for 8, 
16 or 24 h. Tachypacing caused a significant reduction of CaT amplitudes, which persisted 
after 8, 16 and 24 h recovery (Figure 1A, C). In our previous study, we identified a potent 
HSP-inducing compound GGA-derivative, GGA*-59, to significantly protect against CaT loss 
upon tachypacing [28]. In the current study, HL-1 cardiomyocytes were tachypaced for 10 
h, followed by post-treatment with GGA*-59 for 8 h or 24 h. Interestingly, post-treatment 
with GGA*-59 significantly reversed tachypacing-induced CaT loss after 8 h and 24 h 
recovery compared to DMSO-treated cardiomyocytes (Figure 1B, D, Figure S2A, B and 
Figure S3). These findings indicate that the HSP-inducing compound GGA*-59 accelerates 
recovery from tachypacing-induced CaT loss. 
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Figure 1. Tachypacing induces persistent CaT loss in HL-1 cardiomyocytes, which is 
restored by post-treatment with GGA*-59. A) Representative CaT of control normal-
pacing (NP, 1 Hz), 10 h tachypacing (TP), and TP followed by 8 h, 16 h or 24 h recovery in 
HL-1 cardiomyocytes. B) Representative CaT of control normal-pacing (NP, 1Hz), 10 h TP, 
and TP with 8 h recovery with DMSO-treatment and TP with 8 h post-treatment with 10 
µM GGA*-59 during recovery of HL-1 cardiomyocytes. C) Quantified CaT amplitudes 
(relative to NP) of HL-1 cardiomyocytes showing gradual reduction during recovery from 
TP. ***P<0,001 vs NP, #P<0,05 vs 10 h TP, ###P<0,001 vs 10 h TP. N=20 to 88 cardiomyocytes 
for each group. D) Quantified CaT amplitudes (relative to NP) of HL-1 cardiomyocytes 
showing enhanced recovery from CaT loss by GGA*-59 post-treatment. ***P<0,001 vs NP, 
###P<0,001 vs 8 h recovery. N=55 to 88 cardiomyocytes for each group. 

3.2 GGA*-59 post-treatment increases HSPB1 expression and restores (acetylated) α-
tubulin, cardiac troponin I and troponin T protein levels  

Since we previously showed in tachypaced HL-1 cardiomyocytes that the protective effect 
of GGA and GGA-derivatives against remodeling is via HSPB1 induction [26], the role of 
HSPB1 in reversibility from remodeling is examined. Tachypacing did not alter the 
expression level of HSPB1, compared to control HL-1 cardiomyocytes. Whereas, HSPB1 
levels were significantly increased in tachypaced HL-1 cardiomyocytes after 8 h recovery, 
and even further enhanced by GGA*-59 post-treatment (Figure 2A). In addition, 
tachypacing resulted in a significant decrease in α-tubulin and acetylated α-tubulin levels 
and only acetylated α-tubulin levels were significantly increased after 8 h recovery. GGA*-
59 post-treatment for 8 h further enhanced both α-tubulin and acetylated α-tubulin levels 
compared to tachypaced DMSO-treated HL-1 cardiomyocytes (Figure 2B). Also, 
tachypacing resulted in significant reductions in cTnI, cTnT and cTnC levels, which 
maintained reduced after 8 h recovery. Again, GGA*-59 post-treatment significantly 
improved cTnI and cTnT levels, whereas no effect on cTnC level was observed compared to 
tachypaced DMSO-treated HL-1 cardiomyocytes (Figure 2C). Taken together, GGA*-59 
enhances recovery of contractile and structural protein levels after tachypacing.  

3.3 GGA*-59 post-treatment increases mRNA levels of α-tubulin, but not cTnI, cTnT and 
cTnC 

As we observed that the protein levels of α-tubulin, cTnI and cTnT were restored by GGA*-
59 post-treatment, we next investigated whether GGA*-59 is able to normalize the 
transcription levels of these structural proteins. Hereto, the mRNA levels of α-tubulin 
encoding genes, tuba1a, tuba1b, tuba1c, tuba4a and tuba8, were measured. Tachypacing 
for 10 h significantly decreased mRNA levels of all measured tubulin genes (Figure 3A). 
Tuba1a, tuba1b and tuba8 mRNA levels remained decreased during 8 h recovery, whereas, 
tuba1c and tuba4a mRNA levels significantly increased during recovery (Figure 3A). Post-
treatment with GGA*-59 significantly increased mRNA levels of all the measured α-tubulin 
encoding genes (Figure 3A), implying that GGA*-59 enhances expression of α-tubulin at 
transcriptional level, thereby contributing to recovery of α-tubulin protein expression. Also, 
the amount of mRNA of cardiac troponin complexes, cTnnI3, cTnnT2 and cTnnC1 was 
examined by RT-qPCR. Surprisingly, mRNA levels of all cardiac troponins were neither 
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altered by tachypacing nor during recovery after tachypacing (Figure 3B), indicating that 
the reduction in protein levels of cardiac troponins is not due to repression at the mRNA 
level.  

 

 

Figure 2. GGA*-59 post-treatment increases HSPB1, restores (acetylated) α-tubulin and 
cardiac troponin I and troponin T protein levels. A) Representative Western blot and 
quantified data showing HSPB1 protein levels of HL-1 cardiomyocytes in control non-pacing 
(NP), 10 h tachypacing (TP), and TP with 8 h recovery with DMSO or 10 μM GGA*-59 post-
treatment. B) Representative Western blot and quantified data showing reduced α-tubulin 
and acetylated (Ac) α-tubulin levels after TP and during 8 h recovery with DMSO-treatment, 
and increased protein expression levels of α-tubulin and acetylated (Ac) α-tubulin by post-
treatment of GGA*-59. C) Representative Western blot and quantified data showing that 
protein expression levels of cTnI, cTnT and cTnC are significantly reduced after 10 h TP and 
8 h recovery with DMSO-treatment, and significantly restored by post-treatment with 
GGA*-59. *P<0,05 vs NP, **P<0,01, #P<0,05 vs 10 h TP or 8 h recovery, ##P<0,01 vs 10 h TP 
or 8 h recovery, ###P<0,001 vs 10 h TP or 8 h recovery. Number of independent experiments. 
N=4. 
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Figure 3. GGA*-59 post-treatment normalizes mRNA levels of α-tubulin encoding genes. 
A) Quantified RT-qPCR data showing transcription levels of five α-tubulin encoding genes 
for the conditions as indicated. The mRNA levels are significantly reduced after 10 h 
tachypacing (TP) and TP with 8 h recovery with DMSO-treatment. 8 h post-treatment with 
GGA*-59 significantly enhances recovery of mRNA levels of all measured α-tubulin genes. 
The α-tubulin mRNA levels are normalized to the amount of GAPDH. *P<0,05 vs NP, 
***P<0,001 vs NP, #P<0,05 vs 10 h TP or 8 h recovery, ##P<0,01 vs 10 h TP or 8h recovery, 
###P<0,001 vs 10 h TP or 8 h recovery. Number of independent experiments N=6. B) RT-
qPCR data showing that mRNA levels of cTnI, cTnT and cTnC are not altered for the 
conditions as indicated. Cardiac troponin levels are normalized to the amount of GAPDH. 
Number of independent experiments N=4. 

 
3.4 GGA*-59 post-treatment restores α-tubulin network 

Together, the polymerized form of α-tubulin and β-tubulin assembles the microtubule 
network, which supports the architecture, contractile function and transportation of 
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cytoplasmic constitutes within the cardiomyocyte [31-33]. Previously, we showed that 
tachypacing induces disruption of the microtubule network via activation of HDAC6, 
resulting in deacetylation, depolymerization and finally degradation of the depolymerized 
α-tubulin by calpain. A disrupted microtubule network causes CaT loss and underlies AF 
progression [12]. To study the role of the microtubule network during recovery after 
tachypacing, HL-1 cardiomyocytes were subjected to tachypacing, followed by recovery 
with or without GGA*-59 post-treatment. By using immunofluorescent staining of α-
tubulin and acetylated α-tubulin, we observed that the microtubule network gets disrupted 
due to tachypacing, and partially restores after 8 h recovery (Figure 4A). Interestingly, 
GGA*-59 post-treatment accelerated recovery of the microtubule network (Figure 4A). 
Accordingly, the quantified data of the α-tubulin and acetylated α-tubulin-stained 
microtubule length in each group shows the same trend as the immunofluorescent images 
exhibit (Figure 4B). Moreover, the immunofluorescent staining indicates that tachypacing-
induced disruption of microtubule network was maintained during 24 h recovery, and the 
post-treatment of GGA*-59 also restored the microtubule network (Figure S4). In addition, 
we quantify the degree of microtubule disruption, the amount of depolymerized and 
polymerized α-tubulin was assessed by Western blot analysis. Tachypacing resulted in a 
significant reduction in both depolymerized and polymerized α-tubulin fractions (Figure 5A, 
C). Similar to the findings of immunofluorescent staining, GGA*-59 post-treatment 
enhanced recovery from the tachypacing-induced reduction in depolymerized α-tubulin 
and acetylated α-tubulin levels (Figure 5A). Whereas, no effect of GGA*-59 on polymerized 
fractions was observed (Figure 5C). Taken together, the findings suggest that GGA*-59-
induced normalization of depolymerized acetylated α-tubulin levels after tachypacing 
contributes to elongation of the microtubule network [34, 35], which underlies restoration 
of cardiomyocyte structure and contractile function. 

3.5 GGA*-59 post-treatment induces HSPB1 level in the depolymerized fraction of α-
tubulin  

As we observed that GGA*-59 post-treatment accelerates restoration of depolymerized 
acetylated α-tubulin levels after tachypacing, we examined the role of HSPB1 in 
restoration. The amount of HSPB1 was significantly increased in depolymerized α-tubulin 
fractions after 8 h post-treatment with GGA*-59 compared to DMSO-treated recovery 
group (Figure 5B). However, in the polymerized α-tubulin fraction, the HSPB1 level was 
significantly increased after 10 h TP and maintained increased during 8 h recovery. 
Importantly, GGA*-59 post-treatment did not further increase the HSPB1 level in the 
polymerized α-tubulin fractions (Figure 5D). These results indicate that the GGA*-59-
induced HSPB1 levels mainly presents in the depolymerized acetylated α-tubulin fractions, 
and thereby may protect the microtubule network from calpain-induced degradation as 
previously observed [12]. Binding of HSPB1 to the depolymerized (acetylated) α-tubulin 
fractions, may represent one of the underlying mechanisms how GGA*-59 improves the 
conservation of the microtubule network and enhances recovery from tachypacing-
induced structural remodeling in HL-1 cardiomyocytes.  
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Figure 4. GGA*-59 post-treatment enhances restoration of the microtubule network after 
tachypacing of HL-1 cardiomyocytes. A) Representative immunofluorescent images 
showing the microtubule network in HL-1 cardiomyocytes upon control non-paced (NP), 10 
h tachypacing (TP), TP with 8 h recovery with DMSO or GGA*-59 post-treatment. TP results 
in disruption of the microtubule network which remains disrupted after 8 h recovery, 
GGA*-59 post-treatment accelerates restoration of the microtubule network. The 
microtubule network is represented by staining of α-tubulin and acetylated (Ac) α-tubulin. 
Scale bars represent 10 µm, zoomed images are magnified 3x based on the original image. 
B) Quantified data of the immunofluorescent images showing that 10 h tachypacing (TP) 
decreases the length of α-tubulin and acetylated (Ac) α-tubulin-stained microtubules. Upon 
recovery, the microtubule length increases, but post-treatment with GGA*-59 significantly 
accelerates the elongation of the microtubules. For each experimental condition, 100 α-
tubulin and acetylated (Ac) α-tubulin stained microtubules from 5 to 9 images are selected 
and quantified by ImageJ. ***P<0.001 vs NP, ###P<0.001 vs 8h recovery.    
 
 

 

Figure 5. GGA*-59 post-treatment restores the depolymerized fractions of α-tubulin and 
acetylated α-tubulin, which is associated with increased HSPB1 levels in the 
depolymerized α-tubulin fractions. A) Representative Western blot images and quantified 
data showing that α-tubulin and acetylated (Ac) α-tubulin levels are decreased in the 
depolymerized fractions of α-tubulin after 10 h tachypacing (TP) and 8 h recovery with 
DMSO post-treatment. Both levels are significantly recovered by 8 h post-treatment with 
GGA*-59. B) Representative Western blot images and quantified data showing that the 
HSPB1 amount is increased in the depolymerized α-tubulin fractions of α-tubulin after 8 h 
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post-treatment with GGA*-59. C) Representative Western blot images and quantified data 
showing that α-tubulin and Ac α-tubulin levels are decreased in the polymerized fractions 
after 10 h TP and 8 h recovery with DMSO-treatment, and not recovered by post-treatment 
with GGA*-59. D) Representative Western blot images and quantified data for HSPB1 
amount. HSPB1 is enhanced in all conditions after 10 h TP, and no effect of GGA*-59 post-
treatment is observed in the polymerized α-tubulin fractions. *P<0,05 vs NP, **P<0,01 vs 
NP, ***P<0,001 vs NP, #P<0,05 vs 8 h recovery. Number of independent experiments N=3. 

3.6 Recombinant HSPB1 enhances recovery from contractile dysfunction and 
microtubule disruption 

So far, we showed that pharmacological post-treatment with the HSP-inducer GGA*-59 
enhances recovery from tachypacing-induced contractile dysfunction and normalizes 
contractile and structural protein levels. As we previously showed that GGA and GGA-
derivatives protect against the contractile dysfunction in tachypaced atrial cardiomyocytes 
via HSPB1 [26, 28], we next studied whether recombinant HSPB1 (rcHSPB1) sorts 
comparable protective effects. Hereto, we transfected HL-1 cardiomyocytes with rcHSPB1 
after tachypacing. Interestingly, rcHSPB1 post-treatment enhanced recovery from 
tachypacing-induced CaT loss in HL-1 cardiomyocytes, compared to tachypaced chariot 
reagent-treated cardiomyocytes (Figure 6A, B). In addition, rcHSPB1 significantly restored 
protein expression levels of (acetylated) α-tubulin (Figure 7A, B, Figure S6), but no effect 
on cTnI, cTnT and cTnC was observed (Figure 7C, Figure S6). Next, we examined whether 
HSPB1 can affect the transcription level of α-tubulin during recovery after tachypacing of 
HL-1 cardiomyocytes. As expected, the tachypacing-induced reduction in mRNA level of the 
α-tubulin encoding gene tuba1a maintained reduced after recovery with chariot reagent 
incubation, but was significantly enhanced by rcHSPB1 post-treatment (Figure S5). Taken 
together, these findings show that HSPB1 enhances restoration of α-tubulin and acetylated 
α-tubulin, but not cardiac troponins levels after tachypacing.  

3.7 GGA*-59 and rcHSPB1 post-treatment repress HDAC6 activity in tachypaced HL-1 
cardiomyocytes 

In our previous study we demonstrated that tachypacing-induced HDAC6 activation results 
in deacetylation, depolymerization and finally degradation of the depolymerized α-tubulin 
by calpain [12]. To examine whether GGA*-59 and rcHSPB1 post-treatment enhance the 
recovery of (acetylated) α-tubulin levels via attenuation of HDAC6 and/or calpain activity, 
HL-1 cardiomyocytes were tachypaced, followed by 8 h recovery with and without GGA*-
59 or rcHSPB1 post-treatment. As expected, 10 h TP increased HDAC6 activity and both 
GGA*-59 and rcHSPB1 post-treatment significantly reduced HDAC6 activity (Figure 8A, B). 
Furthermore, tachypacing increased calpain activity levels, which maintained increased 
during 8 h recovery. GGA*-59 post-treatment did not normalize the tachypacing-induced 
increase in calpain activity (Figure 8C), indicating that the enhanced recovery of α-tubulin, 
acetylated α-tubulin, cTnI and cTnT levels by GGA*-59 is not via repression of calpain 
activity. As reduced HDAC6 activity results in increased acetylated α-tubulin levels, which 
are protected from calpain-induced degradation [12], the current findings suggest that 
restoration of (acetylated) α-tubulin by GGA*-59 and rcHSPB1, may result from reduction 
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in HDAC6 activity. Whether the attenuation of HDAC6 activity underlies the restoration of 
cTnI and cTnT is unknown.  

 

 
Figure 6. HSPB1 recovers contractile function in HL-1 cardiomyocytes after tachypacing. 
A) Representative CaT and B) quantified CaT amplitudes of control non-pacing (NP), 10 h 
tachypacing (TP), TP with 3 h control chariot or TP with 3 h chariot rcHSPB1 post-treatment 
in HL-1 cardiomyocytes. TP induces significant CaT loss, which remains reduced during 3 h 
recovery with chariot reagent. In contrast, 3 h transfection of chariot rcHSPB1 significantly 
enhances recovery from CaT loss in HL-1 cardiomyocytes. ***P<0,001 vs NP, ###P<0,001 vs 
chariot. N (NP)=81, N (10h TP)=47, N(chariot)=82, N(chariot+HSPB1)=82.      
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Figure 7. HSPB1 normalizes α-tubulin and acetylated α-tubulin and not cardiac troponin 
levels in tachypaced HL-1 cardiomyocytes. A) Representative Western blot images and 
quantified data showing recombinant HSPB1 (rcHSPB1) is successfully transfected in the 
HL-1 cardiomyocytes. B) Representative Western blot images and quantified data showing 
10 h tachypacing (TP) results in reductions in α-tubulin and Ac α-tubulin levels, which 
maintain reduced during 3 h recovery with chariot reagent, but are significantly recovered 
by transfection of rcHSPB1. C) Representative Western blot images and quantified data 
showing 10 h TP results in reductions in protein expression levels of cTnI, cTnT and cTnC, 
which maintain during both 3 h recovery with chariot reagent and transfection of rcHSPB1. 
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*P<0,5 vs NP, ***P<0,001 vs Con (NP), ##P<0,01 vs chariot, ###P<0,001 vs chariot. Number 
of independent experiments N=3.      

 

 
Figure 8. GGA*-59 post-treatment and rcHSPB1 transfection suppress HDAC6 and not 
calpain activity in tachypaced HL-1 cardiomyocytes. A) 10 h tachypacing (TP) induces 
HDAC6 activity, which remains increased during 8 h recovery with DMSO post-treatment. 
HDAC6 activity is suppressed by 8 h post-treatment with GGA*-59 in HL-1 cardiomyocytes. 
**P<0.01 vs NP, ##P<0.01 vs 8h recovery. Number of independent experiments N=4. B) 10 
h TP induces HDAC6 activity which maintains increased during 3 h recovery of HL-1 
cardiomyocytes treated with chariot reagent. In contrast, HDAC6 activity is significantly 
suppressed by rcHSPB1 transfection in TP HL-1 cardiomyocytes. ***P<0,001 vs NP, #P<0,05 
vs 8 h recovery, &&P<0,01 vs chariot, δδP<0,01 vs HSPB1. Number of independent 
experiments N=2. C) 10 h TP increases calpain activity, which maintains increased during 8 
h recovery with DMSO or GGA*-59 post-treatment in HL-1 cardiomyocytes. *P<0.05 vs NP, 
**P<0.01 vs NP, ***P<0,001 vs NP. Number of independent experiments N=4.        

 

  



HSP inducer GGA*59 protects against AF 

117 

 

4. Discussion  

This study shows that post-treatment with the HSP-inducing compound GGA*-59 increases 
HSPB1 expression and enhances recovery from tachypacing-induced contractile 
dysfunction in HL-1 cardiomyocytes. At the molecular level, GGA*-59 post-treatment 
restores the microtubule network and both transcriptional and protein levels of 
(acetylated) α-tubulin. Furthermore, GGA*-59 enhances recovery of depolymerized 
(acetylated) α-tubulin fractions, which coincides with elevated HSPB1 binding, suggesting 
a role for HSPB1 in stabilizing the microtubule network. Moreover, GGA*-59 restores the 
sarcomere proteins cTnI and cTnT levels, without affecting the mRNA expression of 
troponin encoding genes. Comparable protective effects were observed by HSPB1 
overexpression. Recombinant HSPB1 also restores tachypacing-induced CaT loss, 
(acetylated) α-tubulin protein and mRNA levels, yet does not recover cardiac troponins. 
Intriguingly, the tachypacing-induced activity of HDAC6, whose major cytosolic substrate is 
acetylated α-tubulin, is suppressed by both GGA*-59 and recombinant HSPB1, suggesting 
that part of the beneficial effects on cardiomyocyte recovery are via attenuation of HDAC6 
activity.    

4.1 Accelerated cardiomyocyte recovery via restoration of microtubule network 

The findings from this study point to restoration of the microtubule network as a key 
feature in the recovery from structural and functional remodeling upon tachypacing. The 
observation is strengthened by our observation that GGA*-59 and recombinant HSPB1 
accelerate recovery of mRNA and protein levels of (acetylated) α-tubulin. In addition, 
GGA*-59 accelerates recovery of depolymerized (acetylated) α-tubulin fractions and 
elevates HSPB1 levels in these fractions. Finally, GGA*-59 and recombinant HSPB1 suppress 
HDAC6 activity, thereby preventing deacetylation, depolymerization and finally 
degradation of α-tubulin by calpain as shown before [12]. Although a significant induction 
in HDAC6 activity was observed in tachypaced HL-1 cardiomyocytes treated with chariot 
reagent, the induction was minor. As the chariot peptide is designed to form non-covalent 
complexes with other proteins [36], the chariot peptide may interact with HDAC6 way and 
thereby reduce its activation.  

It is known that the microtubule network is a dynamic structure, in which the 
depolymerized and polymerized forms of α-tubulin occur in a balanced status [37]. 
Especially, acetylated α-tubulin is a hallmark for microtubule stability and integrity [38, 39]. 
Our previous study showed that patients with paroxysmal and persistent AF reveal 
reductions in (acetylated) α-tubulin levels in atrial tissue, which coincides with increased 
HDAC6 expression and activity. Also, tachypacing induced disruption of the microtubule 
network via deacetylation, depolymerization and finally degradation of depolymerized α-
tubulin by calpain, in HL-1 cardiomyocytes, Drosophila and a dog model for AF. In line, 
conservation of the microtubule network by an HDAC6 inhibitor, prevented AF progression 
in these experimental model systems [12]. The findings indicate that microtubule-related 
structural remodeling represents a key modulator that obstructs the recovery of 
cardiomyocytes from contractile dysfunction in AF. Indeed, in the current study, we found 
that tachypacing disrupts the microtubule network resulting in CaT loss, which both 
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maintain impaired during recovery. GGA*-59 and recombinant HSPB1 post-treatment 
restored the microtubule network and CaT loss. Interestingly, GGA*-59 also restored 
acetylated α-tubulin expression and enhanced HSPB1 levels especially in the 
depolymerized fractions, whereas, α-tubulin expression in the polymerized fractions was 
not restored. Studies have shown that the depolymerized tubulin fractions consist of 
tubulin dimers and oligomers [40-42]. Also, tubulin dimers are less preferable than the 
polymers to become acetylated [43]. These studies suggest that the acetylated α-tubulin 
observed in the depolymerized fractions may represent a mixture of acetylated tubulin 
dimers and oligomers. HSPB1 is known to bind to contractile and structural proteins to 
conserve their function and shield them from degradation by proteases, such as calpain 
[44-46]. This may also occur in tachypaced HL-1 cardiomyocytes, as an induction in calpain 
activity was observed, which maintained increased during recovery and GGA*-59 post-
treatment. Despite this maintained increase in calpain activity, α-tubulin levels were 
significantly recovered in GGA*-59 post-treated cardiomyocytes, suggesting that HSPB1 
may protect against calpain-induced degradation of deacetylated and depolymerized α-
tubulin. Findings from the literature affirm this role of HSPB1. First, it has been shown that 
HSPB5 prevents aggregation of tubulin via its α-crystallin core domain, and thereby 
conserves the microtubule integrity under stressful conditions [47-49]. The amino acid 
sequence exposed at the surface of α-crystallin core domain recognizes and interacts with 
a homologous sequence identified on the tubulin surface [50, 51]. Also HSPB1 shares the 
α-crystallin core domain in its structure [52] and was found to associate with both α-
tubulin/β-tubulin dimers in Hela cells[53], and protect the stability of microtubules under 
the acidic environment presents in a tumor model of Chinese hamster ovary (CHO) cells 
[54]. Second, the elevated depolymerized α-tubulin levels, present after GGA*-59 post-
treatment, may be incorporated into the damaged microtubules to aid to the recovery of 
the network. This act of self-repair has been described in in vitro experiments for stress-
induced disruption of the microtubule network. Here, the disrupted network incorporates 
free circulating α-tubulin dimers into the pre-existing α-tubulinnetwork, thereby fixing the 
impaired sites and initiating elongation and conservation of the microtubule network [34, 
35,55 ]. In line, we also observed the recovery of microtubule network via 
immunofluorescent microscopy. GGA*-59 post-treatment of tachypaced HL-1 
cardiomyocytes showed intact microtubules of (acetylated) α-tubulin with increased 
length, in contrast to the microtubules with short length observed in non-treated HL-1 
cardiomyocytes. The observed microtubuleswith increased length after GGA*-59 post-
treatment may be a result of the self-repair mechanisms. Finally, GGA*-59 and rcHSPB1 
post-treatment normalized tachypacing-induced HDAC6 activity in HL-1 cardiomyocytes 
during recovery after tachypacing. In our previous study, we demonstrated the crucial role 
of HDAC6 activity in AF progression by disruption of the microtubule network [12]. The 
suppressed HDAC6 activity may decrease the amount of deacetylated α-tubulin, thereby 
protecting α-tubulin from being depolymerized and degraded by calpain during 
tachypacing. As such, GGA*-59 and rcHSPB1 may also contribute by restoring the stability 
of the microtubule network via suppression of HDAC6 activity. One possibility of how 
GGA*-59 may suppress HDAC6 activity is via HSPB1. It was shown that HDAC6 is one of the 
client proteins of HSPB1, they directly interact with each other [56]. Binding of HDAC6 to 
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HSPB1 may suppress its activity. Further research should elucidate the effect of HSPB1 on 
HDAC6 activity and modulation of the microtubule network in AF.  

4.2 GGA*-59 and rcHSPB1 normalize mRNA levels of tubulin genes 

Next to restoration of the microtubule network via prevention of tachypacing-induced 
degradation, GGA*-59 also restored mRNA levels of all the tubulin genes measured. The 

restored -tubulin encoding genes may contribute to the recovery of protein expression 

levels of -tubulin and thereby enhance the pool of -tubulin in the cytosol that can be 
used for acetylation and restoration of the microtubule network.  Since rcHSPB1 also 
increased tubulin gene expression, HSPB1 may have a direct effect on transcription of 
tubulin genes. One previous study revealed that nuclear HSPB1 can directly activate 
transcription factor SP1 and thereby regulate gene expression, resulting in neuronal 
protection [57]. Whether HSPB1 activates transcription factors resulting in tubulin 
expression is unknown. Further research should elucidate whether the promoter regions 
and/or transcription factors can be directly regulated via HSPB1. Also the cause of TP-
induced reduction in mRNA expression level of all the α-tubulin genes measured is not 

known. Previous studies revealed that depolymerized -tubulin binds to -tubulin mRNA 
associated to ribosomes, resulting in its degradation and destabilization [58-60]. Whether 
this autoregulatory mechanism of tubulin expression is also activated upon tachypacing is 
unknown. 

5. Conclusions 

Our findings indicate that the HSP inducer GGA*-59 and recombinant HSPB1 enhance 
recovery from tachypacing-induced structural remodeling and contractile dysfunction in 
HL-1 cardiomyocytes. GGA*-59 increases HSPB1 expression, represses HDAC6 activity and 
restores contractile protein and microtubule expression after tachypacing. The results 
imply that HSPB1 represents a druggable target to enhance recovery from AF-induced 
remodeling.  
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Supplementary Materials and Methods 

2.1 HL-1 atrial cardiomyocyte reversibility model and calcium transient measurements 

HL-1 cardiomyocytes, obtained from Dr. William Claycomb Lab (Louisiana state university, 
New Orleans), were derived from adult mouse atria, and cultured in complete Claycomb 
medium (Sigma), supplemented with 10% FBS (PAA cell culture company), 100 µg/ml 
penicillin/streptomycin (Lonza BioWhittaker), 0.1 mM norepinephrine (Sigma), 2 mM L-
glutamine (Lonza BioWhittaker), in 0.02% gelatin (Sigma) coated cell culture plates [1]. The 
cardiomyocytes were tachypaced (TP, 5 Hz, 40 V and 20 ms pulse duration) with a C-
pace100 culture pacer (IonOptix) for 10 h, followed by 8, 16 or 24 h recovery. For Calcium 
transient (CaT) measurement, HL-1 cardiomyocytes were washed with  Dulbecco’s 

Modified Eagle Medium (DMEM, Gibco) for 3 times, followed by incubation with 2 M the 

calcium indicator Fluo-4-AM dye (Invitrogen) in the DMEM medium for 30 min at 37 C, 
then wash with the DMEM medium for 3 times and incubated with the full Claycomb 
medium for CaT measurement. CaT of the cardiomyocytes were measured by using 
IonOptix CaT set-up. The Fluo-4 loaded HL-1 cardiomyocytes were tachypaced at 1HZ, 40V, 

pulse duration of 20ms, at 37 C. The amplitude of CaT was calculated to indicate the 
contractile function of cardiomyocytes. To compare the fluorescent signal between each 
measurement, the signal was calibrated as ΔCaT=F1/F0, F1 stands for the fluorescent signal 
at any given time, F0 stands for the fluorescent signal at the rest status, which was also 
described in the previous studies [2, 3]. 

2.3 Protein Isolation and Western blot analysis  

HL-1 cardiomyocytes were lysed on ice by the radioimmunoprecipitation assay (RIPA) 
buffer supplemented with protease inhibitor cocktail (Roche), sodium orthovanadate 
(Sigma), sodium fluoride (Sigma) and β-mercaptoethanol (BioRad), followed by shearing 
DNA with an insulin needle and measuring protein concentration with Bradford assay 
(BioRad). After the sample preparation, the protein homogenates were separated on SDS-
PAGE gels, transferred to nitrocellulose membranes, probed with primary antibodies 
(species and dilution time are listed in table S1): anti-HSPB1 (HSP25, Enzolifesciences), anti-
HSPB1 (HSP27, Enzolifesciences), anti-α-tubulin (Sigma), anti-acetylated α-tubulin (Sigma), 
anti-cardiac troponin I (cTnI, Abcam), anti-cardiac troponin T (cTnT, Abcam), anti-cardiac C 
(cTnC, Invitrogen), GAPDH (Fitzgerald) and β-actin (Abcam) overnight at 4 °C, followed by 
incubation with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary 
antibodies (Dako, 1:2000) for 1-2 h at room temperature (RT). The intensity of the bands 
was quantified by using ImageQuant (GE Healthcare).  

2.5 Chariot transfection of recombinant HSPB1 in tachypaced HL-1 cardiomyocytes 

HL-1 cardiomyocytes were seeded on 0.02% gelatin coated coverslips in a 24-well plate. 
Experimental groups included control non-paced (NP), 10 h TP+3 h recovery with chariot 
and 10 h TP+3 h recovery with chariot+HSPB1. To transfect recombinant HSPB1 (rcHSPB1) 
into the cardiomyocytes, the quick protein transfection procedure was performed by using 
a chariot protein delivery reagent kit (Activemotif). Hereto, 0,67 µl of rcHSPB1 (1,5 mg/ml) 
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was diluted into 50 µl PBS to result in 1 µg rcHSPB1 in one eppendorf tube. Next, in another 
tube, 2 µl chariot reagent was added to 50 µl sterilized H2O. Both tubes were combined 
followed by incubation at RT for 30 min. After TP for 10 h, the coverslips were immediately 
transferred to a 24-well plate, followed by washing of the cardiomyocytes with PBS once, 
and addition of 100 µl chariot-sterilized H2O vehicle and 100 µl Claycomb medium (-FBS) to 
the control recovery group, and 100 µl rcHSPB1-chariot complex with 100 µl Claycomb 
medium (-FBS) to the HSPB1 transfection group, and incubation for 1 h at 37 °C. Finally,  
300 µl full Claycomb medium (+FBS) was added to the mixture of each group at 37 °C and 
incubated for 2 h. 
 
2.6 Calpain activity measurement 

HL-1 cardiomyocytes were grown on 0.02% gelatin coated 4-well cell culture plates, 
followed by 10 h TP. The calpain activity was measured by using calpain activity 
fluorometric assay kit (BioVision) and the fluorometric reader (FLUOstar, BMG 
Labtechnologies). Hereto, cardiomyocytes were lysed with 100 µl extraction buffer, 
incubated on ice for 20 min, and gently resuspended and centrifuged at 10,000 g for 1 min. 
After protein concentration measurement of the cell lysate, the cell lysate from each group 
was diluted in extraction buffer to achieve 20 µg protein. 85 µl diluted cell lysate per group 
was added into each well of a 96-well plate, followed by adding 15 µl master mix (reaction 
buffer and calpain substrate mixture). After 1 h incubation at 37 °C in the dark, the calpain 
activity was measured at Ex/Em=390 nm/520 nm. Changes in calpain activity were 
expressed as relative fluorescent unit (RFU) per µg protein per group. 

2.7 Fractionation of depolymerized and polymerized α-tubulin  

The fractionation of depolymerized and polymerized α-tubulin was described previously 
for HL-1 cardiomyocytes [4]. After TP, the HL-1 cardiomyocytes were washed with PBS 
twice, followed by adding the microtubule stabilizing buffer (0,1 M PIPES, 1 mM EGTA, 1 
mM MgCl2·6H2O and 2 M glycerol, pH=6.93) freshly supplemented with (0.5% TritonX-100 
and protease inhibition cocktail) to each well on ice for 3 min to extract the soluble α-
tubulin, then the remaining cardiomyocytes were washed once with the microtubule 
stabilizing buffer without supplements, lysed in RIPA buffer containing  protease inhibition 
cocktail, to extract the polymerized α-tubulin fraction, followed by shearing of DNA with 
an insulin needle and measurement of protein concentration of both fractions by using the 
Bradford method (Biorad). After the preparation of the fractions, the protein homogenates 
were used for SDS-PAGE, transferred to the nitrocellulose membranes and incubated with 
anti-α-tubulin, anti-acetylated α-tubulin, anti-HSPB1 (HSP25) at 4 °C overnight and 
secondary antibodies for 2 h at RT, as described above in the Western blot analysis section. 

2.8 Immunofluorescent staining and quantification 

HL-1 cardiomyocytes were seeded on 0.02% gelatin coated coverslips, followed by TP at 5 
Hz for 10 h, and post-treatment with GGA*-59 or chariot rcHSPB1 transfection. Next, HL-1 
cardiomyocytes were washed twice with PBS, fixed with 4% paraformaldehyde at RT for 15 
min, washed twice with PBS;  permeabilized with 0.3% TritonX-100 (in PBS) at RT for 10 
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min, washed with PBS twice, blocked with blocking solution (0.5% BSA + 0.15% glycine in 
PBS) at RT for 10 min; incubated with α-tubulin (1:200) and acetylated α-tubulin (1:200) 
primary antibodies at 4 °C overnight, washed with blocking solution 3 times, incubated with 
anti-rabbit or anti-mouse secondary antibodies at RT in the dark for 1 h; washed with 
blocking solution at RT for three times, washed with PBS twice, incubated with diluted DAPI 
(1:500 in PBS) at RT for 30 min, then washed with milliQ water. Finally, the coverslips were 
sealed with mounting medium, and stored at 4 °C at least overnight before microscopic 
analysis. The images were taken at a DIMI fluorescent microscope by utilizing Slidebook 
software 6.0. Five to six images per group were chosen for the quantification, the length of 
100 intact/continuous α-tubulin and acetylated α-tubulin tubes were tracked and 
measured by using the freehand tool and length measurement function in Image J2.         

2.9 HDAC6 activity measurement 

HL-1 cardiomyocytes were seeded on 0.02% gelatin coated 4-well cell culture plates, 
followed by subjection to TP at 5 Hz for 10 h, and post-treatment with 10 µM GGA*-
59/DMSO or rcHSPB1 for 8 h. After 10 h TP, HL-1 cardiomyocytes were washed with PBS 
once, and immediately collected in HDAC6 lysis buffer provided within the HDAC6 activity 
assay kit (BioVision). The other groups were collected after 8 h recovery with or without 
GGA*-59 or rcHSPB1 post-treatment. The HL-1 cardiomyocytes were incubated with 
HDAC6 lysis buffer on ice for 5 min, homogenates were centrifuged at 16,000 g for 10 min 
at 4 °C. The supernatant was transferred to an empty tube and kept on ice. Protein 
concentration of each group was measured by using Bradford assay (Biorad). According to 
the kit instruction, the standard curve was made by diluting AFC fluorophore in HDAC6 
assay buffer, to obtain gradient concentrations of AFC (AFC + HDAC6 assay buffer, 100 µl 
per well in a 96-well plate). Each sample was diluted with HDAC6 assay buffer. HDAC6 
substrate mix was prepared from HDAC6 assay buffer and HDAC6 substrate. 50 µl HDAC6 
substrate mix was added to 50 µl protein homogenate in each well of a 96-well plate and 
incubated at 37 °C for 30 min in the dark, followed by adding 10 µl developer to each well 
and incubation at 37 °C for 10 min in the dark, to generate the fluorescent signal. The 
fluorescence was measured at Ex/Em=390 nm/460 nm by fluorometric reader (FLUOstar, 
BMG labtechnologies). Changes in HDAC6 activity were calculated as relative fluorescent 
unit (RFU) per µg/µl protein per sample.  
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Supplementary tables 

Table S1. Antibodies used for Western blot 

Primary antibody         Species Dilution times 

HSPB1 (Hsp25)  rabbit polyclonal 1/1000 

HSPB1 (Hsp27) mouse monoclonal   1/1000 

α-tubulin  mouse monoclonal   1/20000 

acetylated α-tubulin  mouse monoclonal   1/20000 

cTnI  rabbit polyclonal 1/1000 

cTnT  mouse monoclonal   1/1000 

cTnC rabbit polyclonal 1/1000 

GAPDH   mouse monoclonal   1/5000 

β-actin rabbit polyclonal 1/2000 

 

 

 

Table S2. Primers used for quantitative RT-PCR 

Gene    Forward primer Reverse primer 

cTnnI3 (mouse) 5’-TCTGCCAACTACCGAGCCTAT-3’ 5’-CTCTTCTGCCTCTCGTTCCAT-3’ 

cTnnT2 (mouse) 5’-CAGAGGAGGCCAACGTAGAAG-3’ 5’-CTCCATCGGGGATCTTGGGT-3’ 

cTnnC1 (mouse) 5’-GCGGTAGAACAGTTGACAGAG-3’ 5’-CCAGCTCCTTGGTGCTGAT-3’ 

Tuba8 (mouse) 5’-CTGAGCAACACCACAGCAAT-3’ 5’-CAAACGAATCAGTCCCCACT-3’ 

Tuba1a (mouse) 5’-GAGCAACACCACAGCCATTG-3’ 5’-GGGGCTCAAGGAATGGACTT-3’ 

Tuba1b (mouse) 5’-CTGATGTATGCCAAGCGTGC-3’  5’-TGGAGCAGTTTGACGACACA-3’ 

Tuba1c (mouse)  5’-GCATTAACTACCAGCCTCCCA-3’ 5’-CCTCACCCTCATCGTCTCCTTC-3’ 

Tuba4a (mouse) 5’-GGAGGGGACGACTCCTTCA-3’  5’-TGGGCCATTTCGGATCTCATC-3’ 

β-actin (mouse) 5’-GTGACGTTGACATCCGTAAAGA-3’ 5’-GCCGGACTCATCGTACTCC-3’ 

GAPDH (mouse) 5’-GGGTGTGAACCACGAGAAAT-3’   5’-CCTTCCACAATGCCAAAGTT-3’ 
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Supplemental Figures 

 
Figure S1. Tachypacing with different periods of time induces sustained contractile 
dysfunction in HL-1 cardiomyocytes. A) Representative CaT of HL-1 cardiomyocytes after 
non-paced (NP), followed by 4 h, 6 h or 8 h tachypacing (TP), and TP with 16 h or 24 h 
recovery. B) Quantified CaT amplitudes of HL-1 cardiomyocytes showing 4 h, 6 h and 8 h TP 
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to result in CaT loss, which maintains during 16 h and 24 h recovery. *P<0.05 vs NP, 
***P<0.001 vs NP, ##P<0.01 vs TP. 4h TP+recovery: N (NP)=29, N (4h TP)=26, N (16h)=25, N 
(24h)=19; 6h TP+recovery: N (NP)=29, N (6h TP)=30, N (16h)=28, N (24h)=23; 8h 
TP+recovery: N (NP)=29, N (6h TP)=23, N (16h)=30, N (24h)=27.  
 
 
 

 

 
Figure S2. 24 h post-treatment with GGA*-59 restores CaT loss in tachypaced HL-1 
cardiomyocytes. A) Representative CaT of non-paced (NP), 10 h tachypacing (TP), TP with 
24 h recovery with DMSO post-treatment and TP with 24 h post-treatment with 10 µM 
GGA*-59 in HL-1 cardiomyocytes. B) Quantified CaT amplitudes of HL-1 cardiomyocytes 
showing enhanced recovery from CaT loss by 24 h post-treatment with GGA*-59. 
***P<0.001 vs NP, ###P<0.001 vs 10 h TP or 24 h recovery.  N (NP)=101, N (10h TP)=127, N 
(24h)=76, N (24h GGA*-59)=78.  
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Figure S3. No differences in percentage of cell death in HL-1 cardiomyocytes between the 
experimental groups. Trypan blue staining shows that the percentage cell death is 
between 10% and 20% in all the experimental groups. There is no significant difference 
among non-paced (NP), normal-paced (1Hz), 10 h tachypacing (TP, 5Hz), and TP with 8 h 
recovery, 24 h recovery and post-treatment with GGA*-59. 57 cardiomyocytes were 
counted for each group per experiment. Number of independent experiments N=8. 

 

 

Figure S4. 24h post-treatment of GGA*59 enhances the restoration of the microtubule 
network. Representative immunofluorescent images showing that the microtubule 
network in HL-1 cardiomyocytes upon control non-paced (NP), 10 h tachypacing (TP), TP 
with 24 h recovery with DMSO or GGA*-59 post-treatment. TP results in disruption of the 
microtubule network which remains disrupted after 24 h recovery, GGA*-59 post-
treatment enhances restoration of the microtubule network. The microtubule network is 
represented by staining of acetylated (Ac) α-tubulin. Scale bars represent 10 µm. 
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Figure S5. Recombinant HSPB1 upregulates mRNA expression of α-tubulin encoding 
gene. RT-qPCR data showing 10 h tachypacing (TP) to result in a decrease in mRNA levels 
of α-tubulin encoding gene tuba1a, which maintains decreased during 3 h recovery with 
chariot reagent, but is significantly increased by post-transfection with rcHSPB1. The mRNA 
expression level of tuba1a is normalized to β-actin. ***P<0.001 vs NP, ##P<0.01 vs chariot. 
Number of independent experiments N=3.       
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ABSTRACT 

Background: Atrial fibrillation (AF), the most common tachyarrhythmia, is a progressive 
disease driven by structural remodeling of atrial cardiomyocytes that underlies electrical 
remodeling and contractile dysfunction. As sarcoplasmic reticulum (SR) and mitochondria 
control the Ca2+ and energy (ATP) homeostasis via so called SR mitochondrial contacts 
(SMCs), they represent central organelles for normal cardiomyocyte contraction. However, 
it is currently unknown whether SMCs play a role in the onset and progression of AF. 
Therefore, this study aims to determine the role of SMCs in the onset and progression of 
AF.   

Methods and results: Tachypacing of HL-1 cardiomyocytes significantly impaired calcium 
transient (CaT) amplitudes compared to normal paced cardiomyocytes. Pretreatment with 
microtubule stabilizers taxol or β-hydroxybutyrate (βOHB) significantly protected against 
tachypacing (TP)-induced CaT loss. Moreover, in isolated mitochondrial membranes, we 
showed that taxol and βOHB also significantly inhibited TP-induced SMC reduction, and 
consequently attenuated mitochondrial dysfunction and AF progression. Consistently, 
these microtubule stabilizers also prevented TP-induced contractile dysfunction in the 
Drosophila model for AF. The findings indicate that conservation of the microtubule-SMC 
suppresses AF promotion in experimental models for AF. In addition to pharmacological 
interventions, genetic interventions substantiate this observation as mitofusion 2 (Mfn2, a 
SMC tether protein) suppression induced contractile dysfunction (decreased heart rate and 
increased arrhythmia) in Drosophila models for AF. To test whether this pathway also plays 
a role in AF onset, contractile function was tested in high glucose (HG) model for 
remodeling. In line, SMC was reduced in HG treated HL-1 cardiomyocyte. Moreover, βOHB 
inhibits HG-induced reductions in SMCs in HL-1 cardiomyocyte and contractile dysfunction 
in Drosophila prepupa. Consistently, loss of Mfn2 was observed in right atrial appendage 
(RAA) tissue of persistent AF patients compared to controls in sinus rhythm, which was 
aggravated by diabetes.  

Conclusions: Microtubule preservation prevented SMC reduction and contractile 
dysfunction in experimental models for AF and HG-induced arrhythmia. AF patients with 
underlying diabetes reveal significant reduction of SMC. Therefore, the SMC-microtubule 
pathway may play a critical role in clinical AF onset and progression.  

Key words: atrial fibrillation; microtubule; SR-mitochondrial contacts; mitofusion 2; 
diabetes mellitus  
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1. Introduction 

Atrial fibrillation (AF) is the most progressive cardiac tachyarrhythmia in clinical practice 
with increased cardiovascular morbidity and mortality worldwide, despite some exciting 
and innovative improvements in clinical management [1]. Due to the ageing population, AF 
shows a steep increase in incidence and its prevalence in the developed world is estimated 
to be 1.5%-2% of the general population, and  steadily rises in the population between 75 
and 85 years of age [2]. In the Netherlands, its overall prevalence is 5.5% in the population 
over 55 years, and there are approximately 45.000 new patients diagnosed with AF every 
year [3]. The treatment of AF is approaching epidemic proportions in total healthcare 
budget. Unfortunately, no curative therapy exists for the majority of AF, which is triggered 
by structural remodeling. The reason for treatment failure is that the exact mechanisms 
driving AF onset and progression remain unclear. Therefore, research directed at 
uncovering the novel mechanisms driving AF is urgent to be explored. 

Apart from the well-known risk factors including ageing, hypertension, valvular heart 
disease and heart failure with reduced and preserved ejection fraction, recently, more 
attention has been drawn to diabetes mellitus (DM) as a risk factor for AF, primarily due to 
the obesity epidemic [1, 4, 5]. It has been reported that DM is a strong and independent 
risk factor for AF occurrence [6]. The patients with DM have approximately 40% greater 
risk of developing AF, compared with non-diabetic population [7]. Moreover, AF in diabetic 
patients is associated with a 61% greater risk of all-cause mortality and higher risks of 
cardiovascular death, stroke, and heart failure [8]. In addition, hypertensive patients who 
developed new onset of DM had a significantly higher rate of new onset AF and a higher 
risk of developing persistent AF, suggesting that DM may contribute to the onset and 
progression of AF [9]. However, the precise pathophysiological mechanisms underlying DM 
induced- onset and development of AF have not been clearly elucidated. 

It has been recognized that AF persistence is rooted in the presence of derailment in 
cardiomyocyte proteostasis (protein expression, function and clearance) [10]. An 
important modulator of proteostasis derailment is tachypacing-induced microtubule 
disruption, which results in contractile dysfunction and AF progression in experimental 
models for AF and patients with AF [11]. AF activates histone deacetylase 6 (HDAC6), which 
leads to α-tubulin deacetylation, followed by calpain-induced disruption of the microtubule 
network and contractile dysfunction of the cardiomyocytes. In line, inhibition of HDAC6, by 
tubacin, conserves the microtubule network and protects against AF progression in a HL-1 
cardiomyocyte model and a Drosophila model for AF. Furthermore, proof-of-concept for 
the microtubule network as druggable target was obtained in the dog-model of AF [11]. 
Dogs treated with the HDAC6 inhibitor, tubastatin A, were protected from electrical and 
contractile dysfunction and AF progression. Although microtubule network disruption 
induces AF progression, the downstream mechanism by which disrupted microtubules 
regulate contractile function is still unknown. Sarcoplasmic reticulum (SR) and 
mitochondria are the two central organelles for normal cardiomyocyte contraction by 
controlling the Ca2+ and energy (ATP) homeostasis, which are crucial for normal 
cardiomyocyte contraction and relaxation [12-14]. The crosstalk between SR and 
mitochondria is via contacts, termed SR-mitochondria contacts (SMCs), and is essential for 
normal mitochondrial and cardiac function. Interestingly, functional SMCs are highly 
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dependent on intact microtubule network [12]. Moreover, a key role for microtubule-
driven mitochondrial dysregulation was also found in experimental and human studies on 
DM and obesity [15, 16]. However, whether microtubule regulate SMCs changes in atrial 
cardiomyocytes and thereby drive (DM-induced) AF is unknown. Therefore, this study aims 
to check whether preservation of microtubule protects against AF via SMC pathway, and 
explore new druggable targets for AF patients.  
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2. Materials and Methods  

2.1 HL-1 cardiomyocyte culture, drug treatment and calcium transient measurements 

HL-1 cardiomyocytes, obtained from Dr. William Claycomb Lab (Louisiana state university, 
New Orleans) and bought from  sigma (SCC065, Sigma), were seeded in 0.02% gelatin 
(Sigma) coated cell culture plates, and were cultured in complete Claycomb medium 
(Sigma), supplemented with 10% FBS (PAA cell culture company), 100 µg/ml 
penicillin/streptomycin (Lonza BioWhittaker), 0.1 mM norepinephrine (Sigma) and 2 mM 
L-glutamine (Lonza BioWhittaker) [17].  

HL-1 cardiomyocytes were tachypaced (5 Hz, 40 V and 20 ms pulse duration) in 4-well 
plates to mimic AF in HL-1 atrial cardiomyocyte with a C-pace100 culture pacer (IonOptix) 
for 8 h. Prior to tachypacing, HL-1 cardiomyocytes were treated for 12 h with 5 nM 
microtubule stabilizer taxol (Sigma), 10 mM acetyl CoA inducer βOHB (Sigma) and 1uM 
HDAC6 inhibitor tubacin (Sigma), or co-transfected with plasmid RFP (Addgene) and control 
plasmid pcDNA3.1 (Addgene) or Mfn2-Myc (Addgene) for 48 h to study the specific role of 
Mfn2.  

Ca2+ transients (CaT) were imaged using a high-speed confocal microscopy (Nikon A1R). 2 
μM of the Ca2+ sensitive Fluo-4-AM dye (Invitrogen) was loaded into HL-1 cardiomyocytes, 
followed by 30 min incubation and 3 times washing with PBS. Ca2+ loaded cardiomyocytes 
were excited by 488 nm and emitted at 500-550 nm and visually recorded with a 40x-
objective under normal pacing condition (40 V, 1Hz and 20 ms). CaT measurements were 
performed in a blinded manner by selection of normal shaped cardiomyocytes with the use 
of bright field settings, followed by a switch to the fluorescent filter to determine the CaT 
[18]. 

2.2 Drosophila stocks, TP, and heart contraction assays 

The wild-type Drosophila melanogaster strain w1118  was used for all drug screening (taxol 
and βOHB ) experiments. Firstly, male and female adult flies were crossed in tubes, and 
flies were removed from the embryos-containing tubes after 3 days, and drugs or the same 
amount of vehicle (DMSO) were added to the food. Drosophila were incubated at 25 oC for 
48 h, with larvae consuming the drug/vehicle prior to entering the prepupae stage. The 
Drosophila prepupae were collected and subjected to tachypacing for 20 min (4 Hz, 20 V, 
10 ms) and heart wall functions were measured as described before [18]. 

To create the cardiac overexpression and knockdown of Mfn2 in Drosophila, one human 
Mfn2 under the control of USA Drosophila lines (BDSC_59044) from Bloomington 
Drosophila Stock Center, and one Mfn2 UAS-RNAi Drosophila line (VDRC, ID:40478) from 
the Vienna Drosophila RNAi Center were utilized. Both Drosophila lines were crossed with 
a Hand-GAL4 driver strain (kind gift of Prof. Dr. Achim Paululat). As control, wild-type flies 
w1118 were crossed with Hand-GAL4 driver flies. Prepupa of F1 progeny were used. 

2.3 High glucose treatment of Drosophila 
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The standard control diet of Drosophila food contains per liter (L): 26 g yeast, 17 g agar, 54 
g sugar, 10% nipagin. Based on the standard food, extra 96 g and 246 g D-(+)-glucose sugar 
(Sigma-Aldrich) per L were added to make final 150 g/l high glucose food and 300 g/l high 
glucose food, respectively.  

Male and female adult flies were crossed in tubes with different doses of high glucose, and 
adult flies were removed from the embryos-containing tubes after 4 days. The embryos 
were incubated at 25 oC at least for 3 days until developing into the prepupae stage. The 
prepupae were collected and heart wall functions were measured as described before [18]. 

2.4 Tissue samples from patients 

Tissue samples from right atrial appendages (RAA) were obtained from patients undergoing 
open-heart surgery having sinus rhythm (SR) or (long-standing) persistent AF. After excision, 
atrial appendage tissues were immediately snap-frozen in liquid nitrogen and stored at -
80°C. The study conformed to the principles of the Declaration of Helsinki and complied 
with all relevant ethical regulations. The institutional board approved the study and 
patients gave written informed consent. 

2.5 Protein isolation and Western blot analysis 

RAA tissue samples or HL-1 cardiomyocytes were lysed on ice by the 
radioimmunoprecipitation assay (RIPA) buffer supplemented with protease inhibitor 
cocktail (Roche), sodium orthovanadate (Sigma), sodium fluoride (Sigma) and β-
mercaptoethanol (BioRad), followed by shearing DNA with an insulin needle and measuring 
protein concentration with Bradford assay (BioRad). After the sample preparation, the 
protein homogenates were separated on SDS-PAGE gels, transferred to nitrocellulose 
membranes, incubated with primary antibodies: anti-Mfn2 (1:1000, Cell Signaling 
Technology), anti-SERCA2 (1:1000, Cell Signaling Technology), anti-VDAC1 (1:1000, Abcam), 
GAPDH (1:25,000, Fitzgerald) and β-actin (1:1000, Abcam) overnight at 4 °C, followed by 
incubation with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary 
antibodies (Dako, 1:2000) for 1 h at room temperature (RT). The intensity of the bands was 
quantified by using ImageQuant TL (GE Healthcare).  

2.6 Mitochondrial-associated membranes isolation 

HL-1 cardiomyocytes were seeded on 4-well culture plate coated 0.02% gelatin. The 
protocol for mitochondrial-associated membrane (MAM) was adapted from the Mariusz R 
Wieckowski’ lab [19]. For crude mitochondria isolation, HL-1 cardiomyocyces were rinsed 
with cold PBS, and 500 l ice-cold IBcells–1 buffer (containing 225 mM mannitol, 75 mM 
sucrose, 0.1 mM EGTA, 30 mM Tris-HCl pH=7.4, 0.1 mM EGTA) was added, followed by 
homogenizing cells (at 2,000 r.p.m.) using a Teflon pestle. The integrity of homogenized 
cell was checked under a light microscope, the homogenate was transferred to a 15 ml 
tube and centrifuged at 600 g for 5 min at 4 °C. Afterwards, supernatant was collected in a 
new 15 ml tube, centrifuged at 600 g for 5 min at 4 °C, collected supernatant again, 
centrifuged at 7,000 g for 10 min at 4 °C, gently re-suspended the pellet in 2 ml ice-cold 
IBcells-2 buffer (containing 225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA, 30 mM Tris-
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HCl pH=7.4), followed by centrifuging at 7,000 g for 10 min at 4 °C, discarded the 
supernatant, re-suspended the mitochondrial pellet in 20 ml of ice-cold IBcells-2, 
centrifuged mitochondrial suspension at 10,000 g for 10 min at 4 °C, discarded the 
supernatant and re-suspended gently the crude mitochondrial pellet in 2 ml of ice-cold 
mitochondria resuspending buffer (MRB) (250-mM mannitol, 5-mM HEPES pH 7.4 and 0.5-
mM EGTA). For fractionation of crude mitochondria, added 8 ml of percoll medium (Sigma-
Aldrich) to the 14 ml thin-wall polyallomer ultracentrifuge tubes (Beckman-Coulter), 
layered suspension of mitochondria on top of 8 ml of percoll medium in the ultracentrifuge 
tube. Afterward, layered the MRB solution (about 3.5 ml) gently on top of the 
mitochondrial suspension to fill up the centrifuge tube (the suspension should remain 4-5 
mm below the top of the tubes), centrifuged at 95,000 g for 30 min at 4 °C. A dense band 
containing purified mitochondria is localized approximately at the bottom of the 
ultracentrifuge tube, and MAM is visible as the diffused white band located above the 
purified mitochondria. Collected the MAM fraction from the percoll gradient with a Pasteur 
pipette carefully and diluted ten times with MRB. Centrifuged MAM and mitochondrial 
suspension at 6,300 g for 10 min at 4 °C, transferred the MAM supernatant to a 
polycarbonate tube with cap, centrifuged at 100,000 g for 1 h at 4 °C, discarded the 
supernatant and re-suspended the pellet of MAM in a small volume of MRB (200 μl) and 
stored in -20 freezer for WB. 

2.7 Immunofluorescent staining and colocalization quantification 

HL-1 cardiomyocytes were washed with PBS and incubated with 250 nM mitoTracker 
(Invitrogen) for 30 min at 37 degree, followed by washing with PBS. Then HL-1 
cardiomyocytes or right atrial tissue samples with sinus rhythm or (long-standing) 
persistent AF were fixed with 4% paraformaldehyde (Sigma) at RT for 15 min, washed with 
PBS-T 3 times, blocked with 10% goat serum (goat serum in PBS) at RT for 60 min, incubated 
with α-tubulin (1:200, Sigma), anti-Sec61β (PA3-015,Thermo Fisher) acetylated α-tubulin 
(1:200, Sigma), SERCA2 (1:100, 4388, Cell signaling Technology) and TOM20 (1:100, 
SC17764, Santa Cruz, only used for patient samples) primary antibodies diluted in 1% BSA 
in PBS (PBSA) at 4 °C overnight, washed with PBS-T 3 times, incubated with secondary 
antibody donkey anti-mouse (Alexa 488, Invitrogen) and anti-rabbit (Alexa 555, Invitrogen) 
in 1% PBSA at RT in the dark for 1-2 h, washed with PBS-T at RT for 3 times, incubated with 
WGA Alexa 647 (1:50, Invitorgen) in PBS at RT 30 min, washed with PBS-T 3 times, 
incubated with DAPI (1:1000 in PBS, Invitorgen) at RT for 5 min, washed with PBS-T twice, 
then washed with PBS. The coverslips were mounted with DABCO (15ul/sample, 
Invitorgen), and stored at 4 °C at least overnight before microscopic analysis. The images 
were taken with confocal microscope (Leica TCS SP8 STED). The protein colocalization was 
calculated by Mander’s coeffecticent was analyzed in Image J COLOC 2 plugin with COSTES 
threshold [20, 21].  

2.8 The detection of oxygen consumption rate (OCR) by seahorse XF96 analyzer 

HL-1 cardiomyocytes were cultured on 0.02% gelatin coated 4-well culture plate. HL-1 
cardiomyocytes were trypsinized and  40,000 cells were reseeded per well on 0.02% gelatin 
coated Seahorse XF96 96-well culture plate (Seahorse Bioscience), and then incubated the 
plate for 16-24 h at 37°C with CO2. Experiments were performed with 10 wells per 
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condition.  One hour before the measurement, medium was removed and replaced by 
DMEM (Sigma) containing 25 mM glucose (Sigma), 1 mM sodium pyruvate (Lonza) and 
2mM L-glutamine (Life Technologies), followed by incubation for1 h in a non-CO2 incubator 
at 37°C. Mitochondrial oxygen consumption rate (OCR) was measured using the Seahorse 
Bioscience XF96 Extracellular Flux Analyzer (Seahorse Bioscience) following the conditions: 
(1) basal levels were measured with no additives; (2)  15 µM oligomycin which reversibly 
inhibits ATP synthase, was added to show non-phosphorylating respiration (leak 
respiration); (3) 10 µM FCCP, a mitochondrial uncoupler, was added to induce maximal 
uncoupled respiration and (4) 5 µM antimycin A, a complex III inhibitor, and 5 µM rotenone, 
a complex I inhibitor were added to get residual respiration. Three separate measurements 
were taken after each of the above reagents was added. The results were plotted by 
Seahorse software.  

2.9 NAD/NADH measurement in HL-1 cardiomyocyte 

HL-1 cardimoyocytes were washed with cold PBS, and pelleted 2 X 105 HL-1 cardiomyocytes 
per condition for each assay. The level of NAD+/NADH was measured with the 
Quantification Kit (Sigma, MAK037) according to the instructions of the manufacturer. 

2.10 Statistics analysis 

Results are expressed as mean ± standard error of the mean (SEM). Biochemical analyses 
were performed at least in duplicate. The two-tailed Student’s t-test were evaluated within 
two individual group mean differences. One-way ANOVA and post hoc Tukey test were 
used to assess the differences among more than two groups. All P values were 2 sided. 
Values of P<0.05 were considered significant. GraphPad Prism 8.2.1 was used for all the 
statistic evaluations and figures. 
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3. Results 

3.1 Microtubule-SMC pathway mediates tachypacing-induced loss of SMC and contractile 
dysfunction in HL-1 cardiomyocyte. 
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Figure 1: Tachypacing-induced loss of SMC in HL-1 cardiomyocyte is prevented by 
microtubule stabilizing compounds tubacin, taxol and βOHB. A-B) HL-1 cardiomyocytes 
were 12 h pre-treated with taxol, and followed by 8 h normal pacing or tachypacing. CaT 
got reduced after tachypacing (5 Hz, 8 h), compared to control (1 Hz, 8 h). Taxol improved 
tachypacing (TP)-induced loss of CaT in HL-1 cardiomyocyte. C-D) βOHB improved TP-
induced  loss of CaT in HL-1 cardiomyocyte; E-G) Mitochondrial-associated membranes 
(MAM) were isolated from HL-1 cardiomyocytes after experimental treatment. Tubacin, 
taxol and βOHB inhibited TP-induced the loss of SMC proteins in HL-1 cardiomyocytes with 
Western blot analysis. Each experiment was repeated in three times. *P<0.05 vs control, 
#P<0.05 vs TP. H-J) Representative figures and quantified data showing TP induced 
significantly reduction of colocalization between mitochondria (mitoTracker deep red)  and 
ER (Sec61β), which was prevented by microtubule stabilizers tubacin, βOHB, and taxol. 
Manders’ tM1: the fraction of mitochondria colocalized with ER. Manders’ tM2: the 
fraction of ER colocalized with mitochondria. *P<0.05 vs NP DMSO, #P<0.05 vs TP DMSO.  

 

Previously, we showed the microtubule stabilizer tubacin prevented tachypacing-induced 
contractile dysfunction and therefore we used tubacin as a positive control [11]. To test if 
other microtubule stabilizers (taxol and βOHB) aslo prevented tachypacing-induced 
contractile dysfunction, HL-1 cardiomyocyte were pre-treated with taxol (5 nM), βOHB (10 
mM) for 12 h and then subjected to tachypacing for 8 h, followed by to measuring calcium 
transient (CaT) amplitude. As expected, taxol attenuated tachypacing-induced loss of CaT 
in HL-1 cardiomyocytes, compared to control group (Figure 1A and B). βOHB also prevented 
tachypacing-induced CaT loss in HL-1 cardiomycoyte (Figure 1C and D). In order to further 
determine the role of these microtubule stabilizers taxol and βOHB in SMCs in HL-1 
cardiomyocytes, we isolated mitochondrial-associated membranes (MAM) from HL-1 
cardiomyocyrte. The levels of SMC proteins SERCA2 and Mfn2 were significantly reduced 
compared to control group, which was prevented by microtubule stabilizers tubacin, taxol 
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and βOHB (Figure 1 E, F and G). In consistency, immunofluorescent staining of 
mitochondria marker (mitoTracker) and SR/ER marker (Sec61β) showed tachypacing 
induced significant reduction of SMCs, which was prevented by microtubule stabilizers 
tubacin, taxol and βOHB. Taken together, these findings indicate that tachypacing-induced 
disruption of microtubule and downstream loss of SMCs mediate contractile dysfunction 
and AF progression in HL-1 cardiomyocyte. 

 

3.2 Microtubule-SMC pathway mediates tachypacing-induced loss of SMC and contractile 
dysfunction in Drosophila model. 

 

Figure 2: Microtubule stabilizing compounds prevent tachypacing-induced contractile 
dysfunction in Drosophila model. A-C) Taxol were added to the food after 3 days-male and 
female crossing, and Drosophila prepupa were selected and recorded heart wall 
contraction before tachypacing (NP) and after tachypacing (TP) with pacing conditions (4 
Hz, 10 ms, 20 V), respectively. Taxol protected against TP-induced reduction in heart rate 
and the increase in arrhythmia. C-E) βOHB also protected against TP-induced reduction in 
heart rate and the increase in arrhythmia. Each experiment was performed for three times, 
and each condition was selected 10-15 Drosophila prepupa. *P<0,05 vs control before 
tachypacing (Control-NP), #P<0,05 vs Taxol group before tachypacing (Taxol-NP). 
 
In order to further confirm these findings, similar experiments were performed in the 
Drosophila model for AF which we previously established [22]. Hereto, vesicle or 
microtubule stabilizers (taxol and βOHB) were added to the food of Drosophila, and after 
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at least 48-hours the heart wall contraction of Drosophila prepupa were monitored before 
and after tachypacing. As expected, microtubule stabilizer taxol prevented from 
tachypacing-induced reduction in heart rate and the increase in arrhythmia, suggesting 
that taxol inhibited tachypacing-induced contractile dysfunction in Drosophila prepupa 
(Figure 2A-C). Similarly, βOHB also prevented tachypacing-induced contractile dysfunction 
(Figure 2 D-F). Taken together, these findings suggest that preservation of microtubule-
SMC pathway also mediates tachypacing-induced contractile dysfunction in Drosophila 
model for AF. 

 

3.3 Preservation of microtubule-SMC pathway attenuated tachypacing-induced 
mitochondrial dysfunction in HL-1 cardiomyocyte. 

 

Figure 3: Preservation of microtubule-SMC pathway with tubacin, taxol and βOHB 
improved tachypacing-induced mitochondrial dysfunction in HL-1 cardiomyocytes. A-C) 
We further determined whether upstream and downstream preservation of microtubule-
SMC pathway protect against TP-induced mitochondrial dysfunction. Prior to 8 h 
tachypacing, HL-1 cardiomyocytes were pretreated with tubacin, taxol and βOHB for 12 h. 
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Seahorse experiments were conducted to measure mitochondrial function in HL-1 
cardiomyocytes. Tubacin, taxol and βOHB improved TP-induced basal respiration, ATP 
production and maximal respiration. This experiment was performed three times. *P<0,05 
vs Control, #P<0,05 vs TP. D) NADH kit was used to measure the level of NADH. βOHB 
improved TP-induced the reduction in the level of NADH of HL-1 cardiomyocyte. This 
experiment was performed two times. *P<0,05 vs Control, #P<0,05 vs TP. 

 

As SMCs are crucial for mitochondrial function in cardiomyocytes by calcium-mediated 
NADH production [23] and tachypacing resulted in reduced SMCs and contractile 
dysfunction in HL-1 cardiomyocytes, which were prevented by microtubule stabilizers, we 
further determined whether microtubule stabilizers also prevent against tachypacing-
induced mitochondrial dysfunction in HL-1 cardiomyocyte. Therefore, seahorse 
experiments were performed to measure mitochondrial function in HL-1 cardiomyocyte. 
The basal respiration, ATP production and maximal respiration in tachypaced HL-1 
cardiomyocyte were significantly reduced, suggesting that tachypacing induced 
mitochondrial dysfunction in HL-1 cardiomyocyte (Figure 3A-C). As expected, tubacin, taxol 
and βOHB inhibit tachypacing-induced mitochondrial dysfunction, indicating that 
preservation of microtubule-SMC pathway improves tachypacing-induced mitochondrial 
dysfunction in HL-1 cardiomyocyte (Figure 3A-C). In consistent, supplementation with 
βOHB attenuated tachypacing-induced the reduced level of NADH in HL-1 cardiomyocyte 
(Figure 3D).  

 

3.4 Microtubule-SMC pathway underlies high glucose-induced contractile dysfunction in 
HL-1 cardiomyocyte and Drosophila.  
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Figure 4: High glucose induces loss of CaT and reduction of SMCs, which is prevented by 
microtubule-stabilization drug βOHB. A and B) HL-1 cardiomyocytes were treated with 25 
mM high glucose (HG) for 2 days (2 d) and 3 d, following by CaT measurement. After 3 d 
HG stimulation, CaT in HL-1 cardiomyocytes was significantly reduced. C and D) βOHB 
improved HG-induced loss of CaT in HL-1 cardiomyocyte. *P<0,05 vs control, #P<0,05 vs HG.  
E-G) High glucose induced the reduction in the levels of SMC proteins Mfn2 and SERCA2, 
and βOHB improved HG-induced the reduction of SMC with Western blot analysis. *P<0,05 
vs control, #P<0,05 vs HG. H-J) Representative figures and quantified data showed HG-
induced significantly reduction of colocalization between mitochondria (Mitoracker)  and 
ER (Sec61β), which was prevented by microtubule stabilizer βOHB. Manders’ tM1: the 
fraction of mitochondrial colocalized with ER. Manders’ tM2: the fraction of ER coloclized 
with mitochondria. *P<0.05 vs Control, #P<0.05 vs HG. 

 

 

Figure 5: High glucose induces contractile dysfunction in Drosophila prepupa, which is 
prevented by βOHB. A-C) The male and female were flipped into the normal food and the 
food with high glucose (HG, 150g/l and 300 g/l). Drosophila prepupa were monitored to 
record heart wall contraction. High glucose (HG) induced the reduction in heart rate and 
the increase in arrhythmia index in Drosophila prepupa. D-F) βOHB attenuated HG-induced 
contractile dysfunction in Drosophila prepupa. Each experiment was repeated in three 
times, and for each condition 15-30 Drosophila prepupa were selected. *P<0,05 vs control, 
#P<0,05 vs HG300. 

 

Microtubules-dependent mitochondrial regulation is also important in DM, a strong and 
independent risk factor for incident AF [9, 15, 16]. Therefore, we explored whether 
microtubule-SMC pathway is involved in the DM-induced AF development. To this end, HL-
1 cardiomyocyte was stimulated with 25 mM high glucose (HG, mimicking DM) at different 
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time-points, and followed by measuring CaT. CaT of HL-1 cardiomyocyte after 72 h HG 
stimulation was significantly reduced compared to control group, suggesting that HG 
induced contractile dysfunction in HL-1 cardiomyocytes (Figure 4A and B). Interestingly, 
βOHB also prevented HG-induced CaT loss in HL-1 cardiomycoyte (Figure 4C and D). MAM 
was isolation and immunofluorescent staining of mitochondria and ER showed HG induced 
significant reduction of SMC proteins, SERCA2 and Mfn2 and colocalization of 
mitochondrial with ER, suggesting that HG induced loss of SMC in HL-1 cardiomyocyte. The 
microtubule stabilizer βOHB prevented HG-induced  reduction of SMC (Figure 4 E-J).  In 
order to further confirm the role of HG in the SMC, similar experiments were conducted in 
Drosophila prepupa. Compared to normal diet, the food with HG (300 g/l) induces the 
reduction in heart rate and the increase in arrhythmia, which was prevented by the 
microtubule stabilizer βOHB (Figure 5). Taken together, microtubule-SMC pathway also 
play key role in HG-induced contractile dysfunction in HL-1 cardiomyocyte and Drosophila, 
and may thereby contribute to the DM-induced AF in patients.  

 

3.6 Mitofusion2 is the key downstream effector of microtubule-SMC pathway.  
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Figure 6 Mitofusion 2 is the key downstream effector of microtubule-SMC pathway. A 
and B) HL-1 cardiomyocytes were co-transfected with RFP plasmid and Mfn2-myc or 
PcDNA3.1 plasmid for 48 h, following by 8 h tachypacing and CaT measurement. Mfn2 
overexpression inhibited tachypacing (TP)-induced CaT loss.  *P<0,05 vs PcDNA 3.1, #P<0,05 
vs PcDNA3.1+TP. C and D) Mfn2 overexpression inhibited high glucose (HG)-induced CaT 
loss in HL-1 cardiomyocyte. *P<0,05 vs PcDNA 3.1, #P<0,05 vs PcDNA3.1+HG. E-G) Cardiac 
specific knockdown of Mfn2 (40478) in Drosophila prepupa induced significant heart rate 
reduction and increased arrhythmia with a similar effect of tachypacing (TP). *P<0.001 vs 
NP WT. H-J) Mitofusion2 (Mfn2) overexpression prevented HG-induced contractile 
dysfunction in Drosophila models for AF. Mfn2 overexpression prevented HG-induced the 
reduction in heart rate and the increase in arrhythmia index. Each experiment was 
repeated in three times, and each conditions were selected 10-20 Drosophila prepupa. 
*P<0,05 vs control, #P<0,05 vs HG300. 

 

Mfn2, a physical tether between SR and mitochondria, is essential for normal inter-
organelle Ca2+ signaling through microdomains in the cardiomyocyte [23]. Tachypacing- 
and HG-induced reduction of Mfn2 was normalized by microtubule stabilizers (Figure 1E-G 
and Figure 4E-J), suggesting Mfn2 as the key downstream effector. In order to further study 
this, Mfn2 overexpression in HL-1 cardiomyocyte was performed. Indeed, Mfn2 
overexpression prevented tachypacing and HG-induced contractile dysfunction in HL-1 
cardiomyocyte (Figure 6A-D). Interestingly, cardiac specific repression of Mfn2 caused 
contractile dysfunction (increase of arrhythmicity and decreased heart rate) in Drosophila 
(Figure 6E-G). In addition, Mfn2 overexpression prevented HG-induced arrhythmia in 
Drosophila (Figure 6H-J). Taken together, these data suggest that the SMCs tether protein 
is a key effector regulating contractile function in Drosophila. 
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3.7 Loss of SMC was observed in PeAF patient, which was aggravated by DM. 

 

Figure 7:  AF patients with diabetes show the loss of SMC. A-B) Western blotting was 
performed to measure the levels of SMC protein Mfn2 in right atrial appendage (RAA) of 
persistent AF (PeAF) with/without diabetes (DM) and sinus rhythm (SR) patients 
with/without DM. Compared to SR patients with DM, the levels of Mfn2 in PeAF patients 
with DM were significantly reduced. Moreover, the levels of these proteins involved in 
microtubule-SMC pathway were even more decreased compared to PeAF patients. 
*P<0,05 vs SR, #P<0,05 vs DM, &P<0,05 vs PeAF. C-E) Immuno-fluorescent staining was 



Preservation of microtubule network and SR-mitochondrial contacts ptotects against AF 

149 

 

conducted to check the co-localization between SR and mitochondria in RAA. Compared to 
SR, the percentage of co-localization between SR and mitochondria was lower. *P<0,05 vs 
DM, #P<0,05 vs PeAF. 
 

Table 1. Characteristics of patients for WB and imaging analysis (N=24). 
 

SR SR+DM PeAF PeAF+DM 

RAA (N) 6 6 6 6 

Age (years), mean ± SD 64,2 ± 19,8 66,0 ± 7,5 67,3 ± 7,8 72,9 ± 5,1 

BMI (kg/m2), mean ± SD 26,7 ± 3,2 30,0 ± 6,1 26,3 ± 2,6 28,7 ± 4,1 

Underlying heart disease (N,%)     

CHD 1 (16,7) 1 (0,0) 0 (0,0) 0 (0,0) 

AVD 1 (16,7) 1 (0,0) 2 (33,3) 0 (0,0) 

AVD+ CABG 1 (16,7) 1 (16,7) 0 (0,0) 1 (16,7) 

MVD 1 (16,7) 1 (0,0) 2 (33,3) 3 (50,0) 

CABG 1 (16,7) 5 (83,3) 1 (16,7) 1 (16,7) 

LAD (>45mm,%) 0 (0,0) 0 (0,0) 1 (16,7) 2 (33,3) 

LVF (N,%)      

Normal 6 (100,0) 6 (100,0) 2 (33,3) 5 (83,4) 

Mild impairment 0 (0,0) 0 (0,0) 3 (50,0) 1 (16,6) 

Moderate impairment 0 (0,0) 0 (0,0) 0 (0,0) 0 (0,0) 

Severe impairment 0 (0,0) 0 (0,0) 1 (16,6) 0 (0,0) 

Medication (N,%)     

ACE inhibitor 2 (33,3) 2 (33,3) 2 (33,3) 6 (100,0) 

Statin 2 (33,3) 4 (67,7) 4 (67,7) 4 (67,7) 

Type I AAD 0 (0,0) 0 (0,0) 0 (0,0) 0 (0,0) 

Type II AAD 3 (50,0) 3 (50,0) 5 (83,3) 6 (100,0) 

Type III AAD 0 (0,0) 0 (0,0) 1 (16,6) 0 (0,0) 

Type IV AAD 0 (0,0) 5 (83,3) 1 (16,6) 0 (0,06) 

Digoxin 0 (0,0) 5 (83,3) 2 (33,3) 2 (33,3) 

SR, sinus rhythm; DM, diabetes mellitus; PeAF, persistent AF; BMI, body mass index; CHD, congenital 
heart disease; AVD, aortic valve disease; MVD, mitral valve disease; CABG, coronary artery bypass 
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grafting; LAD, left atrial dilation; LVF, left ventricular function; ACE, angiotensin-converting-enzyme; 
AAD, anti-arrhythmic drug. 

To investigate whether similar changes in SMC are found in persistent AF (PeAF) patients 
with or without DM (Table 1.), the levels SMC proteins Mfn2 were determined in RAA of 
PeAF patients with/without DM and sinus rhythm (SR) patients with/without DM. 
Compared to SR group, the levels of Mfn2 in PeAF patients with or without DM were 
significantly reduced (Figure 7A and B). Moreover, the levels of Mfn2 involved in 
microtubule-SMC pathway in PeAF patients with DM were  decreased compared to PeAF 
patients without DM (Figure 7A and B). In addition, immunofluorescent imaging showed 
that the percentage of co-localization between SR and mitochondria in RAA of PeAF 
patients was lower than the SR patients (Figure 7C, D and E). Taken together, loss of SMCs 
was observed in RAA tissue of PeAF patient, which was aggravated by DM. 
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Discussion 

In this study, we found that AF results in loss of SMCs and preservation of microtubule 
network protects against SMC reduction, and consequently attenuates tachypacing-
induced mitochondrial dysfunction and contractile dysfunction. Pretreatment with the 
microtubule stabilizers attenuates tachypacing-induced reduction in SMCs and 
mitochondrial dysfunction of HL-1 cardiomyocyte and Drosophila model for AF. Similarly, 
mitotubule stabilizer βOHB also prevented HG-induced SMC reduction and contractile 
dysfunction in HL-1 cardiomyocytes and Drosophila. The findings indicate that conservation 
of the microtubule-SMC suppresses AF promotion in both tachypacing and high glucose 
experimental model systems for AF. In addition to pharmacological interventions, genetic 
interventions substantiate this observation as Mfn2 overexpression prevented tachypacing 
and HG-induced contractile dysfunction in HL-1 cardiomyocytes and Drosophila model for 
AF. Consistently, loss of SMCs were shown in RAA tissue of persistent AF patients which is 
aggravated by DM. Taken together, microtubule-SMCs pathway may play a critical role in 
(DM-induced) clinical AF onset and progression. 

Maintaining SMCs via the preservation of microtubule network in AF 

Accumulating studies show that the crosstalk between sarcoplasmic reticulum (SR), a 
muscle-specialized form of the ER in cardiomyocytes, and mitochondria, are two central 
organelles involved in Ca2+ and energy (ATP) homeostasis, which are crucial for normal 
cardiomyocyte contraction and relaxation [13, 14, 24, 25]. The SR stores Ca2+ and plays a 
major role in excitation-contraction (EC) coupling of the heart in close cooperation with 
mitochondria, which play a vital role in generating ATP and buffering cytosolic Ca2+ [26]. In 
the SR, Ca2+-ATPase 2 (SERCA2),  that transport cytosolic Ca2+ into the SR lumen, is involved 
in Ca2+ uptake [27]. ATP is required for proper Ca2+ handling and EC coupling. In order to 
provide efficient ATP, mitochondria take up SR-released Ca2+, and then increase the 
tricarboxylic acid (TCA) cycle to produce more substrates of electron transport chain, 
including NADH and FADH2 [23]. Therefore, SMCs support efficient mitochondria Ca2+ 
uptake and ATP production during cardiac contraction and relaxation. Xie et al discovered 
that atria of patients with persistent AF show oxidized RyR2, which release Ca2+ from the 
SR lumen into the cytosol [28]. Oxidized RyR2 leads to aberrant intracellular Ca2+ release 
(Ca2+ sparks) and promotes the development of AF, suggesting that defective 
communication between the SR and mitochondria may contribute to the progression of AF 
[28]. However, the exact role of SMCs have not been studied so far in AF.  In this study, we 
observed that both tachypacing and HG induces the reduction in SMCs, and consequently 
results in mitochondrial dysfunction and contractile dysfunction in HL-1 cardiomyocyte and 
Drosophila. Consistently, loss of SMCs was observed in RAA tissue of persistent AF patients 
especially with DM, suggesting that loss of SMCs plays a critical role in the development of 
AF, especially related to DM-induced AF development. 

Microtubule network is required to ensure close contact between SR and mitochondria [29, 
30]. Disruption of the microtubule network destroys the connection between microtubule 
and mitochondria, and thereby alter mitochondrial function [31]. Microtubule 
depolymerization also underlies loss of spatial localization with the SR via decreasing the 
number of sites of co-localization between RyR2s [32]. Conversely, mitochondrial 



Chapter 6 

152 

 

dysfunction reduces acetylated microtubule levels due to impaired synthesis of acetyl-CoA, 
which provides the acetyl unit for microtubules, thereby promoting microtubule disruption 
[33-35]. Previously, we found that, HDAC6 activation induces α tubulin deacetylation, 
finally contribute to microtubule disruption and contractile dysfunction in experimental 
models for AF and in AF patients [11]. Inhibition of HDAC6, by tubacin, conserves the 
microtubule network and protects against AF progression in a HL-1 cardiomyocyte model 
and a Drosophila model for AF, but the downstream molecular mechanism is unclear. In 
this study, we discovered preservation of microtubule network prevented the SMC 
reduction and mitochondrial dysfunction in experimental modes for AF and AF patients. 
Taken together, both upstream and downstream conservation of the microtubule-SMC 
pathway suppresses tachypacing-induced contractile dysfunction and AF promotion in 
experimental models for AF. 

Diabetes mellitus-initiated AF promotion via microtubule-SMC pathway 

DM is independently associated with new onset of AF [5]. However, the molecular 
mechanisms in the pathophysiological mechanisms of DM-induced AF remain unclear. 
Increasing evidence shows that there are some alterations in the interactions between the 
ER and mitochondria involved in the pathophysiological process of diabetic 
cardiomyopathy [24]. Reduced protein levels of ryanodine receptor 2 (RyR2) in 
streptozotocin (STZ)-induced diabetic rats contributed to a decrease in the SR Ca2+ storage 
and decreased rates of Ca2+ release in cardiomyocytes [36]. On the other hand, reduced 
contacts between the SR and mitochondria may be beneficial, as the reduced contacts in 
STZ-induced type I diabetes inhibited the interaction between the ER and mitochondrial 
apoptotic pathways [37]. Therefore, whether the alterations in the structural and 
functional interactions between the SR and mitochondria are beneficial or detrimental in 
clinical AF are still needed to be studied. In this study, we observed that HG induces the 
reductions in SMCs  and contractile dysfunction in HL-1 cardiomyocyte, which is prevented 
by microtubule stabilizer βOHB or by overexpression of the SMC tether protein Mfn2. 
Moreover, βOHB and Mfn2 overexpression inhibit HG-induced contractile dysfunction in 
Drosophila prepupa. This observation indicates that microtubule-SMC pathway may also 
underlie DM-initiated AF promotion.  

Mfn2 is the key downstream effector of microtubule-SMC pathway  

Mfn2, a key physical tether between SR and mitochondria, is required for SR-mitochondrial 
Ca2+ signaling through microdomains in the cardiomyocyte [23]. Moreover, cardiac-specific 
ablation of Mfn2 decreased ER-mitochondrial tethering by 30%, leading to a decreased 
mitochondrial Ca2+ uptake, which hampers the response to physiological stress [23]. In this 
study, we observed that the protein level of Mfn2 is reduced in both tachypaced and HG-
treated HL-1 cardiomyocyte, and microtubule stabilizers attenuated tachypacing- and HG-
induced reduction in Mfn2 levels, suggesting that microtubule conversation protects 
against loss of SMCs via maintaining Mfn2. Moreover, Mfn2 overexpression prevents 
tachypacing and HG-induced contractile dysfunction in HL-1 cardiomyocyte. Interestingly, 
Mfn2 suppression induced contractile dysfunction with a similar effect of tachypacing  in 
Drosophila prepupa. Consistently, the right atrial appendage (RAA) of persistent AF 
patients with DM reveals aggravated loss of Mfn2. Taken together, we discovered Mfn2 as 
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a key downstream effector of microtubule-SMC pathway in HL-1 cardiomyocytes and 
Drosophila models for AF.  

 

Limitations and future directions 

Our notion that microtubule-SMC pathway underlies the onset and progression of AF is 
built in HL-1 and Drosophila model for AF, therefore, future research may be needed to 
confirm these findings in a mammalian model for AF.  

 

Conclusion 

The microtubule-SMC pathway may play a critical role in DM-induced clinical AF onset and 
progression, and the microtubule-SMC pathway could be a novel central therapeutic target 
for AF. 
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ABSTRACT  

Atrial Fibrillation (AF), the most common persistent clinical tachyarrhythmia, is associated 
with altered gene transcription which underlies cardiomyocyte dysfunction, AF 
susceptibility and progression. Recent research showed class I and class IIa histone 
deacetylases (HDACs) to regulate pathological and fetal gene expression, and thereby 
induce hypertrophy and cardiac contractile dysfunction. Whether class I and class IIa 
HDACs are involved in AF promotion is unknown. We aim to elucidate the role of class I and 
class IIa HDACs in tachypacing (TP)-induced contractile dysfunction in experimental model 
systems for AF and clinical AF. 

Methods and results: Class I and IIa HDACs were overexpressed in HL-1 cardiomyocytes 
followed by calcium transient (CaT) measurements. Overexpression of class I HDACs, 
HDAC1 or HDAC3, significantly reduced CaT amplitude in control normal-paced (1Hz) 
cardiomyocytes, which was further reduced by tachypacing (5 Hz) in HDAC3 overexpressing 
cardiomyocytes. HDAC3 inhibition by shRNA or by the specific inhibitor, RGFP966, 
prevented contractile dysfunction in both tachypaced HL-1 cardiomyocytes and Drosophila 
prepupae. Conversely, overexpression of class IIa HDACs (HDAC4, HDAC5, HDAC7 or 
HDAC9) did not affect CaT in controls, with HDAC5 and HDAC7 overexpression even 
protecting against TP-induced CaT loss. 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, tachypacing induced phosphorylation of HDAC5 and promoted its 
translocation from the nucleus to cytoplasm, leading to up-regulation of MEF2-related fetal 
gene expression (β-MHC, BNP). In accord, boosting nuclear localization of HDAC5 by 
MC1568 or Go6983 attenuated CaT loss in tachypaced HL-1 cardiomyocytes and preserved 
contractile function in Drosophila prepupae. Findings were expanded to clinical AF. Here, 
patients with AF showed a significant increase in expression levels and activity of HDAC3, 
phosphorylated HDAC5 and fetal genes (β-MHC, BNP) in atrial tissue compared to controls 
in sinus rhythm.  

Conclusion: Class I and class IIa HDACs display converse roles in AF progression. Whereas 
overexpression of Class I HDAC3 induces cardiomyocyte dysfunction, class IIa HDAC5 
overexpression reveals protective properties. Accordingly, HDAC3 inhibitors and HDAC5 
nuclear boosters show protection from TP-induced changes and therefore may represent 
interesting therapeutic options in clinical AF. 

Key words: atrial fibrillation, HDAC3, HDAC5, MEF2, HL-1 cardiomyocyte, Drosophila 
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1. Introduction 

Atrial fibrillation (AF) is the most common sustained and progressive clinical tachycardia 
which contributes to cardiovascular morbidity and mortality [1]. AF is characterized by 
specific electrical, transcriptional and structural changes in the cardiomyocyte, commonly 
denoted as remodeling [2]. Cardiomyocyte remodeling underlies contractile dysfunction 
and the progression of AF. Therefore, it is of great interest to dissect the molecular 
mechanisms underlying cardiomyocyte remodeling, with the aim to identify novel 
druggable targets which attenuate remodeling and AF progression. 

Previous research identified that (re)activation of pathological and fetal gene program in 
cardiomyocytes promotes AF onset and progression [3,4]. Ausma et al. 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) 
[5-8]. 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 [9]. In addition, persistent AF was associated 
with higher cardiac mRNA expression of brain natriuretic peptide (BNP) [10]. Interestingly, 
pathological and fetal gene expression is under control of epigenetic regulation [11-15]. 
Hence, epigenetic regulation has been identified as an important mechanism underlying 
the progression of cardiac diseases [11-15]. 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) [11-15]. HDACs are an ancient family of enzymes that 
catalyze the removal of acetyl groups from the ε-amino group of specific acetyl lysine 
residues within their protein substrates. In general, deacetylation of histones in 
nucleosomes induces chromatin condensation, which inhibits binding of transcription 
factors and other components of the transcriptional machinery to gene promoter and 
enhancer regions, ultimately resulting in transcriptional repression. As such, histone 
deacetylation serves as an important regulator 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) [16]. We recently reported on a cytosolic member of HDAC class IIb, HDAC6, and 
its prominent role in AF progression [17]. HDAC6 deacetylates α-tubulin, which causes 
disruption of microtubule structure, contractile dysfunction and AF progression [17]. 
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 [18-
21]. Class I HDACs reveal high HDAC activity in cardiomyocytes, but findings on their role in 
cardiac disease development are conflicting [18]. In recent years, class IIa HDACs, especially 
HDAC4, HDAC5 and HDAC9, have attracted considerable attention as regulators of 
transcriptional reprogramming especially in cardiac diseases. 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 
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myocyte enhancer factor-2 (MEF2) family [19,20]. 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 resulting 
in cardiac disease [18-21].  

Although previously findings indicate a role for transcriptional remodeling in AF 
progression [3], and our previous study revealed a prominent role for the cytosolic member 
of HDAC class IIb, HDAC6, in AF progression [17], the involvement of class I and class IIa 
HDACs in AF is still unknown. Therefore, we examined the role of class I and IIa HDACs on 
contractile function in tachypaced HL-1 cardiomyocytes and Drosophila, followed by 
exploration of the downstream pathway. Experimental findings were confirmed in AF 
patients. Here, we show that HDAC3 overexpression causes contractile dysfunction in HL-
1 cardiomyocytes. Both pharmacological and genetic inhibition of HDAC3 prevents 
tachypacing-induced contractile dysfunction in experimental models for AF progression. In 
contrast, class IIa HDAC5 and HDAC7 overexpression protects against tachypacing-induced 
contractile dysfunction, possibly via prevention of MEF2 related fetal gene expression, 
including β-MHC and BNP expression [19,20]. In line, HDAC5 nuclear boosters attenuated 
tachypacing-induced contractile dysfunction in experimental models for AF. Finally, 
findings for HDAC3 and HDAC5 were confirmed in atrial tissue biopsies from patients with 
AF compared to control patients in sinus rhythm (SR), indicating activation of HDAC class I 
and IIa in patients with AF.  
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2. Materials and Methods 

2.1 Tachypacing of HL-1 cardiomyocytes and calcium transient measurements 

HL-1 cardiomyocytes were subjected to tachypacing (TP, 5 Hz, 40 V, pulse duration of 20 
ms) with a 4-well C-pace system from IonOptix for 12 h except specifically stated for time-
course pacing, followed by calcium transient measurements as described before [17]. See 
Supplemental Information section of detailed information.  

2.2 Plasmids 

Retroviral constructs of HDACs and HDACs mutants (HDACm) were generated in the lab of 
Dr. Miguel A. Esteban [22]. To facilitate the detection of HDAC overexpression by Western 
blot analyses, the constructs contained a FLAG tag in the carboxyl terminal. DNA 
mutagenesis of HDAC5 and HDAC7 in the MEF2 binding domain was produced using 
suitable oligos and a PCR-based method. All new plasmids were verified by sequencing 
before use [22]. GFP-HDAC5 constructs were a generous gift from Dr. Johannes Backs‘ lab 
[18]. 

2.3 Retroviral infection of HL-1 cardiomyocytes 

Generation of retro-virus and infection of HL-1 cardiomyocytes were performed as 
previously described [22]. See Supplemental Information section of detailed information.  

2.4 Drosophila stocks, tachypacing, and heart wall contraction assays 

The Drosophila wild-type W1118 strain was used for all drug screening experiments. 
Information on Drosophila stocks [23], crossing, tachypacing (TP, 4 Hz, 20 V, pulse duration 
of 5 ms) and heart wall contraction assays are described in the Supplemental Information 
section.  

2.5 Real time PCR 

Total RNA from HL-1 cardiomyocytes, Drosophila and human tissue was isolated by use of 
TRIzol reagent (Invitrogen) and 0.5 μg RNA per sample was used for synthesizing cDNA by 
utilizing the Reverse Transcriptional kit (Invitrogen) following the manufacturer’s 
instructions. Gene expression was determined by quantitative real time PCR on a Bio-Rad 
CFX384 real time system using SYBR green dye (Invitrogen). Gene expression was corrected 
for levels of the reference gene GAPDH. Primer sequences are listed in Supplemental 
Information section Table S1. 

2.6 Protein extraction and Western blot analysis 

HL-1 cardiomyocytes or human tissue samples were used for protein extraction and 
Western blot analyses as described in the Supplemental Information section. 

2.7 Immunofluorescence 

Detailed information on immunofluoresent staining procedures can be found in 
Supplemental Information section.  

2.8 Patients 
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Before surgery, one investigator assessed patient characteristics (Table 1), as described 
before [24]. Right atria appendages (RAA) and left atria appendages (LAA) were obtained 
from patients with (long standing) persistent AF (PeAF) and control patients in 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. Tissues 
were used to perform real time PCR and Western blot experiments. 

2.9 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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Table 1. Baseline demographic and clinical characteristics of patients with PeAF and control 
patients in SR. 

 
SR PeAF 

N 12 12 

RAA (n) 12 12 

LAA (n) 7 7 

Age (mean, std) 60 ± 17 69 ± 5 

Months of AF (median, range) 

Persistent AF   

Long-standing persistent AF 

– 

_ 

_ 

22 (4-244) 

5 

7 

Underlying heart disease (n) / surgical procedure 
  

MVD/MV replacement or repair 

CABG 

AVD 

8 (67%) 

4 (33%) 

1 (8%) 

11 (92%) 

1 (8%) 

1 (8%) 

Medication (n)   

ACE / ARB 7 (58%) 10 (83%) 

Digoxin 0 (0%) 4 (33%) 

Ca2+ channel blocker 0 (0%) 2 (17%) 

β-blocker 5 (42%) 8 (67%) 

Statin 7 (58%) 3 (25%) 

Maze: atrial arrhythmia surgery; MVD: mitral valve disease; AVD: aortic valve disease; ACE: 
angiotensin-converting enzyme; CABG: coronary artery bypass surgery; ARB: angiotensin 
receptor blockers; β-Blocker: beta-adrenergic antagonists. 
 

3. Results 

3.1 Screening role of class I and IIa HDACs on tachypacing-induced remodeling in HL-1 
cardiomyocytes 

To study the role of class I and IIa HDACs on contractile function in cardiomyocytes, various 
members of the HDAC classes were overexpressed in HL-1 cardiomyocytes by retroviral 
infection (Supplemental Figure S1A, B). Control DsRED retroviral infected HL-1 
cardiomyocytes revealed normal CaT amplitudes, which were significantly reduced after 
tachypacing (Figure 1A, B, Supplemental Figure S2). Of the examined class I HDACs, HDAC1 
or HDAC3 overexpression resulted in CaT loss in normal paced cardiomyocytes which was 
further reduced by tachypacing in HDAC3 but not in HDAC1 overexpressing cardiomyocytes 
(Figure 1B). This result indicates a detrimental effect of overexpression of class I HDACs, 
especially HDAC3, on contractile function in HL-1 cardiomyocytes. 
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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). Overexpression of HDAC5 and HDAC7 significantly precluded TP-induced 
decline in CaT 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 [19,20]. 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 [19,20]. To test whether the protective effect of HDAC5 
and HDAC7 is via binding to MEF2, HL-1 cardiomyocytes were transfected with mutant 
HDAC5m or HDAC7m with a dysfunction MEF2 binding domain. Notably, loss of MEF2 
binding capacity abrogated their protection from TP-induced CaT loss (Figure 1C), 
suggesting that binding of HDAC5 and HDAC7 to MEF2 prevents cardiomyocyte 
remodeling.  

Consequently, our findings suggest converse roles of class I and class IIa HDACs in TP-
induced remodeling in HL-1 cardiomyocytes. Overexpression of class I HDACs, especially 
HDAC3, causes contractile dysfunction, while overexpression of IIa HDAC5 and HDAC7 
protects against TP-induced CaT loss, possibly via nuclear binding to MEF2 transcription 
factor and thus limiting downstream pathological reprogramming. 
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Figure 1: Converse role of Class I and IIa HDACs in regulation of contractile function in 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,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,HDAC9, HDAC5 mutant (HDAC5m) or HDAC7 mutant (HDAC7m) retrovirus. 
HDAC5m, HDAC7m have mutations in MEF2 binding domains and therefore cannot find to 
MEF2. *P<0.05 vs CTL NP, ***P<0.001 vs CTL NP, #P<0.01 HDAC TP vs CTL TP. N≥8 for each 
group.  

 

3.2 Knockdown of HDAC3 protects against tachypacing-induced contractile dysfunction 
in experimental models for AF  

To study the role of class I HDAC3 in contractile dysfunction in more detail and test whether 
HDAC3 may represent a druggable target in AF, HDAC3 expression and activity levels were 
measured in tachypaced HL-1 cardiomyocytes and in RAA and LAA of patients with PeAF 
and control patients in SR. In HL-1 cardiomyocytes, tachypacing significantly increased 
HDAC3 protein levels as confirmed by immunofluorescent staining (Figure 2A, B), and 
HDAC3 activity levels as indicated by increased deacetylation of its target acetyl histone 4 
at lysine 5 (AcH4k5) [25] (Figure 2C, D). In line with tachypaced HL-1 cardiomyocytes, PeAF 
patients revealed significant higher levels of HDAC3 expression and activity, as indicated by 
increased deacetylation of its target AcH4k5, in left and right atrial appendages compared 
to control patients in SR (Figure 3A-C). 

To examine whether HDAC3 knockdown improves contractile function in HL-
cardiomyocytes, HDAC3 was suppressed by retro-viral infection of HDAC3 shRNA in HL-1 
cardiomyocytes (Figure 4A).  As expected, HDAC3 knockdown significantly protected 
against TP-induced CaT loss in HL-1 cardiomyocytes, while HDAC1 knockdown did not 
reveal an effect (Figure 4B, C). Consistently, HDAC3 knockdown in the Drosophila heart also 
protected against TP-induced contractile dysfunction, including heart rate reduction and 
increased arrhythmicity (Figure 4E-G). Taken together, these data suggest that HDAC3 
contributes to AF remodeling and progression and thus inhibition of HDAC3 may represent 
a druggable target in AF.  
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Figure 2: Tachypacing increases HDAC3 protein and activity levels in HL-1 
cardiomyocytes. A, B) Representative immunofluoresent staining and quantified data of 
HDAC3 in non-paced (NP) and tachypaced (TP) HL-1 cardiomyocytes.  N=24 images for NP, 
N=49 images for tachypacing, from over 1000 cardiomyoyctes. ***P<0.001 vs NP. C, D) 
Representative Western blot and quantified data of acetyl-Histone H4 lysine 5 (AcH4K5), 
an HDAC3 substrate, indicating increased HDAC3 activity after tachypacing. N=4 
experiments per group. *P<0.05 vs NP. 

 



Chapter 7 

166 

 

 

Figure 3: HDAC3 protein and activity levels are increased in PeAF patients compared to 
SR. A, B) Representative Western blot and quantified data of HDAC3 in patients with SR 
and PeAF. *P<0.05 SR RAA vs AF RAA, **P<0.01 SR LAA vs PeAF LAA . N=7 for SR RAA, N=8 
for PeAF RAA, N=5 for SR LAA and N=5 for PeAF LAA. C) Quantified data of AcH4K5 levels 
for the groups as indicated, revealing significant increased HDAC3 activity in PeAF patients. 
*P<0.05 SR RAA vs PeAF RAA. N=9 for SR RAA, N=9 for PeAF RAA, N=4 for SR LAA and N=4 
for PeAF LAA. 
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Figure 4: HDAC3 knockdown protects against tachypacing-induced contractile 
dysfunction in both HL-1 cardiomyocytes and Drosophila. A) Western blot showing 
successful knockdown of HDAC3 with retro viral HDAC3 shRNA compared to Luciferase 
shRNA (CTL) in HL-1 cardiomyocytes. B,C) Representative CaT traces and quantified data 
showing that knockdown of HDAC3 protects against tachypacing (TP)-induced CaT loss in 
HL-1 cardiomyocytes. **P<0.01, ***P<0.001 vs CTL NP, ###P<0.001 vs CTL TP. N=10 
cardiomyocytes per group.  D) Representative qPCR showing significant knockdown of 
HDAC3 in Drosophila. *P<0.05 HDAC3 knockdown (HDAC3KD) vs wild type control (WT). N=2 
experiments for WT, N=3 for HDAC3KD. E) Representative heart wall traces (10 seconds) 
prepared from high-speed movies of Drosophila prepupa. Movies were made in non-
tachypaced (NP) and after tachypacing of Drosophila prepupa. Heart period (HP) is the time 
interval between two beats. Heart rate (BPM: beats per minute) is calculated by mean of 
HP divided by 1 min. Arrhythmicity index is calculated as the standard deviation of HP. F, 
G) Quantified heart rate and arrhythmicity index of NP and TP in WT and HDAC3KD 
Drosophila, showing HDAC3 knockdown significantly protected against TP-induced heart 
rate loss and increased arrhythmicity index. ***P<0.001 vs WT NP, #P<0.5 vs WT TP. N≥11 
Drosophila per group. 
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3.3 Tachypacing induces HDAC5 phosphorylation and its nuclear export in HL-1 
cardiomyocytes 

Conversely to HDAC3, class IIa HDAC5 and HDAC7 protected against TP-induced CaT loss in 
HL-1 cardiomyocytes. Of these two protective class IIa HDACs, HDAC5 represents an 
interesting candidate, because its expression is abundant in the heart in contrast to HDAC7 
[20,26,27], and its function is regulated by calpain [28], which was previously found to 
induce structural remodeling in AF via degradation of HDAC6-deacetylated microtubules 
[17]. Therefore, we determined the role of HDAC5 in cardiomyocytes in more detail. Upon 
stress, HDAC5 gets phosphorylated, resulting in dissociation of HDAC5 from MEF2, and its 
nuclear export [26,28-30]. Firstly, we studied whether tachypacing induces HDAC5 
phosphorylation in HL-1 cardiomyocytes. As expected, tachypacing gradually and 
significantly increased phosphorylation of HDAC5 in HL-1 cardiomyocytes (Figure 5A, B). 
Secondly, we determined the localization of HDAC5 in the HL-1 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 5C, D). During tachypacing, the percentage of nuclear GFP-HDAC5 decreased 
gradually, and after 12 h tachypacing, <10% of the cardiomyocytes revealed exclusively 
nuclear staining of HDAC5 (Figure 5C, D). Similar findings were observed for endogenous 
HDAC5, which was localized in the nucleus in control conditions and exported to the 
cytoplasm following tachypacing (Supplemental Figure 3A, B). Together, these results 
demonstrate tachypacing to induce phosphorylation and nuclear export of HDAC5 in HL-1 
cardiomyocytes. 
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Figure 5: 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 0 h, ***P<0.001 
vs 0 h. C) Representative confocal images of cardiomyocytes transfected with HDAC5-GFP 
construct showing the localization of HDAC5 in HL-1 cardiomyocytes tachypaced from 0 h 
to 12 h. D) Quantified data of cellular localization of HDAC5, showing significant decrease 
in nuclear localization and significant increase in cytosolic localization of HDAC5 after 12 h 
TP. ***P<0.001 vs 0h chi-square test. N≥22 cardiomyocytes per group. 

 

3.4 MEF2 regulates fetal gene expression in tachypaced HL-1 cardiomyocytes 

Upon tachypacing, nuclear HDAC5 is phosphorylated, released from MEF2 and exported to 
the cytosol [26,28-30], 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 [19,20]. 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 6A). Interestingly, 
tachypacing induced a gradual and significant induction of BNP mRNA in HL-1 
cardiomyocytes (Figure 6B), as was previously found in persistent AF [10]. In addition, TP-
induced BNP levels, correlate significantly with the phosphorylated HDAC5 levels (Figure 
6C). These results reveal that tachypacing induces the expression of fetal genes in HL-1 
cardiomyocytes, which correlates partly with HDAC5 phosphorylation. 
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Figure 6: Activation of fetal gene program in tachypaced HL-1 cardiomyocytes. A) Time 
course of tachypacing-induced increase in gene expression ratio of β-MHC (MHY7) to α-
MHC (MHY6). *P<0.05, ***P<0.001 vs 0 h.  B) BNP gene expression is significantly increased 
during tachypacing. ***P<0.01 vs 0 h. C) BNP gene expression level correlates significantly 
with level of pHDAC5 during time-course of tachypacing.  

 

3.4 HDAC5 phosphorylation and fetal gene expression is induced in persistent 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 LAA and RAA of patients with PeAF 
and controls in normal SR. A significant increase in the level of phosphorylated HDAC5 was 
observed in the LAA of patients with PeAF compared to SR controls (Figure 7A, 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 in the RAA and increased expression of BNP in the LAA was observed in 
patients with PeAF compared to control SR patients (Figure 7C, D). Again, the induction of 
BNP correlated significantly with phosphorylated HDAC5 levels (Figure 7E), consistent with 
the results in tachypaced HL-1 cardiomyocyte (Figure 6C). 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, especially in the 
LAA. 
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Figure 7: pHDAC5 levels correlate with BNP gene expression levels in LAA of AF patients. 
A)  Representative Western blot of phosphorylated HDAC5 (pHDAC5), HDAC5 and GAPDH 
in patients with PeAF. B) Quantified ratio of pHDAC5 to HDAC5 in patients. N=5 from each 
group. ***P<0.001 PeAF vs SR. C) The gene expression ratio of β-MHC (MHY7) to α-MHC 
(MHY6) is significantly increased in PeAF patients. *P<0.05 vs SR RAA. N=6 for SR, N=7 for 
PeAF. D) BNP gene expression is significantly increased in PeAF patients. ***P<0.001 vs SR 
LAA. N=6 for SR, N=7 for PeAF. E) BNP gene expression level correlates significantly with 
pHDAC5 levels in patients (SR N=3 for LAA/RAA, PeAF N=5 for LAA/RAA). Open circles:  SR, 
filled circles: PeAF. 

 

3.5 HDAC3 inhibitor and HDAC5 nuclear boosters protect against tachypacing-induced 
contractile dysfunction in HL-1 cardiomyocytes and in Drosophila 

Given that HDAC3 knockdown protects against contractile dysfunction in both 
cardiomyocyte and Drosophila models for AF, we expect the specific HDAC3 inhibitor, 
RGFP966, to protect against TP-induced contractile dysfunction in experimental models for 
AF. As expected, RGFP966 pretreatment significantly prevented TP-induced CaT loss in HL-
1 cardiomyocytes (Figure 8A, B and Supplemental Figure S4A). RGFP966 also significantly 
protected against TP-induced heart rate reduction and increased arrhythmicity index in the 
Drosophila model for AF (Figure 8C-E).  

Our results also suggest that HDAC5 protects against AF-remodeling and may represent an 
interesting therapeutic target to prevent pathological fetal gene expression, functional loss 
and AF progression. Consequently, compounds boosting HDAC5 nuclear localization and 
thereby inhibiting the release of HDAC5 from MEF2, may have a therapeutic potential for 
treatment of AF and it is of interest to test these compounds in experimental AF. One such 
compound is MC1568, since it inhibits the activity of HDAC4 and HDAC5, thereby leaving 
MEF2-HDAC complexes in a repressed state [31]. The other compound is the PKC inhibitor 
Go6983, which has been reported to block HDAC5 nuclear export [28][32]. We tested 
MC1568 and Go6983 in tachypaced HL-1 cardiomyocytes and Drosophila prepupae. Both 
compounds increased the nuclear HDAC5 level and protected against the CaT loss in 
tachypaced HL-1 cardiomyocytes (Figure 9A, B; Supplemental Figures S4B-F and Figure S5A, 
B). They also protected against the reduction in heart rate and increased arrhythmicity in 
tachypaced Drosophila prepupae (Figure 9C-E, Supplemental Figure S5C-E).  

The findings indicate that both HDAC3 inhibitors and HDAC5 nuclear boosters may 
represent promising novel compounds to prevent AF promotion. 
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Figure 8: HDAC3 inhibitor protects against tachypacing-induced contractile dysfunction 
in HL-1 cardiomyocytes and Drosophila. A, B) Representative CaT traces and quantified 
data showing specific HDAC3 inhibitor RGFP966 (5 μM) protects against tachypacing-
induced CaT loss in HL-1 cardiomyocytes. Cardiomyocytes are treated with either DMSO 
(CTL) or 5 μM RGFP966 before tachypacing. **P<0.01 vs CTL NP, ###P<0.001 vs CTL TP. N=10 
cardiomyocytes per group, two independent experiments. C-E) Representative heart wall 
traces and quantified data showing specific HDAC3 inhibitor RGFP966 (50 μM) protects 
against tachypacing-induced heart rate reduction and increased arrhythmicity in 
Drosophila prepupa. *P<0.05 vs CTL NP, **P<0.01 vs CTL NP, #P<0.05 vs CTL TP. N=11 
Drosophila per group. 
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Figure 9: HDAC5 nuclear booster Go6983 protects against tachypacing-induced 
contractile dysfunction in HL-1 cardiomyocytes and Drosophila. A, B) Representative CaT 
traces and quantified data showing HDAC5 nuclear booster, Go6983 (5 μM), protects 
against TP-induced CaT loss in HL-1 cardiomyocytes. Control cardiomyocytes are treated 
with vehicle DMSO (CTL). ***P<0.001 vs CTL NP, ###P<0.001 vs CTL TP. N= 9-11 movies from 
around 50 cardiomyocytes per group. C-E) Representative M-mode heart wall traces and 
quantified data showing Go6983 (50 μM) protects against tachypacing-induced heart rate 
reduction and increased arrhythmicity in Drosophila prepupae. **P<0.01 vs CTL NP, 
#P<0.05 vs CTL TP. N=11-12 Drosophila per group, two independent experiments. 
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4. Discussion 

In the current study, we evaluated the role of class I and class IIa HDACs in TP-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. Also, 
HDAC3 expression and activity levels were increased in atrial tissue from PeAF patients 
compared to controls in SR, indicating a role for HDAC3 in clinical AF. In line, genetic and 
pharmacological inhibition of HDAC3 protected against TP-induced contractile dysfunction 
in both HL-1 cardiomyocytes and Drosophila, suggesting that HDAC3 inhibition protects 
against AF remodeling. 

In contrast, overexpression of class IIa HDAC5 and HDAC7 revealed protective effects 
against TP-induced contractile dysfunction via binding to MEF2, thereby possibly 
preventing fetal gene expression. In addition, tachypacing resulted in phosphorylation of 
HDAC5, nuclear export and downstream fetal gene activation in HL-1 cardiomyocytes. The 
experimental findings were confirmed in atrial appendages of patients with PeAF. In line, 
compounds which boost nuclear HDAC5 attenuated TP-induced contractile dysfunction in 
both HL-1 cardiomyocytes and Drosophila.  

Taken together, the findings suggest that HDAC3 and HDAC5 are interesting therapeutic 
targets in AF.   

4.1 Role of class I HDACs in cardiac growth and disease 

In the present study, overexpression of members of the class I HDAC family, HDAC1 and 
HDAC3 show detrimental effects on normal 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 [33]. All class I HDAC members are ubiquitously 
expressed in the heart, localize predominantly in the nucleus and display high enzymatic 
activity toward histone substrates [33]. Redundant functions of HDAC1 and HDAC2 have 
been described by Olson’s lab, i.e. cardiac deletion of either HDAC1 or HDAC2 does not 
substantially interfere with normal heart development, whereas cardiac deletion of both 
HDAC1 and HDAC2 results 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 [34]. Trivedi et al. found that in 
HDAC2-deficient mice exposed to hypertrophic stimuli, cardiac hypertrophy and fibrosis 
were attenuated and that cardiac-specific overexpression of HDAC2 resulted in cardiac 
hypertrophy [35].  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 [36]. 
Although the roles of the class I HDACs, HDAC1 and HDAC2, in cardiac hyperplasia, growth, 
and hypertrophic responsiveness have been reported, the role of HDAC3 in the heart has 
been less well explored. Cardiomyocyte-specific overexpression of HDAC3 in mice results 
in cardiac abnormalities at birth and increased cardiac wall thickness due to increased 
cardiomyocyte hyperplasia [37]. Consistent with its detrimental role in heart development 
and contraction, we observed HDAC3 to play a role in AF promotion. HDAC3 expression 
and activity are increased in atrial tissue of AF patients and in tachypaced HL-1 
cardiomyocytes, suggesting HDAC3 to contribute to AF progression, possibly via changing 
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the expression of ion-channels and contractile proteins, as have been observed for HDAC1 
and HDAC3 [34]. In line, HDAC3 knockdown or HDAC3 inhibition prevented against 
contractile dysfunction in tachypaced HL-1 and Drosophila models for AF, suggesting 
HDAC3 as a potential druggable target in AF. 

 4.2 Key role for class IIa HDAC5 in AF 

In the present study, we identified a key role for TP-induced activation, nuclear export of 
HDAC5, and consequently transcriptional reprogramming in cardiomyocytes. 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 (Supplemental Figure S6A). Binding of MEF2 to these sites results in suppression of 
transcriptional activity [19,38]. Following phosphorylation by kinases, such as 
calcium/calmodulin-dependent protein kinase (CaMK), which is activated in AF [39], class 
IIa HDACs bind 14-3-3 and shuttle from the nucleus to the cytoplasm [19,38,40]. 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) of fetal gene program [19,38,40]. In response to injury, MEF2 is activated 
resulting in pathological cardiac hypertrophy and heart failure [41].  

Although all members of Class IIa HDACs can bind to MEF2 to suppress fetal gene 
expression, hypertrophy and heart failure, in the current study we observed a protective 
role for HDAC5 and HDAC7, but not HDAC4 and HDAC9, in TP-induced remodeling 
(Supplemental Figure S6B). This discrepancy may be explained by TP-induced activation of 
particular upstream kinases which only induce phosphorylation of specific members of 
HDAC class IIa. Furthermore, specific HDAC class IIa members may affect different 
downstream targets that affect cardiac remodeling. An example of the latter is the recently 
described non-transcriptional function for HDAC4 in the heart comprising its association 
with cardiac sarcomeres and lowering of myofilament calcium sensitivity [42]. In our study, 
a possible protective role of HDAC4 to suppress MEF2 related fetal gene expression may 
have been offset by the HDAC4 detrimental effect on contractile function. 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 [43,44]. 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 
been studied well. However, there are indications for HDAC7 to regulate the function of 
MEF2 proteins in heart and muscle tissue [45], suggesting a similar role as HDAC5. 

HDAC5 and HDAC9 have redundant roles in the suppression of cardiac growth in response 
to stress signaling, and both are highly enriched in the heart compared to HDAC7 [26,27]. 
Despite sharing common upstream kinases, which stimulate the translocation of HDAC5 
and HDAC9, only translocation of HDAC5 is activated by calpain [26-28]. Interestingly, 
calpain was found to be activated in AF and underlies structural remodeling and contractile 
dysfunction in AF [24]. Thus, calpain-induced HDAC5 activation may be involved in 
transcriptional reprogramming and cardiomyocyte remodeling as observed in AF.  
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4.3 Therapeutic implications 

In the current study, we observed opposite key roles for class I HDAC3 and class IIa HDAC5 
in AF remodeling. Class I HDAC3 overexpression caused contractile dysfunction in HL-1 
cardiomyocyte model for AF. Also, HDAC3 protein and activity are both increased in 
tachypaced HL-1 cardiomyocytes and in AF patients. Both pharmacological and genetic 
inhibition of HDAC3 prevented contractile dysfunction in HL-1 and Drosophila model for 
AF. Specific HDAC3 inhibitor, RGFP966, thus represents an interesting compound to be 
tested in big animal model for AF and ultimately in clinical AF.  On the contrary, class IIa 
HDAC5 protected against AF remodeling via binding to MEF2 and suppression of MEF2-
related fetal gene program. Consequently, compounds inhibiting the release of HDAC5 
from MEF2 might have a therapeutic potential for treatment of AF. One such compound, 
MC1568 [31], protected against TP-induced contractile dysfunction in both HL-1 and 
Drosophila models for AF. Also, inhibitors of upstream kinases, which phosphorylate 
HDAC5 and thus initiate de-repression of MEF2, would also be of interest. An example is 
inhibition of CaMK or PKC, since these represent two main kinases involved in HDAC5 
phosphorylation and nuclear export in cardiomyocytes [44]. Indeed, CaMK inhibitors have 
been reported to prevent AF [39]. Furthermore, the PKC inhibitor Go6983 has been 
reported to block HDAC5 nuclear export and also α-tubulin deacetylation after nerve injury 
[28,32]. We found Go6983 to prevent TP-induced remodeling in HL-1 cardiomyocytes and 
Drosophila models for AF. Thus, our study suggests HDAC5 repression of MEF2 responsive 
genes to be involved in AF. Therefore, HDAC5 nuclear boosters, which prevent stress-
induced HDAC5 release from MEF2, such as MC1568 and PKC inhibitor Go6983, might 
represent novel therapeutic approaches to attenuate AF progression. 

4.4 Limitations of the study 

We describe the role of class I and IIa HDACs on cardiomyocyte dysfunction in AF by utilizing 
tachypaced HL-1 cardiomyocyte (mouse atrial tumor cells) and Drosophila model systems 
for AF related remodeling, because both systems have merit to identify potential signaling 
pathways involved in AF remodeling. As a result, findings have been confirmed repeatedly 
in the tachypaced dog model for AF and clinical AF [17,46,47]. Nevertheless, caution must 
be taken in extrapolating findings from the model systems to clinical AF. In addition, the 
current study provides evidence for a role of HDAC3 and HDAC5 activation in AF. Future 
studies should elucidate the upstream pathways involved in the activation of HDAC3 or 
HDAC5. 
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Supplemental Information 

Materials and Methods 

2.1 Tachypacing of HL-1 cardiomyocytes and calcium transient measurements 

HL-1 cardiomyocytes were subjected to tachypacing followed by calcium transient 
measurements (CaTs). Hereto, 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 either the cardiomyocyte calcium and contractility recording system of 
IonOptix or with the high-speed confocal microscopy (Nikon AR1). Recordings of CaT in HL-
1 cardiomyocytes were performed at 1Hz stimulation at 37°C. 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 Retroviral infection of HL-1 cardiomyocytes 

To generate retro-virus and infection of HL-1 cardiomyocytes, recombinant retrovirus was 
generated by transfecting retrovirus constructs into HEK293T cells using Lipofectamin 2000 
(Invitrogen). Medium was refreshed 12 hours after transfection. Virus particles were 
collected from the cell culture medium 48 hours after transfection and filtered through 
0.45µm filter. Polybrene (5 µg/ml, Millipore) was added to the virus, followed by infection 
of the HL-1 cardiomyocytes for 48 hours. 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).  

2.3 Drosophila stocks, tachypacing, and heart wall contraction assays 

The Drosophila wild-type W1118 strain was used for all drug screening experiments. In 
short, female and male adult flies were crossed. After 3 days, flies were removed from the 
embryos-containing tubes and drugs, including HDAC5 nuclear boosters (HDAC5-MEF2 
stabilizer MC1568 and PKC inhibitor Go6983), or specific HDAC3 inhibitor (RGFP966)) or 
the same amount of vehicle (DMSO) were added to the food. Drosophila prepupae were 
collected and subjected to tachypacing followed by heart wall contractions and 
arrhythmicity index measurements as previously described [17]. The total drug treatment 
time is at least 48 hours. 

To create the knockdown of HDAC3 in Drosophila in the heart, HDAC3 UAS-RNAi Drosophila 
from the Vienna Drosophila RNAi Center, were crossed to a Hand-Gal4 driver strain (kind 
gift from Prof. Dr. Achim Paululat) [23]. As control, wild-type Drosophila W1118 were 
crossed to Hand-Gal4 driver Drosophila. Prepupea of F1 offspring with HDAC3 knockdown 
were tachypaced for 20 minutes. Heart wall contractions were measured utilizing high-
speed digital video imaging (100 frames/second) before and after tachypacing, followed by 
the generation of heart wall traces. Traces were used to determine cardiac parameters 
including heart rate and arrhythmicity index (defined as the standard deviation of the heart 
period in milliseconds) by use of the Drosan software (section 2.6). The knockdown of 
HDAC3 were confirmed by qPCR. 
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2.4 Protein extraction and Western blot analysis 

HL-1 cardiomyocytes or human tissue samples were lysed in radioimmunoprecipitation 
assay buffer. In short, equal amounts of protein were separated on SDS-PAGE gels, 
transferred onto nitrocellulose membranes, and probed with antibodies directed against 
HDAC3 (Abcam, 1:5000), acetyl-Histone H4 lysine 9 (AcH4K5, 1:1000) (Abcam), HDAC5 (c-
11, Santa Cruz, 1:1000), phosphorylated HDAC5 (p-HDAC5) (Santa Cruz, 1:500)), Flag 
(Invitrogen,1:2000) or GAPDH (Fitzgerald,1:5000). Blots were subsequently incubated with 
horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (Dako, 
1:2000). Signals were detected by the ECL detection method (Amersham) and quantified 
by densitometry (Syngene, Genetools). 

2.5 Immunofluorescent staining 

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 visualize 
endogenous HDAC5 or HDAC3, 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. To block non-specific binding sites, 
cardiomyocytes were incubated in blocking solution (0.5% BSA and 0.15% glycine in PBS) 
for 10 min, followed by incubation with antibodies directed against HDAC5 (Cell signaling, 
1:100), phosphorylated HDAC5 (pHDAC5) (Santa Cruz, 1:100) or HDAC3 (Abcam, 1:500) 
overnight at 4 °C. 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, 1:200) 
or/and Alexa Fluor® 555 anti-mourse Ig G (Invitrogen, 1:200)) mixed with TOTO-3 iodide 
(Molecular probes) or DAPI (Vectashield) 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 and 2) exclusively nuclear HDAC5 staining.   

2.6 Algorithm of Drosan software 

To process the heart tube signal x, the low pass filter is utilized. The used low pass moving 
average filter of 2N+1 points is: 

𝑦𝑖 =
1

2𝑁 + 1
∑ 𝑥𝑖+𝑘

𝑁

𝑘=−𝑁

 

Default setting is N=5. The detection of the start of a beat is the maximum detection in the 
derivative of the filtered signal y, calculated as: 

𝑑𝑦𝑖 =
1

2
(𝑦𝑖+1 − 𝑦𝑖−1) 
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Then, find a dyi with dyi>TriggerLevel and then find the first i with dyi>dyi+1. Then, i is the 
sample at the start of the beat. Start the detection algorithm again after i+nInh samples. 
nInh is the number of samples corresponding with the inhibition period (default setting is 
200 ms). 

The TriggerLevel is set to 1.25 SDy by default, and can be manually adjusted in the user 
interface. After detection of the beats, valid signal segments are selected (maximal 3 
segments). The outcome parameters listed below, are calculated for each segment and for 
the combined segments. 

Variable Description Unit 

Nbts Number of beats - 

mIBI Mean interbeat interval ms 

sdIBI SDNN or standard deviation of interbeat interval ms 

minIBI Shortest interbeat interval ms 

maxIBI Longest interbeat interval ms 

rMSSD Root mean square of sucessive differences of interbeat interval ms 

HR Heart rate (=60000/mIBI) beats/min 

medianIBI Median of IBI values ms 

Note that Interbeat Interval (IBI) and heart period (HP) are the same. 
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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  ACCCAGGCAGAGTCAGAAAC ACAAGATAGACCGGATCGGA 

hBNP  TGTGGAATCAGAAGCAGGTG TTTGGGAGGAAGATGGACC 

DroHDAC3  GCCGTACAAGGCCAGTG AGTCGAAGAGGCCATCGAAC 

DroGpgh ATTGTGGGCTCCGGCAAC TTCTCGTGCGTCTCGTTGAT 

               m: mouse; h: human. Dro: Drosophila. MHY6: α-MHC; MHY7:β-MHC. 
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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: No induction of cell death due to tachypacing of HL-1 cardiomyocytes. After 
tachypacing, for the duration as indicated, HL-1 cardiomyocytes were collected and stained 
with trypan blue to determine the number of cell death. Around 10% of cell death was 
observed in the control non-paced group (0 h). Tachypacing until 12 h did not significantly 
increase cell death compared to non-paced control HL-1 cardiomyocytes.   
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Figure S3: Endogenous HDAC5 localization in HL-1 cardiomyocytes during time course of 
tachypacing. A) Representative confocal images of cardiomyocytes showing the 
localization of HDAC5 in HL-1 cardiomyocytes tachypaced from 0 h to 12 h. 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 12 h TP. ***P<0.001 vs 0 h, chi-square test. 
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Figure S4: Effects of HDAC3 inhibitor and HDAC5 nuclear boosters. A) Representative 
Western blot showing HDAC3 inhibitor RGFP966 to fully suppress HDAC3 activity from 5 
μM in HL-1 cardiomyocytes. B-D) Representative immunofluorescent staining and 
quantified data showing the PKC inhibitor Go6983 to prevent tachypacing-induced 
reduction of nuclear HDAC5 level and partially but significantly prevention of tachypacing-
induced HDAC5 phosphorylation. R.F.U., relative fluorescent unit compared to control 
DMSO NP.  ***P<0.001 vs DMSO NP, ###P<0.001 vs DMSO TP. N= 6 images from around 300 
cardiomyocytes per group. E, F) Representative immunofluorescent staining and quantified 
data showing MC1568 to significantly prevent tachypacing-induced reduction of nuclear 
HDAC5 level. ***P<0.001 vs DMSO NP, ##P<0.01 vs DMSO TP. N=16-20 images from over 
600 cardiomyocytes per group. 
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Figure S5: HDAC5 nuclear booster MC1568 protects against tachypacing-induced 
contractile dysfunction in HL-1 cardiomyocytes and Drosophila. A, B) Representative CaT 
traces and quantified data showing HDAC5 nuclear booster MC1568 (0.5 μM) to protect 
against tachypacing-induced CaT loss in HL-1 cardiomyocytes. Two independent 
experiments showed similar results, of which one is shown here. Control cardiomyocytes 
are treated with vehicle DMSO (CTL). **P<0.01 vs CTL NP, #P<0.05 vs CTL TP. N=9-11 movies 
from around 50 cardiomyocytes per group.  C-E) Representative M-mode heart wall traces 
and quantified data showing MC1568 (100 μM) to protect against tachypacing-induced 
heart loss and arrhythmia in Drosophila prepupae. ***P<0.001 vs CTL NP, ##P<0.01 vs CTL 
TP, #P<0.05 vs CTL TP. N=11-12 Drosophila per group. 

 



Chapter 7 

188 

 

 

Figure S6:  Schematic features of Class IIa HDACs. 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.
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ABSTRACT 

Atrial Fibrillation (AF) is the most common clinical tachyarrhythmia with a strong tendency 
to progress in time. AF progression is driven by derailment of protein homeostasis, which 
ultimately causes contractile dysfunction of the atria. Here we report that tachypacing (TP)-
induced functional loss of atrial cardiomyocytes is precipitated by excessive poly(ADP)-
ribose polymerase 1 (PARP1) activation in response to oxidative DNA damage. PARP1-
mediated synthesis of ADP ribose chains in turn depletes nicotinamide adenine 
dinucleotide (NAD+), induces further DNA damage and contractile dysfunction. 
Accordingly, NAD+ replenishment or PARP1 depletion precludes functional loss. Moreover, 
inhibition of PARP1 protects against TP-induced NAD+ depletion, oxidative stress, DNA 
damage and contractile dysfunction in atrial cardiomyocytes and Drosophila. Consistently, 
cardiomyocytes of persistent AF patients show significant DNA damage, which correlates 
with PARP1 activity. The findings uncover a mechanism by which tachypacing impairs 
cardiomyocyte function and implicates PARP1 as a possible therapeutic target that may 
preserve cardiomyocyte function in clinical AF. 

Key words: atrial fibrillation, HDAC3, HDAC5, MEF2, HL-1 cardiomyocyte, Drosophila 
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Introduction 

Atrial Fibrillation (AF) is the most common clinical tachyarrhythmia. Over the past years, 
considerable progress has been made in unraveling mechanisms driving the initiation and 
perpetuation of AF, providing targets to ground novel therapeutic options in AF. The 
current insight is that progression of AF is driven by the high-activation rate of atrial 
cardiomyocytes inducing their electrical, structural and functional remodeling, which 
renders them increasingly permissive to the arrhythmia1. Principle factors governing the 
cardiomyocyte remodeling include derailments of Ca2+ homeostasis, proteostasis and the 
protein quality control system1-7. We recently disclosed a prominent role of histone 
deacetylase 6 (HDAC6)-driven deacetylation of cytoskeletal α-tubulin in structural and 
functional remodeling of AF cardiomyocytes8. In the course of this study, we also observed 
that nicotinamide (vitamin B3), an HDAC class III (sirtuins) inhibitor9, 10, offers complete 
protection against cardiomyocyte remodeling in tachypaced cardiomyocytes and 
Drosophila prepupae, by a mechanism unrelated to its inhibition of sirtuins8. Thus, we set 
out to disclose nicotinamide’s mode of action. 

In addition to sirtuins, nicotinamide is a known inhibitor of poly(ADP-ribose) polymerases 
(PARPs)11, 12. PARPs constitute a family of 6 nuclear enzymes whose activation is 
precipitated by single and double stranded DNA breaks (SSBs and DSBs, respectively), 
serving to recruit the DNA repair machinery by synthesis of poly(ADP-ribose) chains 
(PAR)13. During the synthesis of PAR chains, nicotinamide adenine dinucleotide (NAD+) is 
consumed by PARP up to an extent that it depletes cellular NAD+, leading to a progressive 
decline in ATP levels, energy loss and cell death in case of excessive PARP activation14. 
Moreover, PARP activation, especially of PARP1, was previously found to be involved in 
various cardiovascular diseases other than AF11, 12, 15-17, and both pharmacological and 
genetic inhibition of PARP1 provides significant benefits in animal models of such 
cardiovascular disorders12, 18. 

In the current study, we investigate the origin and consequences of PARP activation in 
experimental AF by characterizing the pathways involved and examine the therapeutic 
effects of PARP inhibitors and NAD+ replenishment. The findings reveal that tachypacing 
(TP)-induced cardiomyocyte dysfunction is a consequence of DNA damage-modulated 
PARP1 activation, which leads to depletion of nicotinamide adenine dinucleotide (NAD+) 
and further oxidative stress and DNA damage and implicate PARP1 as a possible 
therapeutic target that may preserve cardiomyocyte function in AF.  
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Methods 

HL-1 cardiomyocyte model, Ca2+ 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 in complete Claycomb 
medium (Sigma) supplemented with 10% FBS (PAA Laboratories GmbH, Austria), 100 U per 
ml penicillin (GE Healthcare), 100 µg per ml streptomycin (GE Healthcare), 4 mM L-
glutmaine (Gibco), 0.3 mM L-ascorbic acid (Sigma) and 100 µM norepinephrine (Sigma). HL-
1 cardiomyocytes were cultured on cell culture plastics or on glass coverslips coated with 
0.02% gelatin (Sigma) in a humidified atmosphere of 5% CO2 at 37oC. The cardiomyocytes, 
which have a basal spontaneous contraction rate of ~ 0.5-1 Hz4, were subjected by 
tachypacing (TP) to a 5-10 fold rate increase as observed in clinical AF (5 Hz, 40 V, pulse 
duration of 20 ms) with a C-Pace100 culture pacer (IonOptix) for 12 h unless stated 
otherwise. HL-1 cardiomyocytes followed the pacing rate. Ca2+ transients (CaT) were 
imaged by Solamere-Nipkow-Confocal-Live-Cell-Imaging system (based on a Leica DM IRE2 
Inverted microscope). 2 μM of the Ca2+-sensitive Fluo-4-AM dye (Invitrogen) was loaded 
into HL-1 cardiomyocytes by 45 min incubation, followed by 3 times washing with PBS. Ca2+ 
loaded cardiomyocytes were excited by 488 nm and emitted at 500–550 nm and visually 
recorded with a 40×-objective. CaT measurements were performed  in a blinded manner 
by selection of normal shaped cardiomyocytes with the use of bright field settings, followed 
by a switch to the fluorescent filter to determine the CaT.  

Prior to 12 h TP, HL-1 cardiomyocytes were treated for 12 h with the PARP inhibitors 3-
aminobenzamide (3-AB, Sigma-Aldrich), ABT-888 (Selleckchem), olaparib (Selleckchem), 
beta-nicotinamide adenine dinucleotide hydrate (NAD+, Sigma-Aldrich) or transfected with 
scrambled siRNA (control, Ambion) PARP1 siRNA (Ambion), or PARP2 siRNA (Santa Cruz) to 
study the specific role of PARP1 and PARP2, respectively. 

Rat atrial cardiomyocyte model, Ca2+ test and drug treatment   

Adult Wistar rats (~ 200 g) were injected with heparin 15 min before atrial cardiomyocyte 
isolation, followed by anesthetisation (2% isoflurane and 98% O2). Hearts were excised and 
placed in ice-cold, oxygenated buffer solution containing (in mM) 134 NaCl, 10 HEPES, 4 
KCl, 1.2 MgSO4, 1.2  Na2HPO4, and 11 D-glucose (pH 7.4). Freshly excised rat hearts were 
mounted on a Langendorff setup and perfused retrogradely through the aorta for 30 min 
with oxygenated buffer solution of 37°C, to which 66.7 mg perL librase (Roche) was added. 
Following Langendorff perfusion, the atria were cut off the heart and rinsed in isolation 
solution containing (in mM): 100 NaCl, 5 Hepes, 20 D-glucose, 10 KCl, 5 MgSO4, 1.2 KH2PO4, 
50 Taurin, 0.5% bovine serum albumin (BSA) (pH 7.4), transferred to a 15-ml tube 
containing 10 ml of isolation solution plus 0.02 mM CaCl2 and 0.02 U per ml DNase, gently 
triturated for 7 min, and subsequently filtered through a 200μm mesh filter into another 
15-ml tube, followed by centrifugation for 1 min at 700x g. The supernatant was removed 
and the pellet containing atrial cardiomyocytes was resuspended carefully in 10 ml of 
isolation solution plus 0.02 mM CaCl2. Next, the Ca2+ concentration was increased in 5-min 
steps from 0.1, 0.2 mM to 0.4 mM Ca2+. Atrial cardiomyocytes were left to sink for 20 min 
and transferred into laminin-coated plates in plating medium (M199 medium plus 5% fetal 
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calf serum) for 2 h followed by replacement with M199 medium plus Insulin-Transferrin-
Sodium Selenite Supplement (Sigma). The isolated adult rat atrial cardiomyocytes have a 
basal spontaneous contraction rate of ~ 0.5-1 Hz in vitro. The rat experiments complied 
with all relevant ethical regulations and theVUmc approved the study protocol (DEC FYS 
14-06).  

Prior to TP, atrial cardiomyocytes were treated for 2 h with the PARP inhibitors ABT-888 
(Selleckchem) or olaparib (Selleckchem), followed by 2 h TP at 5 Hz, 30 V with a pulse 
duration of 2 ms. Control atrial cardiomyocytes were either non-paced (NP) or paced for 2 
h at 1Hz, 30 V and pulse duration of 2 ms. Atrial cardiomyocytes followed the pacing rate. 
CaT measurement was performed according to previous studies with minor changes2, 19. In 
short, atrial cardiomyocytes were washed twice with M199 medium, incubated with the 
Ca2+ dye Fluo-4 (1 µg per ml) in M199 medium for 15 min, and rinsed twice again with M199 
medium. The Fluo-4-loaded cardiomyocytes were excited at 488 nm and the light emitted 
at 500-550 nm and recorded with a high-speed confocal microscope (Nikon A1R). Bright 
field settings were used to randomly select normal-shaped cardiomyocytes, followed by a 
switch to the fluorescent filter to determine the CaT. As such, CaT measurements were 
conducted in a blinded manner. 

Drosophila stocks, TP, and heart contraction assays 

The wild-type Drosophila melanogaster strain w1118 strain was used for all drug screening 
(PARP inhibitors or NAD+ ) experiments.  Hereto, female and male adult flies were crossed. 
After 3 days, flies were removed from the embryos-containing tubes and drugs or the same 
amount of vehicle (DMSO) were added to the food. Drosophila were incubated at 25 oC for 
48 h, with larvae consuming the drug/vehicle prior to entering the prepupae stage. The 
Drosophila prepupae were collected and subjected to TP for 20 min (4 Hz, 20 V, pulse 
duration of 5 ms) and heart wall functions were measured as described in detail below. See 
Supplementary Table 1 for the applied doses of 3-AB, ABT-888 and NAD+.  

To create the knockdown of PARP1 in Drosophila, two PARP1 UAS-RNAi Drosophila lines, 
from the Vienna Drosophila RNAi Center (VDRC, ID:330230) and Bloomington Drosophila 
Stock Center (BDSC, ID:34888), were utilized. Both RNAi lines were crossed with a Hand-
GAL4 driver strain (kind gift of Prof. Dr. Achim Paululat)20. As control, wild-type flies w1118 
were crossed with Hand-GAL4 driver flies. Prepupae of F1 offspring were tachypaced as 
previously described8. 

Heart wall contractions were measured utilizing high-speed digital video imaging (100 
frames per s) before and after TP in at least duplicated 10 s-movies. Movies were used to 
prepare heart wall traces and M-mode cardiography. Hereto, 1-pixel width lines were 
drawn across the heart wall, followed by determination of Plot-Z axis profile (based on 
contrast changes) to generate heart wall traces or kymographs (via the kymograph plugin 
of Image J) for M-mode cardiography. To determine the heart rate and arrhythmicity index 
(defined as the standard deviation of the heart period normalized to the median heart 
period of each fly followed by averaging across flies)21, the heart wall traces were further 
analysed with the use of Drosan software, which was modified from the software originally 
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developed to determine human heart rate and arrhythmicity22, 23. The detailed algorithm 
of the Drosan software is described in the Supplementary Methods section.  

Patients 

Before surgery, patient characteristics were collected (Supplementary Table 2)8. Right atrial 
appendages (RAA) and/or left atrial appendages (LAA) tissue samples were obtained from 
patients with coronary artery and/or valvular heart disease having sinus rhythm (SR) or 
(longstanding) persistent AF. After excision, atrial appendages were immediately snap-
frozen in liquid nitrogen and stored at -80°C. The study conformed to the principles of the 
Declaration of Helsinki and complied with all relevant ethical regulations. The Erasmus 
Medical Center Review Board approved the study (MEC-2014-393), and all patients gave 
written informed consent.  

Protein extraction and Western blot analysis 

HL-1 cardiomyocytes or human tissue samples were lysed in radioimmunoprecipitation 
assay (RIPA) buffer containing PBS, Igecal ca-630, eoxycholic acid and SDS2, 8. In short, equal 
amounts of protein homogenates were separated by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE), transferred onto nitrocellulose membranes, and probed with 
antibodies directed against poly (ADP-Ribose) (PAR, 1:1000, BD bioscience, 551813), PARP1 
(1:500, Santa Cruz, sc-25780), γH2AX (1:1000, Millipore, 05-636), Cav1.2 (1:200, Alomone 
Labs, ACC-003), Kv11.1 (1:400, Alomone Labs, APC-062), Kir3.1 (1:200, Alomone Labs, APC-
005), β-actin (1:1000, Santa Cruz, sc-47778), or GAPDH (1:5000, Fitzgerald, 10R-G109A). 
Membranes were subsequently incubated with horseradish peroxidase-conjugated goat 
anti-mouse or goat anti-rabbit secondary antibodies (Dako). Signals were detected by the 
ECL detection method (Amersham) and quantified by densitometry (Syngene, Genetools). 
Original uncropped blots are available at the Supplementary Information section 
(Supplementary Figure 12).  

NAD assay 

NAD and NADH levels, in which NAD represents the sum of NAD+ and NADH, were 
measured according 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 Laboratories). To measure NAD, after equalizing 
the protein concentration, 50 µl of each sample was mixed with 100 µl NAD cycling buffer 
and incubated at room temperature (RT) for 5 min to convert NAD+ to NADH, followed by 
the addition of 10 µl NADH developer buffer and 2 h incubation at RT. NAD/NADH levels 
were measured at 450 nm (BioTek Synergy 4 plate reader). To measure NADH, NAD+ in 
each sample was decomposed by incubation at 600C for 30 min before measurement. 
Notably, in accordance with previousl findings, the NADH amount in cultured 
cardiomyocytes and tissue was below the detection limit24. Therefore, the NAD+ amount 
per µg of total protein was used as endpoint. 
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Comet assay 

To evaluate DNA damage in cardiomyocytes, an alkaline comet assay kit (Trevigen) was 
utilized according to the manufacturer’s instructions with minor changes. HL-1 
cardiomyocytes were trypsinized, harvested by centrifugation, suspended at 2x105 cells per 
ml in phosphate-buffered saline (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 min at 
4°C, incubated firstly in lysis solution for 1 h and then in freshly prepared alkaline unwinding 
solution (pH>13) for 1 h. After placing the slides in 4°C alkaline electrophoresis solution, 
electrophoresis at 21 V for 30 min was performed. After incubation for 2 times 5 min in 
demineralized H2O and once for 5 min in 70% ethanol, slides were dried at 37°C, stained 
with SYBR Gold for 30 min at RT in the dark, rinsed in water and dried again at 37°C. Finally, 
comets were visualized after excitation at 496 nm by fluorescence microscopy (Leica 
Microsystems) at 522 nm. DNA damage was quantified by scoring the percentage of DNA 
in the tail, using the Image J Marco “Comet_Assay” based on an NIH Image Comet Assay 
developed by Herbert M. Geller (1997). 

Irradiation of cardiomyocytes 

To induce DNA damage, HL-1 atrial cardiomyocytes received 10 Gy and rat atrial 
cardiomyocytes 40 Gy of irradiation with a dose rate of 0.0562 Gy per second by utilizing a 
cobalt-60 gamma-source (Gammacell 220 Research Irradiator, MDS Nordion, Canada). HL-
1 and rat atrial cardiomyocytes were treated with 40 µM ABT-888 (12 h) or 5 µM ABT-888 
(2 h), respectively, prior to the irradiation. After irradiation, cardiomyocytes were either 
prepared for Western blot analyses, NAD+ level measurements or CaT recordings.  

Protein oxidation detection 

To evaluate oxidative stress in cardiomyocytes, OxyBlot protein oxidation detection kit 
(Millipore, S7510) was used, following the company’s instructions. In short, 
cardiomyocytes were lysed in RIPA buffer containing 1% beta-mercapto-ethanol (Sigma). 
10 μg of protein was denatured in 6% SDS, derivatized by incubation for 15 min in 2,4-
dinitrophenylhydrazine (DNPH) solution, followed by the addition of neutralization 
solution. After neutralization, protein samples were subjected to SDS-PAGE, transferred 
onto nitrocellulose membranes and probed with anti-dinitrophenyl (DNP) antibody (1:150) 
for 1 h at RT. HRP-conjugated goat anti-rabbit IgG (1:300) was used as secondary antibody. 
All reagents were included in the kit. Signals were detected by the ECL detection method 
(Amersham) and quantified by densitometry (Syngene, Genetools). 

Quantitative reverse transcription PCR 

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 (Promega). Relative changes in transcription 
level were determined using the CFX384 Real-time system C1000 thermocycler in 
combination with SYBR green supermix (both from BioRad Laboratories). Calculations were 
performed using the comparative CT method according to User Bulletin 2 (Applied 
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Biosystems). Fold inductions were adjusted for GAPDH levels. Primer pairs used included 
PARP1 F: CACCTTCCAGAAGCAGGAGA and R: GCAAGAAATGCAGCGAGAGT; PARP2 F: 
TCCTCTGGGCATCATCTTCT and R: AAGCTGGGAAAGGCTCATGT. CACNA1C F: 
CAAACAACAGGTTCCGCCTG and R: ATCTTTAGAGCAATTTCAATGGTGA. KCNQ1 F: 
GCCTCACTCATCCAGACTGC and R: GGACAGAAGCGTGTGACTCC. KCNH2 F: 
GGCGTACAGACAAGGACACA and R: CAGGGCCCTCATCTTCACTG. KCNJ3 F: 
TTCATCCTCCAACAGCACCC and R: GGCCATAGCTGCTTGCTAGA. GAPDH F: 
CATCAAGAAGGTGGTGAAGC and R: ACCACCCTGTTGCTGTAG. ACTB F: 
GGCTGTATTCCCCTCCATCG and R:  CCAGTTGGTAACAATGCCATGT.  Primer pairs used in 
Drosophila included PARP1 F: TGGTTTGCGTCAGGTGAAGA and R: 
TCGCGAAACCTGAAGTAGGC; Actin5C: F: GAGCACGGTATCGTGACCAA and R: 
GCCTCCATTCCCAAGAACGA.   

Immunofluorescent microscopy of cardiomyocytes 

HL-1 cardiomyocytes were grown on coverslips until 80% confluence and subjected to TP 
for various time periods, with or without drug treatment. Immediately after pacing, 
cardiomyocytes were rinsed in PBS and fixed with 4% formaldehyde for 15 min, rinsed 
twice with PBS, permeabilized by incubation with 0.1% triton X-100 in PBS for 10 min, 
rinsed twice in PBS and blocked with blocking solution (0.5% BSA and 0.15% glycine in PBS) 
for 10 min. After blocking, cardiomyocytes were incubated with primary antibodies for 2 h 
at RT. After rinsing the cardiomyocytes three times with blocking solution, cardiomyocytes 
were incubated with secondary antibodies for 45 min at RT shielded from light, followed 
by rinsing with blocking solution three times and PBS twice. Lastly, cardiomyocytes were 
incubated with mounting media containing DAPI (Vectashield), sealed with nail polish and 
used for fluorescent microscopy (Leica Microsystems). Antibodies used were: anti-γH2AX 
(1:100, Millipore, 05-636), anti-PAR (1:200, BD Bioscience, 551813), anti-PARP1 (1:200, 
Santa Cruz, sc-25780), anti-oxoguanine 8 (1:100, Abcam, ab64548), goat anti-rabbit FITC 
(1:200, Invitrogen, 65-6111), and goat anti-mouse TRITC (1:200, Southern Biotech, 1021-
03). For quantification, Image Pro software was used to calculate the total fluorescent 
(green for FITC and red for TRITC) signal per image as well as the DAPI signal. The total 
fluorescent signals, corresponding to the expression of PARP1, PAR or γH2AX, were divided 
by the respective blue signals (DAPI), representing the cell number. 

Immunofluorescent microscopy and nuclear shape analysis 

The frozen RAA samples of SR and AF patients were used for staining of γH2AX and 53BP1. 
Frozen sections were cut into 5 µm slices. Sections were air dried for 30 min, fixed in 4% 
formaldehyde for 10 min at RT, washed 3 times with PBS for 10 min, then permeabilized 
with 0.3% Triton X-100 (in PBS) for 10 min at RT and washed 3 times for 5 min with PBS. 
After blocking of the sections with 1% BSA blocking solution for 30 min at RT, sections were 
incubated with primary antibodies directed against γH2AX (1:100; Millipore, 05-636) or 
53BP1 (1:100; Santa Cruz Biotechnology, sc-22760) overnight at 40C. After washing with 
PBS for 3 times 10 min, slides were incubated with secondary antibodies and 1% human 
serum, TRITC labeled goat anti-mouse (1:200; Southern Biotech, 1021-03) and FITC labeled 
goat anti-rabbit (1:200, Invitrogen, 65-6111) for 1 h at RT and protected from light. 
Following 3 washes of 10 min, DAPI mounting medium (Vectashield) was applied to the 
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sections, after which they were covered with coverslips and sealed. Slides were stored at 
40C for a few h and subsequently used for fluorescent microscopy (Leica Microsystems). 
γH2AX and 53BP1 positive nuclei were expressed as the percentage of the total number of 
nuclei (typically about 200).  

The nuclear shape of cardiomyocytes in RAAs of SR and AF patients was determined by 
measuring its circularity (form factor) with Image J 1.48 software (US National Institute of 
Health). Hereto, 8-bit images of DAPI-stained nuclei were converted to binary photos by 
the method of “make binary” in ImageJ, traced by hand and the circularity was calculated 
by the formula 4π*A per P2, in which A denotes the surface area and P the perimeter. The 
circularity of a perfect round circle and a line segment are 1 and 0 respectively25. 

Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). Biochemical analyses 
were performed at least in duplicate. Individual group mean differences were evaluated 
with the two-tailed Student’s t-test. Correlation was determined with the Spearman 
correlation test. To compare continuous variables with a skewed distribution, the Mann-
Whitney U test was applied. All P values were 2 sided. Values of P<0.05 were considered 
statistically significant. SPSS version 20 (IBM Analytics) was used for all statistical 
evaluations.  
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RESULTS  

TP causes DNA damage, PARP activation and NAD+ loss 

Previously, we observed nicotinamide to protect against contractile dysfunction in 
tachypaced HL-1 cardiomyocytes and Drosophila prepupae, independent of its ability to 
inhibit sirtuin activity8. As nicotinamide is also known to inhibit the activation of PARP11, 12, 
we tested the level of PARP activity by measuring the amount of PAR synthesis in normal 
and tachypaced cardiomyocytes. A gradual increase in PAR levels was observed upon TP, 
which reached significance after 8 h of TP and remained increased afterwards (Figure 1a-
d, Supplementary Figure 1a), while PARP1 protein expression was unchanged during TP 
(Figure 1a, Supplementary Figure 1b, c). This observation indicates that TP induces PAR 
synthesis, suggesting induction of PARP activation. Since PARP gets activated by SSB and 
DSB in the DNA26, the level of DNA damage was determined by comet assay (single-cell gel 
electrophoresis)27, and by measurement of phosphorylation of the Ser-139 residue of the 
histone variant H2AX, forming γH2AX. Four hours of TP significantly increased both the 
amount of DNA in the comet tail (Figure 1e,f) and γH2AX levels of cardiomyocytes (Figure 
1g-j).  

Upon activation, PARP consumes NAD+ to synthesize PAR. Therefore, progressive and 
excessive activation of PARP results in reductions in NAD+ levels, which finally results in the 
energy loss and functional impairment of cardiomyocytes12. To study whether TP-induced 
PARP activation depleted NAD+ levels in HL-1 cardiomyocytes, NAD+ levels were measured 
in HL-1 cardiomyocytes in the course of TP. Eight hours of TP induced a significant reduction 
in NAD+ levels (Figure 1k). Normal pacing at 1 Hz did not reveal changes at PAR, γH2AX, or 
NAD+ levels (Supplementary Figure 2a-e). Together, these findings reveal that TP induces 
substantial DNA damage and consequently the activation of PARP, resulting in depletion of 
the cellular content of NAD+ in cardiomyocytes.  

PARP1 is a key enzyme instigating contractile dysfunction. 

Since NAD+ is an important constituent for proper cell function and health28, we next 
investigated whether the decline in NAD+ levels is a driving mechanism for functional loss 
by testing the effect of replenishment of NAD+ on contractile function in tachypaced HL-1 
cardiomyocytes. TP resulted in a significant Ca2+ transients (CaT) loss, which was dose-
dependently abrogated by preserving cellular NAD+ levels through exogenous 
supplementation (Figure 2a, b, Supplementary Figure 3a, b). This observation was 
confirmed in tachypaced Drosophila prepupae5, where TP resulted in loss of heart wall 
contractions and an increase of arrhythmia incidence, which was dose-dependently 
prevented by replenishment of NAD+ (Figure 3c-e). Next, we examined whether PARP 
mediates the NAD+ depletion, since particularly PARP1 and to a lesser extent PARP2 
isoforms consume NAD+13. Hereto, HL-1 cardiomyocytes were transfected with siRNA 
targeting PARP1 or PARP2, resulting in specific and effective suppression of their 
expression in the cardiomyocytes (Supplementary Figure 4a, b). Subsequent TP of siRNA 
treated cardiomyocytes demonstrated that downregulation of PARP1 significantly 
protected cardiomyocytes against CaT loss, whereas downregulation of PARP2 did not 
(Figure 3a, b).  
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To confirm that PARP1 is the key PARP enzyme driving TP-induced contractile dysfunction, 
PARP1 expression was suppressed specifically in the heart of Drosophila in two RNAi lines, 
as confirmed by Western blotting (Supplementary Figure 4c, d). In line with the findings in 
HL-1 cardiomyocytes, suppression of PARP1 resulted in protection against TP-induced 
heart wall dysfunction (Figure 3c-e, Supplementary Figure 4e and Figure 5). 

These results demonstrate that PARP1 is the key PARP enzyme instigating TP-induced 
contractile dysfunction in cardiomyocytes. 

 

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 
nonpaced (0 h) and tachypaced (TP) HL-1 cardiomyocytes for durations as indicated. b) 
Quantified data of PAR expression levels from three independent experiments. *P<0.05 vs 
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0 h, **P<0.01 vs 0 h.  c, d) Immunofluorescence 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=10 images for 0 
h, n=8 images for 12 h from over 200 cardiomyocytes. 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 **P< 0.01 
vs 0 h, n=49 cardiomyocytes for 0 h, n=40 for 4 h, n=33 for 8 h, n=11 for 12 h. 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, n=3 independent experiments. 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 0 h, n=7 images for 0 h, n=6 images for 
12 h from over 200 cardiomyocytes. 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 vs 0 h.  n=2 independent 
experiments and scalebar is 15 µm. Data are all expressed as mean ± s.e.m.. Individual 
group mean differences were evaluated with the two-tailed Student’s t-test. 
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Figure 2: Repletion of NAD+ dose-dependently attenuates contractile dysfunction in HL-1 
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+ (0.25 mM, 0.5 mM, 1 mM). **P<0.01 
vs Control (CTL) NP ##P<0.01 vs CTL TP, N=40 cardiomyocytes CTL NP, N=40 for CTL TP, N=20 
for NAD+ (0.25 mM) TP, N=40 for NAD+ (0.5 mM) TP and N=20 for NAD+ (1 mM) TP.  c) 
Representative heart wall motions (during 3.3 sec).  d) and e) Quantified data of relative 
heart rate and arrhythmicity index to control NP Drosophila. Drosophila were treated with 
or without NAD+ (5 mM or 10 mM). *P<0.05, **P<0.01 vs CTL NP ##P<0.01 vs CTL TP. n=10 
Drosophila prepupae for CTL NP, n= 8 for CTL TP, n=6  for NAD+ (5 mM) TP, n=7 for NAD+ 
(10 mM). Data are allexpressed as mean ± s.e.m.. Individual group mean differences were 
evaluated with the two-tailed Student’s t-test. 

 

 

Figure 3:  PARP1, not PARP2, is the key enzyme mediating tachypacing-induced 
contractile dysfunction in HL-1 cardiomyocytes and Drosophila. a) and b) Representative 
CaT traces and quantified CaT amplitude data in control non-paced (NP) or tachypaced (TP) 
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HL-1 cardiomyocytes transfected with scrambled siRNA (CTL), PARP1 siRNA (PARP1i), 
PARP2 siRNA (PARP2i). **P<0.01 vs CTL NP, ##P<0.01 vs CTL TP. N=62 cardiomyocytes for 
CTL NP, N=39 for PARP1i NP, N=22 for PARP2i NP, N=56 for CTL TP, N=47 for PARP1i TP, 
N=27 for PARP2i TP.  c) Representative traces (10 s) prepared from high-speed movies of 
Drosophila prepupae. Movies were made from non-paced (NP) and tachypaced (TP) 
Drosophila prepupae in wild-type (WT) and PARP1 knockdown (PARP1 RNAi1) strains. d) 
and e) Quantified heart rate (bpm: beats per minute) and arrhythmicity index in 
milliseconds (ms). Arrhythmicity index was defined as the standard deviation of the heart 
periodicity. *P<0.05, **P<0.01, ***P<0.001 vs WT NP, #P<0.05 vs WT TP, N=26 Drosophila 
prepupae for WT, N=20 Drosophila prepupae for PARP1i. Data are allexpressed as mean ± 
s.e.m.. Individual group mean differences were evaluated with the two-tailed Student’s t-
test. 

 

Inhibition of PARP1 prevents NAD+ depletion and functional loss 

To further substantiate that PARP1 represents a drug target to mitigate TP-induced 
functional remodeling, the action of PARP1 inhibitors was examined in HL-1 
cardiomyocytes. PARP1 inhibitors comprised the general inhibitors, nicotinamide and 3-
AB, and the specific PARP1/2 inhibitors ABT-888 and olaparib. Both general and specific 
inhibition of PARP1/2 precluded TP-induced PARylation of proteins and decrease in NAD+ 
levels (Figure 4a, b, and Supplementary Figure 6). Furthermore, the PARP1 inhibitors ABT-
888 and olaparib also significantly attenuated TP-induced contractile dysfunction in HL-1 
cardiomyocytes and Drosophila without influencing the baseline contractile function in 
cardiomyocytes (Figure 4c-I, Supplementary Figure 3 and Figure 7), as previously observed 
for nicotinamide8. In addition, TP of HL-1 cardiomyocytes resulted in significant 
electrophysiological deteriorations, including alterations in action potential duration 
(APD), increased APD dispersions, decreased area of excitability and ion channel 
remodeling. All TP-induced electrophysiological alterations were prevented by PARP1 
inhibitors olaparib and/or ABT-888  (Figure 5, Supplementary Methods and Supplementary 
Figure 11). Since AF is a progressive disease, it is of interest to study whether PARP1 
inhibition accelerates recovery from TP-induced NAD+ depletion and contractile 
dysfunction. Hereto, HL-1 cardiomyocytes were tachypaced, followed by 24 h recovery 
under no pacing conditions. In vehicle treated cardiomyocytes, no recovery from TP 
induced CaT loss, NAD+ depletion or increased PAR levels was observed. In contrast, 
tachypaced HL-1 cardiomyocytes post-treated with ABT-888 revealed accelerated recovery 
at all endpoints (Supplementary Figure 8). These findings demonstrate that PARP1 
inhibitors not only prevent PARP1 activation, NAD+ depletion, CaT loss, and 
electrophysiological and ion channel deteriorations, but also accelerate recovery after 
cessation of TP. 

In line with the findings in tachypaced HL-1 cardiomyocytes, TP of isolated adult rat atrial 
cardiomyocytes significantly induced DNA damage and PAR levels, reduced NAD+ levels and 
resulted in contractile dysfunction (Figure 6 and Supplementary Figure 2f-i). Importantly, 
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all these effects were prevented by the PARP1 inhibitors ABT-888 and olaparib (Figure 6 
and Supplementary Figure 7a, b). 

Figure 4: PARP1 inhibitors dose-dependently protect against contractile dysfunction in 

HL-1 cardiomyocytes and Drosophila. a) Representative Western blot showing that the 
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PARP inhibitors 3-AB (3 mM), ABT-888 (40 µM) and nicotinamide (Nic, 10 mM) inhibit 

tachypacing (TP)-induced PAR formation (PARylation), which is an indicator of PARP 

activity. b) 3-AB (3 mM) and ABT-888 (40 µM) conserved NAD+ levels after TP. The average 

value of 4 independent experiments is shown. **P<0.01 vs control (CTL) NP, #P<0.05 vs CTL 

TP, ##P<0.01 vs CTL TP. c) and d) Representative CaT traces and quantified CaT amplitude 

in control non-paced (NP) or tachypaced (TP) HL-1 cardiomyocytes pretreated with 3-AB (3 

mM) or vehicle (CTL). **P<0.01 vs CTL NP, ##P<0.01 vs CTL TP, N=60 cardiomyocytes for CTL 

NP, N=40 for CTL TP, N=40 for 3-AB TP.  e) and f) 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 DMSO (CTL). **P<0.01 vs CTL NP, ##P<0.01 

vs CTL TP, N=80 HL-1 cardiomyocytes for CTL NP, N=119 for CTL TP, N=20 for 5 μM ABT-888 

TP, N=20 for 10 μM ABT-888 TP, N=40 for 40 μM ABT-888. g-i) Representative heart wall 

contraction measurements and quantified relative heart rate and arrhythmicity index of 

control NP or TP Drosophila pretreated with 3-AB (30 mM), ABT-888 (0.2 mM, 0.4 mM), or 

vehicle (CTL). *P<0.05, **P<0.01 vs CTL NP, #P<0.05, ###P<0.001 vs CTL TP, N=10 Drosophila  

prepupae for CTL, n=7 for 3-AB, n=6 for ABT-888 (0.2 mM), n=7 for ABT-888 (0.4 mM). Data 

are all expressed as mean ± s.e.m. Individual group mean differences were evaluated with 

the two-tailed Student’s t test. 
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Figure 5: PARP1 inhibitors significantly attenuated tachypacing-induced 
electrophysiological deterioration in HL-1 cardiomyocytes. a-h) Optical voltage mapping 
of HL-1 cardiomyocyte monolayers following 1-Hz electrical stimulation in control non-
paced (NP) or 8 h tachypaced HL-1 cardiomyocytes with 20 µM olaparib, 40 µM ABT-888 
or vehicle DMSO 12 h-pretreatment before TP. a) Representative filtered optical signal 
traces. To indicate electrical heterogeneity, three tracers which vary in time and space [1 
and 3] to excitation block [2] in the TP DMSO group are depicted b) typical APD30 and c) 
APD80 maps for indicated groups. d-h) Corresponding quantitative analysis of APD30, APD80,  
APD30 dispersion, APD80 dispersion and excited cell surface area, showing that TP resulted 
in significant APD prolongation (a, d and e), an increase in APD dispersion (b, c, f and g) and 
a significant decrease of excited cell surface area (h) in HL-1 cardiomyocyte monolayers. 
Pretreatment of HL-1 cultures with ABT-888 or olaparib significantly prevented the 
tachypacing-induced electrophysiological deteriorations (a-h). ***P<0.001 vs DMSO NP, 
###P<0.001 vs DMSO TP. n=11 for NP DMSO, n=9 for NP olaparib TP, n=11 for NP ABT-888, 
n=6 for TP DMSO, n=6 for TP olaparib, n=6 for TP+ABT-888. n= number of experiments. 
Data are all expressed as mean ± s.e.m.. Individual group mean differences were evaluated 
with the two-tailed Student’s t-test. 

 

PARP1 inhibition prevents oxidative stress-induced DNA damage. 

Since NAD+ depletion is associated with the induction of oxidative stress29, which may in 
turn leads to (further) DNA damage, we tested whether PARP1 inhibition protects by 
reducing oxidative stress-induced DNA damage30. TP of HL-1 cardiomyocytes resulted in 
significant induction of oxidative damage to proteins (Figure 7a, b, Supplementary Figure 
9) and DNA (Figure 7c, d), as evidenced by formation of 8-oxoguanine, a biomarker for 
oxidative DNA damage31. Inhibition of PARP1 by ABT-888 prevented TP-induced oxidative 
protein and DNA damage (Figure 7a-d). In addition, the TP-induced γH2AX levels were 
partly reduced by ABT-888 treatment (Figure 7e, f). Together, these data indicate that 
PARP1 inhibition precludes the initiation of a vicious circle in which advanced PARP1 
activation is driven by depletion of NAD+, causing further DNA damage.   
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Figure 6: The PARP inhibitor ABT-888 attenuates TP-induced PARP1 activation, NAD+ 
depletion and CaT loss in adult rat atrial cardiomyocytes. a-d) Representative Western 
blot and quantified data of PAR, PARP1 and γH2AX expression levels in rat atrial 
cardiomyocytes. Tachypacing (TP) significantly increased PAR levels, which was inhibited 
by the PARP inhibitor ABT-888. PARP1 protein levels were not changed by TP. TP 
significantly increased DNA damage (γH2AX) compared to NP. *P<0.05 vs control (CTL) NP, 
N=3 independent experiments. e) TP reduced NAD+ levels, which was prevented by PARP 
inhibitor ABT-8888. ***P<0.001 vs CTL NP ##P<0.01 vs CTL TP, N=4 independent 
experiments. f) and g) Representative CaT traces and quantified CaT amplitude in control 
normal-paced (NP) or TP rat atrial cardiomyocytes pretreated with ABT-888 or vehicle 
DMSO (CTL). ***P<0.001 vs CTL NP, ###P<0.001 vs CTL TP, N=79 cardiomyocytes for CTL NP, 
N=61 for ABT-888 NP, N=63 for CTL TP, N=57 for CTL TP. Data are all expressed as mean ± 
s.e.m.. Individual group mean differences were evaluated with the two-tailed Student’s t-
test. 
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Figure 7: ABT-888 inhibits tachypacing-induced oxidative stress in HL-1 cardiomyocytes. 
HL-1 cardiomyocytes were pretreated with ABT-888 (40 µM) or vehicle DMSO (CTL) 12 h 
before tachypacing (TP). a) and b) Representative Western blot of protein carbonyl 
oxidation levels by DNP antibody staining and quantified data from N=5 independent 
experiments for DMSO NP and TP, N=3 independent experiments for ABT-888 NP and TP. 
*P<0.05 vs non-paced (NP) DMSO. c) and d) Representative immunofluorescence staining 
of oxidative DNA damage marker 8-oxoguine (8-OxoG). N=11 images from over 1000 
cardiomyocytes. **P<0.01 vs NP CTL, ##P<0.01 vs CTL TP. e) and f) Representative 
immunofluorescence staining of DNA damage marker γH2Ax and quantified data from 
N=19 images for DMSO NP and ABT-888 NP; N=18 images for DMSO TP, N=11 for ABT-888 
TP from over 200 cardiomyocytes. **P<0.01 vs NP CTL, ##P<0.01 vs CTL TP. Scalebar is 15 
µm. Data are all expressed as mean ± s.e.m.. Individual group mean differences were 
evaluated with the two-tailed Student’s t-test. 

 

DNA damage-mediated PARP activation is the cause of NAD+ depletion. 

To study whether PARP activation is the cause of NAD+ depletion and contractile 
dysfunction in cardiomyocytes, cardiomyocytes were gamma-irradiated to induce DNA 
damage and thereby PARP activation. As expected, irradiation resulted in a significant 
induction of DNA damage and consequently an increase in PAR levels, reduction in NAD+ 
levels, and finally loss in CaT in both HL-1 and rat atrial cardiomyocytes (Figure 8 and 9). 
The PARP1 inhibitor ABT-888 prevented the increase in PAR levels, NAD+ depletion and CaT 
loss (Figure 8 and 9). These findings confirm that DNA damage-mediated PARP activation 
is the cause of NAD+ depletion and CaT remodeling in atrial cardiomyocytes. 
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Figure 8: Irradiation-induced DNA damage results in PARP1 activation, NAD+ reduction 
and contractile dysfunction in HL-1 cardiomyocytes. a) Representative Western blot of 
PAR and γH2AX in control (CTL) and irradiated (IR) HL-1 cardiomyocytes treated either with 
vehicle (DMSO) or ABT-888. b-d) Quantified data of Western blot in A, showing significant 
increase in PAR and γH2AX levels, indicating PARP1 activation and presence of DNA 
damage, respectively, due to IR. ABT-888 pretreatment protected against PAR induction. 
*P<0.05, **P<0.01 vs CTL. N=2 independent experiments. No significant difference was 
found in the amount of PARP1. e) Relative NAD+ levels in CTL and IR HL-1 cardiomyocytes. 
IR resulted in reduction in NAD+ levels, which was prevented by ABT-888 pretreatment. 
*P<0.05 vs CTL treated with vehicle DMSO, #P<0.05 vs IR treated with vehicle DMSO, N=4 
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independent experiments for CTL DMSO, N=7 independent experiments for IR DMSO, N=6 
independent experiments for IR ABT-888. f) Quantified CaT amplitude in CTL or IR HL-1 
cardiomyocytes pretreated with ABT-888 (3 mM) or vehicle (CTL). ABT-888 protected 
against IR-induced CaT loss. **P<0.01 vs. CTL DMSO; ###P < 0.0001 vs. IR DMSO, n = 18 
cardiomyocytes for CTL DMSO, n =37 for IR DMSO, n =16 for CTL ABT-888, n = 34 for IR ABT-
888. Data are all expressed as mean ± s.e.m. Individual group mean differences were 
evaluated with the two-tailed Student’s t test. 
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Figure 9: Irradiation-induced DNA damage results in PARP1 activation, NAD+ reduction 
and contractile dysfunction in rat atrial cardiomyocytes. a) Representative Western blot 
showing PAR and γH2AX levels due to irradiation (IR) with and without ABT-888 
pretreatment. b-d) Quantified data of Western blot in a, showing significant increase in 
PAR and γH2AX levels, indicating PARP activation and presence of DNA damage, 
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respectively, due to IR. ABT-888 pretreatment protected against PAR induction. *P<0.05, 
**P<0.01 ***P<0.001 vs control non-irradiated (CTL) rat atrial cardiomyocytes treated with 
vehicle DMSO. ##P<0.01 vs IR treated with vehicle DMSO, N=2 independent experiments. 
No significant difference was found in the amount of PARP1. e) Relative NAD+ levels in CTL 
and IR rat atrial cardiomyocytes treated with DMSO or ABT. IR resulted in reduction in NAD+ 
levels which was prevented by ABT-888 pretreatment *P<0.05 vs CTL treated with vehicle 
DMSO, ##P<0.01 vs  IR treated with vehicle DMSO, N=3 independent experiments. f) 
Quantified CaT amplitude in CTL or IR rat atrial cardiomyocytes pretreated with ABT-888 or 
vehicle (CTL). ABT-888 protected against IR-induced CaT loss. **P<0.01 vs CTL DMSO; 
#P<0.05 vs IR DMSO, N=11 atrial cardiomyocytes for CTL DMSO, N=14 for CTL ABT-888, 
N=12 for IR DMSO and IR ABT-888. Data are all expressed as mean ± s.e.m.. Individual group 
mean differences were evaluated with the two-tailed Student’s t-test. 
 
PARP1 is activated in human AF and correlates with DNA damage  
To extend our findings to clinical AF, we measured DNA damage and PARP1 activation in 
right and/or left atrial samples (RAA and/or LAA) of (longstanding) persistent AF patients 
and controls in SR. Compared to SR, AF patients demonstrate a significant increase in PAR 
formation in both RAA and LAA, while both groups show similar PARP1 protein expression 
(Figure 10a-c). Furthermore, γH2AX levels were significantly increased in patients with AF 
compared to SR (Figure 10d, e). Moreover, a significant positive correlation was found 
between the amount of PAR and γH2AX (Figure 10f, Supplementary Figure 10), indicating 
that AF patients with high levels of PAR also reveal more DNA damage. In addition, the 
amount of another DNA damage marker, 53BP1, was significantly increased in AF patients 
compared to control SR patients (Figure 10g, h). Finally, we examined nuclear circularity, a 
marker for oxidative stress-induced DNA damage32, showing that nuclear circularity was 
significantly decreased in patients with AF compared to controls in SR (Figure 10i). Thus, 
patients with (longstanding) persistent AF showed an increase in levels of PAR, indicative 
for PARP1 activation, markers of DNA damage including γH2AX, 53BP1 and reduced levels 
of nuclear circularity. The features found in patients thus match the observations in 
tachypaced cardiomyocytes and Drosophila, indicating the clinical relevance of PARP1 
activation in (longstanding) persistent AF.  
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Figure 10: Patients with AF reveal DNA damage and PARP1 activation. a-c) Representative 
Western blots of PAR and PARP1 levels in RAA and LAA of SR and AF patients with 
underlying mitral valve disease, showing significant increase in PAR levels in AF patients 
compared to SR. PARP1 expression levels remain unchanged between AF and SR patients. 
N=10 for SR RAA, N=5 for SR LAA, N=10 for AF RAA, N=5 for AF LAA *P<0.05 SR RAA vs AF 
RAA, SR LAA vs AF LAA. d) Representative immunofluorescence staining of γH2AX in RAA 
of SR and AF patients. e) Quantified data of positive nuclear γH2AX staining of RAA from SR 
and AF patients. N=4 for SR, N=5 for AF. f) PARP1 activity (PAR) correlates significantly with 
DNA damage (γH2AX positive nuclei). N=4 for each group. SR: open circle and AF: filled 
circle. g) Representative immunofluorescent staining of 53BP1 in RAA of SR and AF 
patients.  h) Quantified data of positive nuclear 53BP1 staining in RAA of SR and AF patients. 
N=4 for SR, N=7 for AF. i) Quantification of nuclear circularity in SR and AF patients showing 
AF patients with elongated nuclei. N=94 nuclei from 4 SR patients and N=104 nuclei from 
7 AF patients.  (d-i).  *P<0.05 SR vs AF, **P<0.01 SR vs AF. Scalebar is 40 µm. Data are all 
expressed as mean ± s.e.m.. Individual group mean differences were evaluated with the 
two-tailed Student’s t-test. 
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DISCUSSION 

In the current study, we identified PARP1 activation as a key process in experimental AF by 
conferring depletion of the cellular content of NAD+, an important component for cell 
function. Our results show that AF is associated with DNA damage and subsequent PARP1 
activation. Activated PARP1 synthesizes PAR and in turn consumes NAD+, resulting in 
functional loss in tachypaced cardiomyocytes and Drosophila. Accordingly, both inhibition 
of PARP1 and replenishment of NAD+ protect against TP-induced NAD+ depletion, oxidative 
DNA damage and contractile dysfunction in atrial cardiomyocytes and Drosophila. 
Consistent with these findings, PARP1 is also activated in atrial tissue of (longstanding) 
persistent AF patients, which correlates with the level of DNA damage. Taken together, 
these findings uncover a dominant role of PARP1 in tachypacing-induced contractile 
dysfunction and cardiomyocyte remodeling and disease progression, thus implicating 
PARP1 as a possible therapeutic target in AF. We found PARP, specifically PARP1, to have a 
prominent role in AF progression. Both in tachypaced atrial cardiomyocytes and RAA/LAA 
tissue from persistent AF patients, we observed that PARP1 activation is caused by DNA 
damage. Moreover, in tachypaced atrial cardiomyocytes we showed that PARP1 activation 
results in the consumption of NAD+ to such an extent that it depletes intracellular NAD+ 
levels, thereby exacerbating oxidative damage to proteins and DNA. Activation of this 
sequel is likely triggered by a substantially increase in myocardial energy demand resulting 
from the four- to six-fold increase in electrical and contractile activity during AF episodes. 
Subsequent failure to meet the increased energy demand results in progressive 
dysfunction of mitochondria and oxidative damage to proteins and DNA. DNA damage then 
activates PARP1 initiating the depletion of NAD+. A unifying concept exists that, dependent 
on the amount of DNA damage, PARP1 activation initiates one of three major pathways33. 
Mild stress facilitates PARP1 activation to initiate DNA repair, without depleting NAD+ 
levels. Intermediate stress conditions which induce more DNA damage, however, lead to 
excessive activation of PARP1 and depletion of NAD+ resulting in energy depletion and 
functional loss, while even more severe stress triggers PARP1 cleavage and programmed 
cell death via apoptosis15. Importantly, both mild- and severe-stress conditions are not 
accompanied with cellular NAD+ depletion. Because of the notable decrease in NAD+ after 
TP of atrial cardiomyocytes, our observations thus indicate that persistence of AF 
represents an extensive stress condition. Interestingly, PARP1 cleavage was not observed 
at any stage in tachypaced cardiomyocytes and clinical AF, which likely explains the 
absence of apoptotic and/or necrotic cell death under these conditions34. This is in line with 
the observation that AF induces hibernation (myolysis) of the cardiomyocyte instead of cell 
death35. Our data from tachypaced atrial cardiomyocytes reveal that excessive activation 
of PARP1  and depletion of cellular NAD+, a key coenzyme in cell metabolism28, induce 
further DNA damage, and structural damage, and consequently electrophysiological and 
ion channel deterioration and functional loss12. These findings offer a novel paradigm to be 
tested in (longstanding) persistent AF patients. In addition, our findings are consistent with 
previous findings showing that structural remodeling underlies electrophysiological 
deterioration, including prolongation of APD (possibly via the reduction in potassium 
channel expression)36-40, reduction in cardiomyocyte excitability and increased ADP 
dispersion, thereby creating a substrate for further arrhythmogenesis41-44. Although APD 
shorting was previously recorded in models for TP-induced AF, APD prolongation was 
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observed in patients with lone paroxysmal AF, in atrial tissue of patients predisposed to AF 
and in various patient and animal studies for AF with underlying heart failure and structural 
changes in the atria36-40, 45, 46, which is consistent with our current findings. Taken together, 
these studies provide compelling evidence that the predominant contributors to the 
substrate underlying AF are the structural and associated conduction abnormalities rather 
than changes in refractoriness. In addition, the studies may explain why current drug 
treatment directed at modulation of refractoriness shows limited efficacy, while its usage 
is further limited by a pro-arrhythmic action and non-cardiovascular toxicity47. As such, 
PARP1-induced depletion of NAD+ apparently functions as a key feed-forward switch in this 
chain of events, as PARP1 inhibition fully conserves NAD+ levels, precludes oxidative 
protein and DNA damage and preserves structural, and therefore electrical and contractile 
function in tachypaced atrial cardiomyocytes. Consequently, in heart conditions associated 
with extensive PARP1 activation and NAD+ depletion, as disclosed here in experimental AF, 
the pharmacological inhibition of PARP1 may offer substantial therapeutic benefits. 

The prominent role of PARP1 in experimental AF progression thus extends previous 
observations in models of other cardiovascular disease, including heart failure models in 
mice, dogs and rats, where activation of PARP1 induced endothelial dysfunction, 
myocardial hypertrophy and remodeling48, 49. In addition, cardiac function in mouse models 
of diabetic cardiomyopathies showed marked improvement by the knockout of PARP116, 50. 
Importantly, previous studies in biopsy material from patients with heart failure reported 
increased expression and activation of PARP1 to contribute to disease progression17, 51. 
Thus, the findings from the current study contribute to a further appreciation of the 
importance of PARP1 activation in cardiovascular diseases.  

Our study implicates PARP1 inhibitors as potential therapeutics in AF. Early PARP1 
inhibitors, such as 3-AB, may be unsuited for the treatment of patients as they compete 
with NAD+ for the enzyme and consequently, inhibit PARP1 and other members of the PARP 
family, as well as mono-ADP-ribosyl-transferases and sirtuins, which are cardiac protective 
enzymes13. However, recently developed PARP inhibitors, such as ABT-888 and olaparib, 
exhibit increased potency and specificity relative to earlier inhibitors. ABT-888 directly 
inhibits PARP1 and PARP2 without an action on sirtuins52. ABT-888 is currently in phase I 
and II clinical studies in cancer53. In addition to ABT-888, olaparib may represent a suitable 
candidate. Olaparib is used in phase III clinical trials for the treatment of metastatic breast 
cancers and has no effect on QT/QTc interval 54, 55. Another potential therapeutic option to 
protect against AF-induced remodeling could be to replenish the NAD+ pool by 
supplementation with NAD+ or its precursors, such as nicotinamide and nicotinamide 
riboside. Interestingly, nicotinamide is not only a PARP1 inhibitor, but also a NAD+ 
precursor. Nicotinamide can be converted into NAD+ via the salvage pathway56. In heart 
failure, nicotinamide displayed a similar protective effect in experimental model systems56, 
demonstrating a clear benefit of normalizing NAD+ levels in failing hearts. The high 
translational potential and the applicability in humans recently prompted an open-label 
pharmacokinetics study with nicotinamide riboside (Niagen, Chromadex) in healthy 
volunteers, showing that nicotinamide riboside stably induced circulating NAD+ and was 
well tolerated (even up to 2x 1000 mg/day)57. Therefore, nicotinamide riboside represents 
a potential therapy for diseases in which NAD+ depletion has been implicated, such as heart 
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art failure and AF. Importantly, conduction of clinical trials with drugs directed at PARP1-
NAD+ pathway deserves strong priority, particularly to preserve quality of life and to 
attenuate devastating complications such as heart failure or stroke. Moreover, advancing 
therapeutic options in AF has substantial economic impact by reducing the number of 
repetitive hospitalizations and visits to healthcare professionals. 

In summary, this study documents the induction of DNA damage, extended activation of 
PARP1, and subsequent NAD+ depletion, as key events in cardiomyocyte functional loss and 
experimental AF progression. Importantly, inhibition of PARP1 activation prevents NAD+ 
depletion and conserves cardiomyocyte function in models of AF, thereby attenuating 
disease progression. Our findings indicate that inhibition of PARP1 may serve as a novel 
therapeutic target in AF by conserving the cardiomyocyte metabolism. 

We uncovered a role for DNA damage-induced PARP1 activation in cardiomyocyte 
dysfunction in AF by utilizing various experimental model systems, including tachypaced 
HL-1 cardiomyocyte and Drosophila models which are easily accessible to genetic 
manipulations. The spontenous contraction rate of these cardiomyocytes is ~ 0.5-1 Hz in a 
2D culture dish (instead of 5-7 Hz in in vivo mice/rats), a 5-10 fold rate increase by 
tachypacing induces various endpoints of human AF remodeling8, 58, 59. Although 
observations were consistent between different experimental AF models (in vitro HL-1 
cardiomyocyte and rat atrial cardiomyocytes, Drosophila) and in heart tissue from AF 
patients, our data do not provide conclusive evidence about involvement of PARP1 in AF 
progression in patients. Nevertheless, previous findings on the role of heat shock proteins, 
HDAC6 and autophagy, initially made in HL‐1 cardiomyocyte and Drosophila models have 
been confirmed in all instances in the tachypaced dog model and clinical human AF8, 58, 59. 
Therefore, the tachypaced HL‐1 cardiomyocyte and Drosophila model may have merit to 
identify potential signaling pathways involved in AF remodeling. Future research should 
elucidate the relevance of the DNA damage-induced PARP1 activation pathway in clinical 
AF with or without underlying heart diseases. 

Nevertheless, clinical development of PARP1 inhibitors for AF awaits two further steps. 
First, the action of recently developed PARP1 inhibitors, such as ABT-888, should be 
investigated in large animal AF models to substantiate its efficacy in relation to the stage 
of AF. Secondly, current clinical trials should indicate a favourable safety profile, especially 
in case the animal studies indicate a beneficial effect of long-term use in halting progression 
from paroxysmal to persistent AF. 
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Supplementary Information 

Supplementary Methods 

Optical voltage mapping in HL-1 cardiomyocytes 

Action potential (AP) generation was investigated on monolayer cultures of HL-1 
cardiomyocytes by optical voltage mapping using 16 µM di-4-ANEPPS (Thermo Fisher 
Scientific) as fluorescent voltage indicator. Tachypacing induced paucity in fluorescent 
signals in dispersed areas across the cell culture, indicating excessive reduction or even 
absence of action potential generation, precluding proper assessment of depolarization 
velocities in the cell monolayer 1. In short, HL-1 cardiomyocytes were seeded in 24-well cell 
culture plates on bovine fibronectin-coated round glass coverslips (diameter of 15 mm). 
Confluent monolayers of HL-1 cardiomyocytes were incubated for 12 h in medium 
containing 20 µM olaparib, 40 µM ABT-888 or vehicle DMSO, followed by non-pacing or 
tachypacing (5 Hz, 40 V, 20 ms) for 8 h in the continued presence of treatment. Optical 
signals were captured using a MiCAM ULTIMA-L imaging system (SciMedia) and analyzed 
using Brain Vision Analyzer 1208 software (Brainvision). Noise artefacts were minimized by 
averaging of the signals at a selected pixel and its eight nearest neighbors. AP duration 
(APD) at 30% and 80% repolarization (APD30 and APD80, respectively), and APD dispersions 
at different percentages of repolarization were only determined in HL-1 cultures showing 
full capture after 1-Hz electrical stimulation via a STG 2004 stimulus generator and MC 
Stimulus II software (both from Multi Channel Systems). Quantitative analyses of excited 
area of each monolayer culture were performed with the Java-based image processing 
program Image J (version 1.50i, National Institutes of Health). 

Algorithm of Drosan software 

To process the heart tube signal x, low pass filter is utilized. The used low pass moving 
average filter of 2N+1 point is: 

𝑦𝑖 =
1

2𝑁 + 1
∑ 𝑥𝑖+𝑘

𝑁

𝑘=−𝑁

 

Default setting is N=5. The detection of the start of a beat is the maximum detection in the 
derivative of the filtered signal y, calculated as: 

𝑑𝑦𝑖 =
1

2
(𝑦𝑖+1 − 𝑦𝑖−1) 

Next, find a dyi with dyi>TriggerLevel and then find the first i with dyi>dyi+1. Then, i is the 
sample at the start of the beat. Start the detection algorithm again after i+nInh samples. 
nInh is the number of samples corresponding with the inhibition period (default setting is 
200 ms). 

The TriggerLevel is set to 1.25 SDy by default, and can be manually adjusted in the user 
interface. After detection of the beats, valid signal segments are selected (maximal 3 
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segments). The outcome parameters, as listed in Table 1, are calculated for each segment 
and for the combined segments. 

Heart wall movies were also analyzed by using SOHA software developed by Cammarato A 
et a l 2.  

 

Supplementary Table 1. Overview of protective effects of PARP inhibitors and NAD+ 
replenishment in tachypaced HL-1 cardiomyocytes, rat atrial cardiomyocytes and 
Drosophila melanogaster  

Drugs targets IC50 
Conc. 

in HL-1 

Conc. in 

adult rat 

atrial   

CM 

Conc. 

in 

Drosophila  

Protection 

 in CM 

Protection 

in 

Drosophila 

3-AB PARPs  3 mM n.a. 30 mM + - 

ABT-888 
PARP1 

PARP2 

5.2 nM 

PARP1,  

2.9 nM 

PARP23 

5-40 μM 5 μM 200, 400 μM + + 

Olaparib 

PARP1 

PARP2 

5 nM 

PARP1,  

1 nM 

PARP24 

20 μM 5 μM 400 μM + + 

NAD+ -   0.25-1 mM n.a. 5,10 mM + + 

-, no significant protective effect; +, significant protective effect (P<0.05 or P<0.01 vs 
control TP), n.a., data not available. 

 

Supplementary Table 2. Overview of the outcome parameters calculated with the Drosan 

software  

Variable Description Unit 

Nbts Number of beats - 

mIBI Mean interbeat interval ms 

sdIBI SDNN or standard deviation of interbeat interval ms 
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minIBI Shortest interbeat interval ms 

maxIBI Longest interbeat interval ms 

rMSSD Root mean square of sucessive differences of interbeat interval ms 

HR Heart rate (=60000/mIBI) beats per min 

medianIBI Median of IBI values ms 

Note that heart period (HP) is denoted here as Interbeat Interval (IBI). 

 

Supplementary Table 3. Baseline demographic and clinical characteristics of patients with 

AF and control patients in SR 

  SR AF 

N 11 14 

RAA (n) 11 14 

LAA (n) 5 5 

Age (mean, std) 72 ± 8 71 ± 4 

Months since diagnosis (median, range) – 14.6 (8.3-36) 

Persistent AF (n) 

Longstanding persistent AF (n) 

Underlying heart disease (n) / surgical procedure 

– 

– 

6 

8 Mitral valve surgery 

Aortic Valve surgery 

CABG 

6 (55%) 

2 (14%) 

4 (36%) 

10 (71%) 

4 (29%) 

1 (7%) 

Medication (n)   

ACE/ARB 6 (55%) 11 (79%) 

Digoxin 0 (0%) 4 (29%) 

Ca2+ channel blocker 0 (0%) 1 (7%) 

β-blocker 6 (55%) 9 (64%) 

SR: sinus rhythm, AF: atrial fibrillation, RAA: right atrial appendages, LAA: left atrial 
appendages, CABG: coronary artery bypass grafting, ACE: angiotensin-converting enzyme, 
ARB: angiotensin receptor blocker, β-Blocker: beta-adrenergic antagonists. 

 

 



Chapter 8 

226 

 

References 

1. Askar, S. F. et al. Antiproliferative treatment of myofibroblasts prevents arrhythmias in 
vitro by limiting myofibroblast-induced depolarization. Cardiovasc. Res. 90, 295-304 
(2011). 

2. Cammarato, A., Ocorr, S. & Ocorr, K. Enhanced assessment of contractile dynamics in 
Drosophila hearts. BioTechniques 58, 77-80 (2015). 

3. Donawho, C. K. et al. ABT-888, an orally active poly(ADP-ribose) polymerase inhibitor 
that potentiates DNA-damaging agents in preclinical tumor models. Clin. Cancer Res. 13, 
2728-2737 (2007) 

4.  Menear, K. A. et al. 4-[3-(4-cyclopropanecarbonylpiperazine-1-carbonyl)-4-
fluorobenzyl]-2H-phthalazin- 1-one: a novel bioavailable inhibitor of poly(ADP-ribose) 
polymerase-1. J. Med. Chem. 51, 6581-6591 (2008). 

  



The role of DNA damage-induced PARP1 activation in AF 

227 

 

Supplementary Figures 

 

Supplementary Figure 1: Tachypacing, but not PARP1 overexpression, induces PARP 
activation in HL-1 cardiomyocytes. a) Representative original Western blot showing 
gradual PAR induction especially at 220 KDa during tachypacing (TP) for the time periods 
as indicated. b) and c) Immunofluorescence 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. N=10 images from over 300 cardiomyocytes. Scalebar is 15 
µm. Data are presented as mean ± s.e.m. and two-tailed t-test was used to evaluate 
differences between groups. 
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Supplementary Figure 2: Normal pacing (1 Hz) did not induce PARP1 activation nor NAD+ 
depletion. a-d) Representative Western blot and quantified data showing similar PAR and 
γH2AX levels in 1 Hz normal paced compared to control non-paced (NP) HL-1 
cardiomyocytes. e) No difference of NAD+ levels between NP and 1 Hz paced HL-1 
cardiomyocyte. f-i) Representative Western blot and quantified data showing comparable 
PAR and γH2AX levels in 1 Hz normal paced rat atrial cardiomyocytes compared to control 
non-paced (NP) rat atrial cardiomyocytes while tachypacing (5 Hz) significantly induced PAR 
and γH2AX levels indicating activation of PARP1 and DNA damage, respectively. **P<0.01, 
***P<0.001 vs NP. N=5 independent experiments for NP and 5Hz, N=2 independent 
experiments for 1 Hz. Data are presented as mean ± s.e.m. and two-tailed t-test was used 
to evaluate differences between groups. 
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Supplementary Figure 3: NAD+ and PARP1 inhibitors do not influence baseline CaT in HL-
1 cardiomyocytes. a) and b) Representative CaT traces and quantified CaT data of normal 
paced HL-1 cardiomyocytes treated with NAD+ (1 mM) or vehicle (Control). No changes in 
CaT were observed between the groups. c) and d) Representative CaT traces and quantified 
CaT data in normal paced HL-1 cardiomyocytes treated with 3 AB (3 mM) or vehicle 
(Control). No changes were observed between the groups. e) and f) Representative CaT 
traces and quantified CaT data demonstrate no significant changes in normal paced HL-1 
cardiomyocytes treated with ABT-888 (40 µM) compared to vehicle (CTL). Data are 
presented as mean ± s.e.m. and two-tailed t-test was used to evaluate differences between 
groups. 
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Supplementary Figure 4: PARP1 knockdown in HL-1 cardiomyocytes and Drosophila. a) 
Representative Western blot showing significant knockdown of PARP1 in HL-1 
cardiomyocytes transfected with PARP1 siRNA (PARP1i) compared to HL-1 cardiomyocytes 
transfected with scrambled siRNA (CTL). **P<0.01 vs CTL. b) Quantified reverse-
transcription PCR results showing significant knockdown of PARP2 in HL-1 cardiomyocytes 
transfected with PARP2 siRNA (PARP2i) compared to HL-1 cardiomyocytes transfected with 
scrambled siRNA (CTL). **P<0.01 vs CTL. c) Representative Western blot showing 
significant knockdown of PARP1 in Drosophila PARP1i RNA1 (Hand4-GAL4 crossed with 
UAS-PARP1 shRNA Drosophila from VDRC) and d) PARP1 RNAi2 (Hand4-GAL4 crossed with 
UAS-PARP1 shRNA Drosophila from BDSC) compared to wild-type (WT: Hand4-GAL4 
crossed with wild-type W1118). *P<0.05 vs WT, N=3 independent experiments. e) 
Representative traces (10 seconds) prepared from high-speed (100 frames per seconds) 
movies of Drosophila prepupae. Movies were made in Drosophila prepupae before TP (NP) 
or after tachypacing (TP). Data are presented as mean ± s.e.m. and two-tailed t-test was 
used to evaluate differences between groups. 
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Supplementary Figure 5: PARP1 knockdown protects against tachypacing-induced 
contractile dysfunction in Drosophila a) Representative M-mode cardiography (left) and 
corresponding heart wall motion traces (right) of 10 s high-speed movies (100 f per s) of 
Drosophila prepupa. Movies were obtained from non-paced (NP) and tachypaced (TP) 
Drosophila prepupa in wildtype (WT, N=41) and PARP1 knockdown line PARP1 RNAi2 
(N=20). b) Quantified heart rate (bpm: beats per minute) and c) Quantified arrhythmicity 
index. *P<0.05, ***P<0.001 vs control WT NP, #P<0.05, ###P<0.001 vs WT TP. Data are 
presented as mean ± s.e.m. and two-tailed t-test was used to evaluate differences between 
groups. 
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Supplementary Figure 6: The PARP1 inhibitor ABT-888 protects dose-dependently against 
tachypacing-induced NAD+ depletion in HL-1 cardiomyocytes. NAD+ was measured in 
control normal paced (NP) and tachypaced (TP) HL-1 cardiomyocytes 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. Data are presented as mean ± s.e.m. and two-tailed t-test was used to 
evaluate differences between groups. 
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Supplementary Figure 7: PARP1/2 selective inhibitor olaparib prevented tachypacing-
induced contractile dysfunction in adult rat atrial cardiomyocytes and Drosophila. a) and 
b) Representative CaT traces and quantified CaT amplitude in control non-paced (NP) or 
tachypaced (TP) rat atrial cardiomyocytes pretreated with olaparib or vehicle DMSO (CTL). 
***P<0.001 vs control NP, ###P<0.001 vs control TP, N=32 atrial cardiomyocytes for NP CTL, 
N=23 for NP olaparib, N=23 for CTL TP, N=16 for TP olaprib. c) Relative CaT amplitude in NP 
or TP HL-1 cardiomyocytes pretreated with olaparib or vehicle DMSO (CTL). ***P<0.001 vs 
control NP, ##P<0.01 vs control TP, N=30 atrial cardiomyocytes for CTL NP, CTL TP and 
olaparib TP, N=20 for olaparib TP. d) M-mode traces (left) and heart wall motion traces 
(right) of 10 s prepared from high-speed movies of Drosophila prepupae. Drosophilas were 
pretreated with olaparib or vehicle DMSO (CTL). Movies were made from non-paced (NP) 
and tachypaced (TP) Drosophila prepupae.  e-f) Quantified heart rate (bpm: beats per 
minute), arrhythmicity index. **P<0.01, ***P<0.001 vs control BP, #P<0.05 vs control TP, 
N=14 Drosophila prepupae for CTL, N=13 for olaparib. Data are presented as mean ± s.e.m. 
and two-tailed t-test was used to evaluate differences between groups. 



Chapter 8 

234 

 

 

Supplementary Figure 8:  PARP1 inhibitor prevents and reverses tachypacing-induced 
contractile dysfunction in HL-1 cardiomyocytes a) Representative Western blot showing 
PAR, PARP1 protein, and γH2AX levels in control non-paced (NP), and tachypaced (TP) 
group with or without ABT-888 pretreatment 12 h before tachypacing, and in TP plus 24 h 
recovery group (TP+Rec) with or without ABT-888 posttreatment. b) Quantified data 
showing significant increase in PAR in TP and TP+Rec groups, which was inhibited by ABT-
888. N=3 independent experiments. c) Quantified data showing comparable PARP1 protein 
levels for all conditions as indicated. N=3 independent experiments. d) Quantified data 
showing increased γH2AX levels, indicating induction of DNA damage in TP and TP+Rec 
groups with or without ABT-888 treatment. N=2 independent experiments. e) Quantified 
data showing significant decreased NAD+ levels in TP and TP+Rec groups, which are 
inhibited or recovered, respectively, by ABT-888 treatment. N=4 independent experiments. 
f) Quantified data showing significant reduction of CaT in TP and TP+Rec groups, which 
were prevented or reversed by ABT-888 treatment, respectively. N=21 cardiomyocytes for 
NP, N=20 for TP, N=13 for TP+ABT-888, N=20 for TP+Rec, N=42 for TP+Rec+ABT-888. 
*P<0.05, **P<0.01, ***P<0.001, vs NP, #P<0.05, ##P<0.01, ###P<0.001 TP/TP+Rec without 
ABT treatment vs TP/TP+Rec with ABT-888 treatment, respectively. Data are presented as 
mean ± s.e.m. and two-tailed t-test was used to evaluate differences between groups. 
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Supplementary Figure 9: Tachypacing induces oxidative stress in HL-1 cardiomyocytes. a) 
Representative Western blot of DNP and b) quantified data of relative DNP levels 
(representing oxidized protein) in HL-1 cardiomyocytes at different duration of tachypacing 
(TP) showing significant induction of oxidation of proteins from 4 h TP. *P<0.05, **P<0.01 
vs control 0 h. Data are presented as mean ± s.e.m. and two-tailed t-test was used to 
evaluate differences between groups. 
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Supplementary Figure 10: γH2AX and PAR levels correlate significantly in AF patients. a) 
Representative Western blot of γH2AX in RAA and LAA tissue of SR and AF patients. b) 
Correlation of PAR and γH2AX levels, showing significant correlation between PARP1 
activity (PAR levels) and DNA damage (γH2AX levels). SR: open circle and AF: filled circle. 
N=3 for SR RAA, N=3 for SR LAA, N=5 for AF RAA and N=5 for AF LAA. 
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Supplementary Figure 11: PARP1 inhibitor prevents tachypacing-induced ion channel 
remodeling. a-e) Quantified PCR analysis showing that the transcripts of α-subunit of L-
type Ca2+ (a) and three K+ channels (b-d) are all significantly reduced by tachypacing (TP). 
PARP1 inhibitor ABT-888 significantly prevented all TP-induced reductions. ***P<0.001 vs 
DMSO NP, ##P<0.01, ###P<0.001 vs DMSO TP, N=6 experiments for DMSO NP, ABT-888 NP 
and DMSO TP, N=3 experiments for ABT-888 TP for all the channels.  e-h) Representative 
Western blot image and quantified data confirming the findings from qPCR. The α-subunit 
of L-type Ca2+ (Cav1.2) and K+ channel protein levels (Kv11.1 and Kir3.1) were significantly 
reduced by TP, which were prevented by ABT-888 treatment. *P=0.05 vs DMSO NP 
***P<0.001 vs DMSO NP, #P<0.05 vs DMSO TP, N=3 experiments each group (DMSO NP/TP, 
ABT-888 NP/TP ) for Cav1.2 and Kir3.1, N=4 experiments each group for Kv11.1. Data are 
presented as mean ± s.e.m. and two-sided t-test was used to evaluate differences between 
groups. 
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ABSTRACT 

Background: Recent research findings revealed key role for oxidative DNA damage in the 
pathogenesis of atrial fibrillation (AF). Therefore, a circulating oxidative DNA damage 
marker 8-hydroxy-2′-deoxyguanosine (8-OHdG) may represent a biomarker to stage AF and 
identify patients at risk for AF recurrence and POAF after treatment.  
 
Objectives: To investigate whether serum levels of 8-OHdG correlate with the stage of AF, 
recurrence after AF treatment and onset of post-operative AF (POAF) after cardiac surgery. 
 
Methods: In this prospective and observational study, 8-OHdG levels are detected by ELISA 
in human serum samples. Blood samples were collected from control patients without AF 
history, paroxysmal AF and persistent AF patients undergoing electrical cardioversion (ECV) 
or pulmonary vein isolation (PVI), and sinus rhythm (SR) patients undergoing cardiac 
surgery. AF recurrence was determined during 12 months follow-up. Univariate and 
multivariate analysis were used to identify changes in 8-OHdG levels between the groups.  
 
Results: Compared to the control group, 8-OHdG levels gradually and significantly 
increased during progression of this arrhythmia. Also 8-OHdG levels in AF patients showing 
an AF recurrence after PVI treatment were significantly increased compared to patients 
without AF recurrence. Moreover, in SR patients undergoing cardiac surgery, 8-OHdG levels 
were significantly elevated in patients showing POAF compared to patients without POAF. 
 
Conclusions: The level of 8-OHdG may represent a potential diagnostic biomarker for AF 
staging, as well as prediction of AF recurrence and POAF after treatment.  
 
Key words: Atrial fibrillation, Post-operative atrial fibrillation, DNA damage, 8-OHdG; 
Biomarker 
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Introduction 

Atrial fibrillation (AF) is the most common progressive tachyarrhythmia and is  associated 
with serious complications such as heart failure and stroke [1]. Due to the ageing 
population, its prevalence is steadily rising, especially in the population between 75 and 85 
years of age [2]. AF increases the morbidity and mortality rate with a five-fold risk increase 
of stroke and a three-fold increase of congestive heart failure [2]. Therefore, AF contributes 
to a medical and economical problem worldwide [3, 4]. In addition, 30-50% of patients 
undergoing cardiac surgery develop post-operative AF (POAF) [5, 6]. POAF frequently 
occurs within 5 days after surgery, with a peak incidence on post-operative day 2 [5, 7]. The 
patients who develop POAF may require additional length of hospitalization, since POAF is 
associated with a higher risk of other postoperative complications such as stroke and 
perioperative myocardial infarction [5, 8].  
 
Early recognition and staging of AF is essential to initiate treatment to prevent disease 
progression. AF progression is accompanied by a congruent increase in therapy failure and 
in the end-stage can, even with extensive therapy, not be treated [9-11]. At present, AF can 
only be diagnosed with a surface electrocardiogram (ECG) when a patient already suffers 
from AF. However, no effective diagnostic tool is available to stage AF. Therefore, 
diagnostic biomarkers that are able to stage and possibly predict AF are clinical highly 
relevant [10]. 
 
Emerging evidence indicates that AF is intimately linked with DNA damage in experimental 
AF models and in patients with persistent AF. A recent study in experimental AF models 
revealed that electrical and contractile impairment of atrial cardiomyocytes is precipitated 
by nicotinamide adenine dinucleotide (NAD+) depletion via excessive poly(ADP)-ribose 
polymerase 1 (PARP1) activation in response to oxidative DNA damage [12]. PARP1-
mediated synthesis of ADP ribose chains, in turn, depletes NAD+ levels, thereby inducing 
further oxidative DNA damage and electrical and contractile dysfunction, which drives AF 
progression [12, 13]. Consistent with these findings, cardiomyocytes of patients with 
persistent AF show significant oxidative DNA damage in atrial tissue, characterized by the 
elevated level of phosphorylated histone 2A family member X (H2AX), forming γ-H2AX, 
which is an early response to the induction of DNA double-strand breaks [12, 14, 15]. Based 
on these findings, we hypothesize that oxidative DNA damage represents a potential 
biomarker to stage AF and predict AF recurrence. Interestingly, 8-hydroxy-2’-
deoxyguanosine (8-OHdG) is an important oxidative DNA damage by-product, which is 
formed during the repair of damaged DNA by exonucleases [16]. As 8-OHdG is circulating 
in the blood after oxidative damage in DNA, it may represent a biomarker in AF [17]. In this 
study, we correlated serum 8-OHdG levels with the AF stage and recurrence after AF 
therapy, and tested whether 8-OHdG predicts POAF in the SR patients undergoing cardiac 
surgery.   
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Materials and Methods 

Patient characteristics 

In this prospective observational study, 257 serum samples were collected from patients 
one day before cardiac surgery, pulmonary vein isolation (PVI) or electrical cardioversion 
(ECV) and from control patients at the cardiology department at the Erasmus Medical 
Center, Rotterdam, the Netherlands. To study 8-OHdG levels in various AF stages the 
following groups were included: control group (Control, N=50), paroxysmal AF group (PAF, 
N=74) and persistent AF group (PeAF, N=89). To study 8-OHdG levels in post-operative AF 
(POAF), a group of patients in sinus rhythm (SR) undergoing cardiac surgery (N=44) were 
included. POAF, defined as new-onset AF in the immediate period (within 30 days) after 
cardiothoracic surgery, is the most important type of secondary AF [18]. In the current 
study, SR patients were included that developed POAF within 7 days after cardiac surgery. 
The control group consisted of persons who either had Wolff-Parkinson-White syndrome, 
premature ventricular beats or referred to Brugada syndrome screening (Ajmaline testing). 
These patients were eligible for inclusion in case of absence of any atrial tachyarrhythmia. 
Follow-up was not performed in this group. According to the classification of American 
College of Cardiology guidelines: normal LVF is 50% to 70% (midpoint 60%) LVEF; mild 
impairment of LVF is 40% to 49% (midpoint 45%) LVEF; moderate impairment of LVF is 30% 
to 39% (midpoint 35%) LVEF; severe impairment of LVF is less than 30% LVEF [19].  
 
AF patients underwent ECV (N=75) or PVI (N=88) for either PAF or PeAF.  Exclusion criteria 
withdrew patients with paced atrial rhythms. Patients undergoing PVI, were screened for 
AF recurrences at 3, 6 and 12 months after the procedure. 3 months post-procedural 
follow-up telephone consultation was scheduled with patients undergoing ECV. AF 
recurrence was defined as an AF episode documented on either a 12-lead surface ECG or 
other rhythm recording devices, including Holter recordings or implantable loop recorders. 
Clinical characteristics were obtained from the electronic patient file. In addition, clinical 
tests, including creatinine, leucocytes and CRP were performed to determine the presence 
of inflammation and renal dysfunction. Patients revealing inflammation and/or renal 
dysfunction were excluded from the study.  
All patients signed consent forms prior to inclusion. This sub-study is part of the HALT & 
REVERSE trial (MEC-2014-393) and is approved by the institutional medical ethical 
committee. The study is carried out according to the principals of the Declaration of 
Helsinki and in accordance with the Medical Research Committee involving Human 
Subjects Act. 
 
DNA damage marker 8-OHdG measurement 
Blood samples were collected in BDTM VacutainerTM SSTTM II Advance Tubes (Thermo 
Fisher Scientific, The Netherlands) as described in the Halt and Reverse study (MEC 2014-
393) [20]. Serum was collected after centrifugation at 2000xg for 10 min at 4°C and 
appropriately stored at -80°C. In human serum samples, the level of 8-OHdG was measured 
with the oxidative DNA damage enzyme linked immunosorbent assay (ELISA) kit (STA-320-
5, Cell Biolabs, Inc. CA, USA). On the day of the measurement, the human serum samples 
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were defrosted and then utilized for 8-OHdG measurements according to the instructions 
of the manufacturer. 
 
Statistical analyses 
Quantitative data were expressed as mean ± SD. Statistical analyses were performed with 
SPSS Statistics version 26.0 for Windows (SPSS) and GraphPad Prism version 8.0 (Prism, 
Graphpad Software Inc., USA). If data were not normally distributed, then log10 
transformation was performed before statistical analysis. One-way ANOVA and post hoc 
Tukey tests were used to assess levels of 8-OHdG among each group. Two-way ANOVA and 
post hoc Tukey test were used to assess sex differences. Differences in clinical 
characteristics between control, PAF and PeAF were tested with one-way ANOVA, Kruskal-
Wallis test and Chi-square test. Differences in clinical characteristics between the patients 
with or without AF recurrence were tested with independent-samples T-test, Mann-
Whitney test and Chi-square test. The levels of 8-OHdG with or without AF recurrence in 
the AF group and the levels of 8-OHdG with or without POAF in the SR group were 
compared using the non-parametric Mann–Whitney test. Linear regression was used for 
age, BMI, hypertension, diabetes and anti-arrhythmic drug I (AAD-I) correction. Receiver 
operating characteristic (ROC) curve was used to analyze the diagnostic power of 8-OHdG. 
All P-values were two-sided. A value of P<0.05 was considered statistically significant. 
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Results 

Clinical characteristics  

To study the correlation between 8-OHdG and AF stage, 213 patients were included, a 
control group of patients (N=50, 23%) without AF and a study group of 163 AF patients with 
either PAF (N=74, 35%), or PeAF (N=89, 42%). Table 1 outlines the characteristics of the 
study population. Patients with AF were older (P<0.05), presented with a higher BMI 
(P<0.05), had more often hypertension and diabetes (P<0.05), had a larger left atrial 
volume (P<0.05), and also presented with more impaired LVF (P<0.05), compared to 
control patients without AF.               
 

Table 1. Characteristics of patients included for 8-OHdG analysis in serum samples (N=213).  
Control PAF PeAF 

N 50 74 89 

Gender, male, N (%) 25 (50,0) 51 (68,9) 61 (68,5) 

Age (years), mean ± SD 49,6 ± 14,8 60,5 ± 10,2* 60,6 ± 10,2* 

BMI (kg/m2), mean ± SD 24,6 ± 3,7 28,6 ± 5,0* 28,5 ± 4,9* 

Hypertension (N,%) 12 (24,0) 36 (48,6)* 43 (48,3)* 

Diabetes (N,%) 1 (2,0) 8 (10,8)* 8 (9,0) 

PVI 

 

 63 25 

 
ECV  11 64 

Underlying heart disease (N,%)    

WPW 5 (10,0) 0 (0,0) 0 (0,0) 

PVC 21 (42,0) 0 (0,0) 0 (0,0) 

LAD (>45mm,%) 0 (0,0) 25 (33,8)* 38 (42,7)* 

LVF (N,%)     

Normal 32 (85) 64 (86,5) 52 (58,4) * 

Mild impairment 5 (12,5) 6 (8,1) 26 (29,2)* 

Moderate impairment 3 (7,5) 3 (4,1) 8 (9,0) 

Severe impairment 0 (0,0) 1 (1,4) 4 (4,5) 

Medication (N,%)    

ACE inhibitor 15 (30,0) 34 (46,0) 43 (48,3)* 

Statin 10 (20,0) 30 (40,5)* 35 (39,3)* 

Type I AAD 3 (6,0) 27 (36,5)* 14 (15,7) 
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Type II AAD 17 (34,0) 31 (41,9) 43 (48,3) 

Type III AAD 4 (8,0) 37 (50,0)* 48 (53,9)* 

Type IV AAD 1 (2,0) 4 (5,4) 6 (6,7) 

Digoxin 0 (0,0) 5 (6,8) 15 (16,9)* 

PAF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; BMI, body mass index; PVI, 
pulmonary vein isolation; ECV, electrical cardioversion; WPW, Wolf-Parkinson-White; PVC, 
premature ventricular contraction; LAD, left atrial dilation; LVF, left ventricular function; ACE, 
angiotensin-converting-enzyme; AAD, anti-arrhythmic drug. *P<0,05 vs control. 

        

Serum levels of 8-OHdG stage AF 
To test whether oxidative DNA damage is associated with AF stage, we measured the level 
of 8-OHdG in the serum samples of the patient population as mentioned in Table 1. As 
shown in Figure 1A, compared to the control patients, serum 8-OHdG levels were gradually 
and significantly increased in PAF and PeAF patients (control vs PAF, 6.76 ± 2.77 vs 8.33 ± 
4.11 ng/ml, P=0.018, and PAF vs PeAF, 8.33 ± 4.11 vs 10.52 ± 4.22 ng/mL, respectively, 
P=0.001) even after correction for age, BMI, hypertension and diabetes with linear 
regression. No differences in 8-OHdG levels were observed between males and females 
(Figure 1B). The findings indicate that the oxidative DNA damage marker 8-OHdG gradually 
increases in more advanced stages of AF and this effect is sex independent.  

 

 

Figure 1. Serum levels of 8-OHdG are gradually and significantly increased in AF patients 
compared to controls. A) The levels of 8-OHdG in human serum samples of AF patients and 
controls. Compared to the control group, 8-OHdG levels in patients with PAF and PeAF are 
significantly increased. Compared to PAF, 8-OHdG levels in patients with PeAF are 
significantly increased. Control, N=50; PAF, N=74; PeAF, N=89. B) The levels of 8-OHdG in 
serum samples from male and female patients with AF or controls in SR. There is no 
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significant difference between male and female patients for all groups. Control, male, 
N=23, female, N=27; PAF, male, N=52, female, N=22; PeAF, male, N=61, female, N=28.  

 

The diagnostic value of 8-OHdG as a blood-based biomarker for AF 

To determine whether the serum level of 8-OHdG has power to discriminate AF patients 
from controls, a ROC curve analysis was constructed. Figure 2 shows an area under curve 
(AUC) of 71% which corresponds with a sensitivity of 80% and a specificity of 44%. These 
findings indicate that 8-OHdG levels have value to discriminate between AF patients and 
controls and therefore may represent an independent and valuable diagnostic biomarker 
in AF. 

 

Figure 2. The diagnostic value of serum 8-OHdG levels in AF. The ROC curve with an AUC 
of 71% corresponding with a sensitivity of 80%, and a specificity of 44% was obtained. 
N=213 samples. 

 

Relation between 8-OHdG levels and AF recurrence  

In order to investigate a relation between serum 8-OHdG levels and AF recurrence after 
PVI or ECV treatment, we compared the 8-OHdG levels in the AF population between 
patients with or without AF recurrence after treatment. Clinical parameters were shown in 
Table 2. In the PVI group, patients with AF recurrence after PVI treatment presented more 
often with hypertension (P<0.05), compared to the patients without AF recurrence. 
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However, patients without AF recurrence after PVI treatment got more often treatment 
with AAD-I (P<0.05), compared to the patients with AF recurrence. In the ECV group, 
patients with AF recurrence after ECV treatment presented more often with hypertension 
(P<0.05), compared to the patients without AF recurrence (Table 2). Also, 54% of the PVI 
and 59% of the ECV patients revealed an AF recurrence within 12 months. As shown in 
Figure 3A, the levels of 8-OHdG in the patients with AF recurrence after PVI treatment are 
significantly higher (no recurrence vs recurrence, 7.35 ± 3.23 vs 9.55 ± 4.14 ng/ml, P=0.018) 
compared to patients without AF recurrence even after correction for hypertension and 
AAD-I with linear regression. No differences in serum levels of 8-OHdG in AF patients with 
AF recurrence after ECV treatment compared to those without AF recurrence (no 
recurrence vs recurrence, 9.76 ± 3.09 vs 10.99 ± 4.72 ng/ml, P=0.214) was found (Figure 
3B).  
 

Table 2. Characteristics of patients undergoing  PVI or ECV treatment, used for 8-OHdG analysis in 
serum (N=163).   

PVI ECV 

AF recurrence No Yes No Yes 

N 40 48 31 44 

PAF 36 27 3 10 

PeAF 4 21 28 34 

Gender, male, N (%) 30 (75,0) 31 (64,6) 21 (67,7) 32 (72,7) 

Age (years), mean ± SD 58,7 ± 8,9 62,0 ± 9,6 58,4 ± 9,2 62,5 ± 11,9 

BMI (kg/m2), mean ± SD 27,7 ± 4,0 27,8 ± 4,3 30,5 ± 7,3 28,5 ± 3,7 

Hypertension (N, %) 12 (30,0) 28 (58,3)* 10 (32,3) 24 (54,5)* 

Diabetes (N, %) 2 (5,0) 8 (16,7) 5 (16,1) 3 (6,8) 

LAD (>45mm, %) 11 (27,5) 20 (41,7) 11 (35,5) 20 (45,5) 

LVF (N, %)     

Normal 36 (90,0) 37 (77,1) 16 (51,6) 25 (56,8) 

Mild impairment 3 (7,5) 9 (18,8) 9 (29,0) 12 (27,3) 

Moderate impairment 1 (2,5) 2 (4,2) 3 (9,7) 5 (11,4) 

Severe impairment 0 (0,0) 0 (0,0) 3 (9,7) 1 (2,3) 

Medication (N, %)     

ACE inhibitor 13 (32,5) 22 (45,8) 15 (48,4) 27 (61,4) 

Statin 13 (32,5) 22 (45,8) 10 (32,3) 19 (43,2) 

Type I AAD 19 (47,5) 13 (27,1)* 1 (3,2) 8 (18,2) 
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Type II AAD 15 (37,5) 20 (41,7) 15 (48,4) 22 (50,0) 

Type III AAD 21 (52,5) 29 (60,4) 15 (48,4) 19 (43,2) 

Type IV AAD 1 (2,5) 4 (8,3)* 2 (6,5) 3 (6,8) 

Digoxin 4 (10,0) 3 (6,3) 3 (9,7) 9 (20,5)* 

AF recurrence (12-M follow-up) 54.5% 58.6% 

PVI, pulmonary vein isolation; ECV, electrical cardioversion; PAF, paroxysmal atrial fibrillation; PeAF, 
persistent atrial fibrillation; BMI, body mass index; LAD, left atrial dilation; LVF, left ventricular 
function; ACE, angiotensin-converting-enzyme; AAD, anti-arrhythmic drug; 12-M, 12 months. 
*P<0,05 vs AF recurrence. 

 
 

 

Figure 3. Serum levels of 8-OHdG in AF patients with AF recurrence after PVI treatment 
are increased compared to patients without AF recurrence. A) 8-OHdG levels in serum 
samples of AF patients with (N=48) or without (N=40) AF recurrence within 12-months after 
PVI treatment. Compared to the group without AF recurrence, the level of 8-OHdG in 
patient with AF recurrence is significantly increased. B) 8-OHdG levels in serum samples of 
AF patients with (N=44) or without (N=31) AF recurrence after ECV treatment. No 
difference is observed in 8-OHdG levels in serum samples of patients with and without AF 
recurrence after ECV. 

 

Relation between 8-OHdG levels and POAF  
Oxidative stress is an important contributor to POAF [21, 22]. Therefore, we evaluated the 
8-OHdG levels in SR patients undergoing cardiac surgery and correlated the levels with 
development of POAF. Characteristics of the study population are shown in Table 3. The 
clinical parameters, including gender, age and LAD, are comparable between SR patients 
with or without POAF after cardiac surgery. As shown in Figure 4, compared to SR patients 
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without POAF, 8-OHdG levels in patients with POAF are significantly increased (9.76 ± 5.42 
vs 10.82 ± 5.58 ng/ml, P<0.001). This finding indicates that preoperative 8-OHdG levels are 
correlated with POAF, and therefore may represent a potential predictor of POAF in SR 
patients undergoing cardiac surgery. 

 

     Table 3. Patient characteristics, used for 8-OHdG analysis with/without POAF in serum (n=44). 
 

SR without POAF SR with POAF 

N 21 23 

Gender, male, (N,%) 19 (90,4) 18 (78,3) 

Age (years), mean ± SD 68,0 ± 9,0 69,8 ± 8,7 

BMI (kg/m2), mean ± SD 28,4 ± 4,1 28,2 ± 4,1 

Hypertension (N,%) 15 (71,4) 13 (56,5) 

Diabetes (N,%) 8 (38,1) 4 (17,4) 

Underlying heart disease (N,%)   

CAD 16 (76,1) 15 (65,2) 

AVD 0 (0,0) 2 (8,7) 

AVD+ CABG 3 (14,3) 3 (13,0) 

MVD 1 (4,8) 2 (8,7) 

MVD+CABG 1 (4,8) 1 (4,4) 

LAD (>45mm,%) 0 (0,0) 3 (13,0) 

LVF (N,%)   

Normal 15 (71,4) 21 (91,3) 

Mild impairment 6 (28,6) 2 (8,7) 

Moderate impairment 0 (0,0) 0 (0,0) 

Severe impairment 0 (0,0) 0 (0,0) 

Medication (N,%)   

ACE inhibitor 14 (66,7) 14 (60,9) 

Statin 17 (81,0) 17 (73,9) 

Type I AAD 0 (0,0) 1 (4,3) 

Type II AAD 15 (71,4) 16 (69,6) 

Type III AAD 0 (0,0) 0 (0,0) 

Type IV AAD 2 (9,5) 2 (8,7) 
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Digoxin 0 (0,0) 0 (0,0) 

SR, sinus rhythm; POAF, post-operative atrial fibrillation; BMI, body mass index; CAD, coronary artery 
disease; AVD, aortic valve disease; CHD, congenital heart disease; MVD, mitral valve disease; LAD, 
left atrial dilation; LVF, left ventricular function; ACE, angiotensin-converting-enzyme; AAD, anti-
arrhythmic drug. *P<0,05 vs SR group with POAF. 

 

 

Figure 4. 8-OHdG levels in serum samples of sinus rhythm patients with POAF after 
cardiac surgery are significantly elevated compared to sinus rhythm patients without 
POAF. The level of 8-OHdG in the serum samples of sinus rhythm (SR) patients with (N=23) 
and without (N=21) POAF after cardiac surgery. Compared to the group without POAF, the 
level of 8-OHdG in SR patient with POAF is significantly elevated. 
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Discussion 

In this study we observed that levels of the oxidative DNA damage marker 8-OHdG before 
PVI or ECV treatment are significantly increased in more persistent stages of AF. Also, 8-
OHdG levels in patients with an AF recurrence after PVI treatment are significantly 
increased compared to patients without AF recurrence within 12 months follow-up. 
Importantly, the level of 8-OHdG is independent of patient characteristics in all studied 
groups. Moreover, SR patients undergoing cardiac surgery reveal elevated levels of 8-OHdG 
in case of POAF onset compared to patients without POAF. Thus, our findings indicate that 
8-OHdG levels may have diagnostic value to stage AF, and predict AF recurrence after PVI 
and POAF onset after cardiac surgery.  
 
Serum 8-OHdG level as potential biomarker in AF 
Although AF is diagnosed with an ECG, the stage of AF cannot be determined. Previous 
biomarker studies have reported association between cardiac troponin T, troponin I, 
natriuretic peptide, transforming growth factor-beta (TGF-β) and tissue inhibitor of 
metalloproteinase-1 (TIMP-1) levels with AF [23-27]. However, whether these biomarkers 
could stage AF and predict AF recurrence after PVI treatment or not is unknown [28]. Our 
previous study identified a key role for oxidative DNA damage to drive experimental and 
clinical AF [12]. Based on these mechanistic findings, we investigated oxidative DNA 
damage levels in serum samples of AF patients. In line with the mechanistic DNA damage 
study, the current study reports that the marker for oxidative DNA damage, 8-OHdG, can 
discriminate three relevant AF patient populations from controls. These three 
discriminated AF populations include patients in the various AF stages from controls 
without AF, patients with an AF recurrence after PVI from patients without recurrence 
within 12 months follow-up, and finally patients who develop POAF from patients without 
POAF.  
So far, only one previous study has been published on the role of 8-OHdG as a biomarker 
in AF. In this study, 8-OHdG levels were found to be increased in urine samples of AF 
patients compared to controls in sinus rhythm, and the levels were reduced after ECV or 
ablative therapy [29]. No data on prediction of AF recurrence and POAF have been 
published so far. Interestingly, in the current study the ROC curve values indicate that the 
level of 8-OHdG in serum has sufficient power to discriminate AF patients from controls. 
Therefore, serum 8-OHdG levels may have diagnostic value as a biomarker to identify AF 
stage and recurrence in patients.  
 
Serum 8-OHdG levels predict post-operative AF 
The etiology of POAF is considered to be multifactorial and involves a complex interaction 
of ‘triggering’ stimuli and ‘sustaining’ processes acting on a myocardial substrate that may 
be predisposed to developing AF [30]. Recently, it has been identified that inflammation 
and oxidative damage are key contributors to POAF [21, 30]. Surgical trauma, ischemia 
during both cardiopulmonary bypass and cardioplegic arrest, and reperfusion contribute 
to induction of oxidative damage and the production of pro-inflammatory molecules 
including IL-6, TNF-α and CRP [30-32]. Moreover, cardiopulmonary bypass and cardioplegic 
arrest-related oxidative stress may trigger cellular changes in atrial tissue, and lead to 
disruption of electrical activity [21, 33]. The main atrial remodeling associated with the 
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pathogenesis of POAF is reactive oxygen species production, primarily via enhanced 
NADPH oxidase activity due to mitochondrial dysfunction in atrial cardiomyocytes [34, 35]. 
Interestingly, in the current study, pre-operative 8-OHdG levels in SR patients who 
developed POAF after cardiac surgery were significantly increased, compared to patients 
without POAF. This suggests that oxidative DNA damage may be associated with onset of 
POAF, and therefore these levels may predict the chance of developing POAF in SR patients 
after cardiac surgery. Future research is warranted to confirm this finding and elucidate the 
exact mechanism how the oxidative DNA damage pathway may contribute to POAF onset.  
 
Limitations and perspectives 
This study describes that serum 8-OHdG levels in AF patients is closely linked to AF staging 
and recurrences after ablative therapy. Furthermore, 8-OHdG may have value to predict 
the chance of developing POAF in SR patients after cardiac surgery. However, there are two 
key limitations to be addressed. Firstly, the sample sizes are limited. Based on the present 
data, larger-scale prospective trials are warranted to further establish the relation between 
8-OHdG levels in various AF stages and their power to discriminate patients with AF 
recurrence from non-recurrence after various treatment strategies. Secondly, the 
pathophysiology of AF and POAF are complex and multifactorial, therefore, in order to 
further improve the diagnostic power of biomarkers, including improved sensitivity and 
specificity of a marker, it may be helpful to combine 8-OHdG levels with other AF-related 
markers. Additional markers may include phosphorylated H2AX, NAD+ and NADH levels.  
 
Conclusion 
The level of 8-OHdG is closely linked with the stage of AF, as it gradually increases during 
more advanced AF stages. 8-OHdG levels may predict AF recurrence after ablative therapy 
and POAF onset after surgical treatment for cardiovascular diseases. Taken together, the 
level of 8-OHdG may represent a potential diagnostic biomarker to stage AF and predict AF 
recurrence after ablative therapy and POAF after cardiac surgery. 
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Abstract 

Background: Perpetuation of atrial fibrillation (AF) is rooted in the presence of atrial 
electropathology, defined as electrical conduction disorders caused by structural damage 
of atrial cardiomyocytes. The severity of electropathology determines  AF stage and the 
accompanied response to therapy. Long noncoding RNA (lncRNA) plays a role in the 
pathophysiology of cardiac diseases, including AF. Therefore, we aim to explore the 
association between levels of three lncRNAs, including urothelial carcinoma-associated 1 
(UCA1), OXCT1-AS1 (Sarrah) and the mitochondrial lncRNA uc022bqs.q (LIPCAR), and the 
degree of electrical conduction disorders in atrial tissue and serum samples of AF patients 
and controls in sinus rhythm.  

Methods: In this prospective and observational study, the relative expression levels of 
Sarrah, UCA1 and LIPCAR were measured by quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR). Blood samples were collected at baseline of control patients 
without a history of AF, paroxysmal (PAF) and persistent (PeAF) patients undergoing 
electrical cardioversion (ECV) or pulmonary vein isolation (PVI), and control patients in 
sinus rhythm (SR), PAF and PeAF undergoing cardiac surgery. Right atrial appendages 
(RAAs) were collected during cardiac surgery and from a selection of these patients 
electrical parameters were obtained by intra-operative, high-resolution atrial mapping 
procedures. Univariate and multivariate analysis were used to identify the changes among 
the groups.  

Results: The expression levels of Sarrah and UCA1, and not LIPCAR, were significantly 
elevated in serum samples of PAF patients compared to controls. Also, in these patients, 
Sarrah and UCA1 levels significantly correlated. Also, Sarrah, UCA1 and LIPCAR levels were 
measured in RAAs and serum samples of patients undergoing cardiac surgery and 
compared to electrical conduction parameters. Sarrah and LIPCAR levels were significantly 
reduced in RAAs of PAF compared to PeAF and controls, and significantly elevated in serum 
samples of PeAF patients. Moreover, in RAA and serum samples of AF and SR patients 
undergoing cardiac surgery, Sarrah levels significantly correlates with degree of voltage, 
and UCA1 significantly correlates with the degree of conduction delay and block, suggesting 
that Sarrah and UCA1 levels reflect the degree of electropatholgoy and stage AF. 

Conclusions: LncRNA Sarrah and UCA1 may represent potential markers for the degree of 
electropathology and therefore may stage the severity of AF. 

Key words: Long non-coding RNA, Sarrah, UCA1, LIPCAR, Atrial Fibrillation, Biomarker, 
Electropathology  
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Introduction 

Atrial fibrillation (AF), the most common progressive tachyarrhythmia in modern clinical 
practice, is closely associated with increased morbidity and mortality worldwide [1]. Due 
to ageing population, its prevalence is estimated to double the coming years [2, 3]. AF 
progressiveness is rooted in the presence of atrial electropathology, which is defined as 
impairment of electrical conduction and signal morphology caused by structural 
remodeling in atrial myocardium [4, 5]. Moreover, the severity of electropathology 
determines the stage of AF and is a major determinant of therapy failure [6]. Even though 
AF is approaching a global medical issue, no effective diagnostic tools are available to 
determine the degree of electropathology and predict the stage of AF. Unfortunately, 
evaluation of electropathology is a highly invasive technique in the clinical practice. 
Therefore, exploration of more non-invasive markers to determine the stage of AF is of 
interest.  

Emerging evidence indicates that long non-coding RNAs (lncRNAs) play a critical role in the 
pathophysiology of cardiovascular diseases, including AF [7-9].) LncRNAs are non-coding 
RNA transcripts longer than 200 nucleotides without protein coding potential [10]. These 
transcripts  modulate mRNA stability, protein translation and post-translational 
modifications in the cell, and as such can regulate cell function [11]. In addition, circulating 
lncRNAs have been described as a possible biomarker in acute myocardial infarction and 
heart failure [12-14]. However, whether lncRNAs correlate with the degree of electrical 
conduction abnormalities and AF stage is unknown.  

Urothelial carcinoma associated 1 (UCA1) is abundantly expressed in the heart, suggesting 
that UCA1 may play a key role in heart function [18]. Plasma UCA1 levels are increased in 
chronic heart failure patients compared with control patients, and higher levels of UCA1 
are associated with a lower survival rate [19]. Interestingly, it was also reported that the 
mitochondrial lncRNA uc022bqs.q (LIPCAR) is closely associated with increased mortality 
rates in the patients with myocardial infarction [14]. LIPCAR is initially reduced early after 
myocardial infarction and gradually increases at later stages, indicating that LIPCAR may 
represent a marker of cardiac remodeling and prediction of morbidity and mortality in 
patients with heart failure [14]. In addition, the plasma levels of LIPCAR are elevated in 
patients with ST-segment elevation myocardial infarction, suggesting that LIPCAR may 
represent a marker for the diagnosis of this condition [20]. Microarray expression profile 
analysis showed that a novel lncRNA OXCT1-AS1 (Sarrah) is up-regulated in bladder cancer 
cells, and then promoted bladder cancer proliferation and invasion [15]. Recent research 
also showed that Sarrah is an ageing-regulated anti-apoptotic lncRNA in cardiomyocytes, 
and Sarrah overexpression has beneficial effects on acute myocardial infarction recovery 
in mice [16]. 

Based on these studies, we first tested whether lncRNAs Sarrah, UCA1 and LIPCAR levels 
associate with various AF stages. In addition, we studied whether Sarrah, UCA1 and LIPCAR 
levels in atrial tissue and serum samples correlate with electrical conduction abnormalities 
and signal morphology in patients undergoing cardiac surgery.    
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Materials and Methods 

Patient characteristics  

Blood samples were collected at baseline before cardiac surgery, pulmonary vein isolation 
(PVI), or electrical cardioversion (ECV) at the department of Cardiology and Cardiothoracic 
surgery, Erasmus Medical Center, Rotterdam, the Netherlands. In total, 123 serum samples 
were divided into three groups: control patients (Control, N=48), paroxysmal atrial 
fibrillation patients (PAF, N=43) and persistent atrial fibrillation (PeAF, N=32). Also, 32 right 
atrial appendage (RAA) tissue samples were collected from patients undergoing cardiac 
surgery including sinus rhythm patients without a history of AF (SR, N=11), 8 PAF (N=8) and 
13 PeAF (N=13).   
The control group consisted of persons who either had Wolff-Parkinson-White syndrome, 
premature ventricular beats or referred to Brugada syndrome screening (Ajmaline testing). 
AF patients underwent ECV or PVI for either PAF or PeAF or underwent cardiac surgery. 
Exclusion criteria withdrew patients with paced atrial rhythms. Right atrial appendages 
(RAAs) and/or blood samples were obtained prior to the scheduled intervention. Clinical 
characteristics were obtained from the electronic patient file.  
All patients signed consent forms prior to inclusion. This sub-study is part of the HALT & 
REVERSE trial (MEC-2014-393) and is approved by the institutional medical ethical 
committee. The study is carried out according to the principals of the Declaration of 
Helsinki and in accordance with the Medical Research Committee involving Human 
Subjects Act. 
 
Mapping procedure of right atrial appendage 
Epicardial high-resolution mapping was performed during open-heart surgery (Figure 1), 
prior to commencement of extracorporeal circulation [17]. A pacemaker wire temporarily 
attached to the RA free wall served as a bipolar reference electrode and a steel wire fixed 
to the subcutaneous tissue was used as an indifferent electrode [18]. During SR, epicardial 
mapping was performed using unipolar arrays containing either 128 or 192 unipolar-
electrodes, respectively, 0.65 and 0.45mm of electrode diameter and inter-electrode 
distances of 2 mm. When patients were in AF, electrical cardioversion was performed to 
convert them into SR, previously to the mapping procedure. 
Mapping procedure was conducted by placing the electrode in the right atrium, 
perpendicularly to the caval veins, in the RAA area, as illustrated in the Figure 1 [18]. At the 
mapping site, five seconds of SR were recorded, including unipolar epicardial electrograms, 
a surface electrocardiogram (lead I), a bipolar reference electrogram and a calibration 
signal (amplitude: 2 mV, duration: 1000 ms). Recordings were sampled with a rate of 1 kHz, 
amplified (gain: 1000), filtered (bandwidth: 0.5-400 Hz), analogue-to-digital-converted (16-
bits) and stored on a hard disk.  
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Figure 1. Intra-operative, high-resolution epicardial mapping. Mapping procedure was 
conducted by placing the mapping array with the electrodes in the right atria, 
perpendicularly to the caval veins. The mapping site was divided into two halves: inter-
caval and free wall (the red square).   
 
Analysis of mapping data 
Color-coded local activation maps were constructed by annotating the steepest negative 
deflection of non-fractionated atrial potentials, assuming minimum threshold of 0,05 
mV/ms. Atrial extra systolic, aberrant and ventricular beats were excluded. The mapping 
site was subdivided in two halves: inter-caval and free wall. In order to analyze electrical 
pathology from the epicardial area closest to the tissue sample collection site, the inter-
caval half of the mapping was not considered. Signal morphology is analyzed for peak-to-
peak amplitude (voltage) and for slope (amplitude/time) from also the steepest deflection 
[19]. 
Consistent with previous mapping studies [20], differences in conduction time (CT) 
between neighboring electrodes (adjacent right and lower) were calculated and considered 
as conduction delay (CD) or conduction block (CB) when differences in local activation time 
(ΔCT) were between 7 to 11 or ≥12 ms, respectively. Lines of CD, CB, and continuous CDCB 
(cCDCB) were defined as uninterrupted series of, respectively, inter-electrode CD, CB, or a 
combination of CD and CB. Lengths of these lines were measured and analyzed as the 
median length of lines per patient as well as length of the longest line per patient. The 
percentage of CD/CB per mapping location was calculated using the following formulas 
[21]:  
 

%CD =
Number of CT ≥ 7 ms

Total number of CT
  and %𝐶𝐵 =

Number of CT ≥12 ms

Total number of CT
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RNA extraction and reverse transcription  

RAA tissue samples were obtained from the patients undergoing cardiac surgery. After 
excision, the RAA tissues were immediately snap frozen in liquid nitrogen and stored at -
80°C. Blood samples were collected in BDTM VacutainerTM SSTTM II Advance Tubes (Thermo 
Fisher Scientific, The Netherlands) as described in the Halt and Reverse study (MEC 2014-
393) [22]. Serum was collected after centrifugation at 2000xg for 10 min at 4°C and stored 
at -80°C. Total RNA from RAA tissue and serum samples was, respectively, extracted with 
TRIzol reagent (Invitrogen, Carlsbad, CA) and miRNeasy Serum/Plasma Advanced Kit 
(Qiagen, German). The purity and concentration of the RNA were determined by a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). cDNA was synthesized by 
utilizing iScript cDNA synthesis kit (BioRad, CA) following the manufacturer’s instructions. 
Reverse transcription  reactions were performed with a total volume of 10 ul with random 
primers. RT procedures were: 25°C for 5 min, 46°C for 20 min, 95°C for 1 min, followed by 
storage at 4°C.  

Quantitative real-time PCR (qRT-PCR) 

Relative expression levels of lncRNAs in the serum and RAA tissue samples were 
determined by quantitative real time polymerase chain reaction (qRT-PCR) on a Bio-Rad 
CFX384 real time system using SYBR green dye (Bio-Rad, CA). qRT-PCR procedure included: 
95°C for 3 min, 45 cycles of 95°C for 10 s, and 60°C for 30 s, followed by 95°C for 10 s, melt 
curve 65°C to 95°C increment of 0.5°C for 10 s followed by plate-read. Gene expression 
levels were normalized to 18S ribosomal RNA or ribosomal protein, large, P0 (RPLP0). 
Relative expression were calculated by relative quantification (2−ΔΔCt) method. Values of Ct 
over 35 were considered to be negative. Primer sequences are listed below in Table 1. 

Table 1 Primer pairs used for quantitative RT-PCR.  

Gene Forward primer Reverse primer 

Human Sarrah CCTGGACTGCGTTCACGTTT CTGCAAGCCTTGTTGCTCAC 

Human UCA1 ACGCTAACTGGCACCTTGTT TGGGGATTACTGGGGTAGGG 

Human LIPCAR TAAAGGATGCGTAGGGATGG TTCATGATCACGCCCTCATA 

Human 18S CAGCCACCCGAGATTGAGCA TAGTAGCGACGGGCGGTGTG 

Human RPLP0 TCGACAATGGCAGCATCTAC ATCCGTCTCCACAGACAAGG 

 

Statistical analyses 

Quantitative data are shown as means ± SEM. Statistical analysis was performed by using 
the IBM SPSS statistic version 24.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad 
Prism 8 (Prism, Graphpad Software Inc., CA, USA). Differences in patients’ characteristics 
were evaluated utilizing the Mann-Whitney test with a Bonferroni correction for 
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categorical variables and independent sample t-test with a Benjamini-Hochberg correction 
for continuous variables. Statistical differences between two or more groups were 
analyzed by using a one-way analysis of variance (ANOVA) with Turkey post-hoc correction. 
All data were tested for normal distribution and similarity of variance. The area under the 
ROC curve (AUC) analysis was used to assess the predictive power. Linear correlation was 
determined by Pearson correlation analysis. P ≤ 0.05 was considered as statistically 
significant.  
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Results 

Clinical characteristics 

In order to determine the association between circulating lncRNAs Sarrah, UCA1 and 
LIPCAR with AF stage, 123 serum samples from AF and control patients were included. 
Three groups were included: (1) control patients without history of AF (Control, N=48), (2) 
43 PAF patients (PAF, N=43), and (3) 32 PeAF patients (PeAF, N=32) (Table 2). Compared to 
control patients, patients with PAF and PeAF presented higher age and body mass index 
(BMI) (P<0.05), more often hypertension and diabetes (P<0.05), and also had a larger left 
atrial volume (P<0.05). In addition, more PeAF patients revealed impaired left ventricular 
function (LVF). 
 
The levels of Sarrah, UCA1 and LIPCAR in the serum of AF patients  

RT-PCR was performed to investigate the relative expression levels of Sarrah, UCA1 and 
LIPCAR in serum samples of AF patients and control patients. Compared with the control 
group, Sarrah and UCA1 were significantly up-regulated in serum samples of PAF patients 
even after correction for age, BMI, hypertension and diabetes with linear regression (Figure 
2A and C). However, no significant difference was observed in the levels of LIPCAR among 
each group (Figure 2B).  

Table 2. Clinical characteristics of control and AF patients following PVI or ECV treatment (N=123). 

 
Control PAF  PeAF 

N 48 43 32 

Gender, male, N (%) 25 (52.1) 30 (69,8) 19 (59,4) 

Age (years), mean ± SD 47,0 ± 17,3 62,1 ± 8,4* 61,8 ± 9,5* 

BMI (kg/m2), mean ± SD 24,6 ± 4,0 27,6 ± 4,2* 27,9 ± 4,3* 

Hypertension (N,%) 7 (14,6) 17 (39,5)* 18 (56,3)* 

Diabetes (N,%) 0 (0,0) 7 (16,3)* 4 (12,5)* 

Underlying heart disease 

(N,%) 

   

PVC 17 (35,4) 0 (0,0) 0 (0,0) 

Aimaline 28 (58,3) 0 (0,0) 0 (0,0) 

WPW 3 (6,3) 0 (0,0) 0 (0,0) 

AF 0 (0,0) 43 (100,0) 32 (100,0) 

Type procedure (N,%)    

PVI 0 (0,0) 40 (93,0) 18 (56,3) 

ECV 0 (0,0) 3 (7,0) 14 (43,8) 

LAD (>45mm,%) 1 (2,1) 16 (37,2)* 13 (40,6)* 

LVF (N,%)    

Normal 45 (93,7) 36 (83,7) 23 (71,9)* 
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Mild impairment 3 (6,3) 6 (14,0) 7 (21,9)* 

Moderate impairment 0 (0,0) 0 (0,0) 2 (6,3) 

Severe impairment 0 (0,0) 1 (2,3) 0 (0,0) 

Medication (N,%)    

ACE inhibitor 10 (20,8) 17 (39,5) 15 (46,9) 

Statin 4 (8,3) 14 (32,6) 11 (34,4) 

Type I AAD 3 (6,3) 15 (34,9) 6 (18,8) 

Type II AAD 13 (27,1) 16 (37,2) 15 (46,9) 

Type III AAD 2 (4,2) 25 (58,1) 19 (59,4) 

Type IV AAD 1 (2,1) 2 (4,6) 4 (12,5) 

Digoxin 0 (0,0) 1 (2,3) 3 (9,4) 

SR, sinus rhythm; PAF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; BMI, body 
mass index; PVC, premature ventricular contraction; WPW, Wolf-Parkinson-White; PVI, pulmonary 
vein isolation; ECV, electrical cardioversion; LAD, left atrial dilation; LVF, left ventricular function; ACE, 
angiotensin-converting-enzyme; AAD, anti-arrhythmic drug. *P <0.05, compared to control. 

 

Figure 2. Expression levels of Sarrah, UCA1 and LIPCAR in serum samples of patients with 
AF compared to controls. A) Expression level of Sarrah in serum samples of patients with 
PAF, PeAF and controls. Sarrah is significantly upregulated in serum samples of PAF, and 
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not in PeAF patients, compared to controls. Control, N=48; PAF, N=43; PeAF, N=32. B) 
Expression level of UCA1 in the serum samples of patients with PAF, PeAF and controls. 
UCA1 is significantly upregulated in serum samples of PAF, and not PeAF patients, 
compared to controls. SR, N=48; PAF, N=43; PeAF, N=32. C) Expression level of LIPCAR in 
the serum samples of patient with PAF, PeAF and controls. LIPCAR levels are comparable 
between the groups as indicated. SR, N=48; PAF, N=43; PeAF, N=32. *P<0.05 vs Control.  

                                                                            

Sarrah and UCA1 levels correlate in the serum of patients  

As Sarrah and UCA1 levels are both significantly increased in serum samples of PAF patients 

compared to controls, both levels were correlated. Interestingly, as can be observed in 

Figure 3, a positive correlation between Sarrah and UCA1 levels in serum samples of AF and 

control patients was found (R2=0.22, P<0.001), suggesting that combination detection of 

Sarrah and UCA1 may increase the power for stage of AF.  

 

Figure 3.  Serum levels of Sarrah and UCA1 correlate. Sarrah and UCA1 levels are 
significantly correlated in the patients with PAF (N=43), PeAF (N=32) and controls (N=48), 
suggesting that combination detection of Sarrah and UCA1 may increase the power to 
stage AF.  

 

Sarrah, UCA1 and LIPCAR levels in right atrial appendages of AF and SR patients    

As Sarrah and UCA1 levels were upregulated in serum samples of PAF patients, the findings 
were extended to atrial tissue samples of AF and control patients in SR.  Hereto, we 
included  RAAs of 11 SR patients, 8 PAF and 13 PeAF patients. Table 3 presents the baseline 
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characteristics of the study population. Patients with PeAF present a larger left atrial 
volume (P<0.05), and also more impaired LVF (P<0.05), compared to SR patients.  
It was observed that Sarrah and LIPCAR levels were significantly down-regulated in RAA of 
PAF patients, compared with SR group (Figure 4A and C). However, the expression levels of 
UCA1 were comparable between the groups (Figure 4B). 

 

Table 3. Clinical characteristics of patients in OK group, used for LncRNA data analysis in RAA  (n=32). 

 
SR PAF PeAF 

N 11 8 13 

Gender, male, N (%) 8 (72,7) 6 (75) 9 (69,2) 

Age (years), mean ± SD 63,5 ± 12,9 63,2 ± 13,2 63,4 ± 11,8 

BMI (kg/m2), mean ± SD 26,4 ± 4,6 26,1 ± 4,9 27 ± 4,9 

Hypertension (N,%) 7 (63,6) 7 (87,5) 6 (46,2) 

Diabetes (N,%) 3 (27,3) 0 (0) 1 (7,7) 

Underlying heart disease (N,%)    

MVD 0 (0,0) 1 (12,5) 4 (30,8) 

MVD+CAD 0 (0,0) 2 (25,0) 1 (7,7) 

CAD 8 (72,7) 0 (0,0) 3 (23,1) 

CHD 1 (9,1) 1 (12,5) 3 (23,1) 

AVD 1 (9,1) 1 (12,5) 0 (0,0) 

AVD+CAD 1 (9,1) 2 (25,0) 2 (15,4) 

LAD (>45mm,%) 0 (0,0) 2 (25) 6 (46,2)* 

LVF (N,%)    

Normal 10 (90,9) 7 (87,5) 5 (38,5)* 

Mild impairment 1 (9,1) 0 (0,0) 3 (23,1) 

Moderate impairment 0 (0,0) 1 (12,5) 4 (30,8)* 

Severe impairment 0 (0,0) 0 (0,0) 1 (7,7) 

Medication (N,%)    

ACE inhibitor 8 (72,7) 6 (75) 8 (61,5) 
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Statin 9 (81,8) 5 (62,5) 4 (30,8) 

Type I AAD 0 (0,0) 1 (12,5) 0 (0,0) 

Type II AAD 6 (54,6) 6 (75) 10 (76,9) 

Type III AAD 0 (0,0) 3 (37,5) 1 (7,7) 

Type IV AAD 1 (9,1) 0 (0,0) 2 (15,4) 

Digoxin 0 (0,0) 0 (0,0) 6 (46,2) 

SR, sinus rhythm; PAF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; BMI, body 
mass index; CAD, coronary artery disease; MVD, mitral valve disease; CHD, congenital heart disease; 
AVD, aortic valve disease; ACE, angiotensin-converting-enzyme; AAD, anti-arrhythmic drug; LAD, left 
atrial dilation; LVF, left ventricular function. 

 

 

Figure 4. LncRNAs Sarrah and LIPCAR levels are down-regulated in RAA of AF patients 
compared controls in SR. A) Expression level of Sarrah in RAA of patients with AF and 
controls in SR. Compared to SR, the level of UCA1 is significantly down-regulated in PAF 
patients, and not in PeAF patient. SR: N=11;  PAF: N=8; PeAF: N=13. B) Expression level of 
UCA1 in RAA of patients with AF and controls in SR. UCA1 levels are comparable between 
the groups as indicated. SR, N=10;  PAF, N=8; PeAF, N=10. C) Expression level of LIPCAR  in 
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RAA of patients with AF and controls in SR. LIPCAR is significantly down-regulated in PAF, 
and not in PeAF, compared to SR patients. SR, N=11;  PAF, N=8; PeAF, N=13. *P<0.05 vs SR. 

  

Correlation between tissue levels of  Sarrah, UCA1, LIPCAR and electrical conduction 
parameters in RAA 

The intra-operative, high-resolution epicardial mapping combined with quantification of 
electrical parameters has been demonstrated as a technique to stage the severity of atrial 
electropathology [6, 23]. Therefore, we evaluated whether Sarrah, UCA1 and LIPCAR levels 
correlate with the degree of electropathology including conduction delay, block, the 
combination of delay and block and voltage changes. After bivariate correlation analysis it 
was found that Sarrah significantly correlated with maximal voltage in the RAA, indicating 
that Sarrah correlates with the degree of voltage (Table 4). Furthermore, UCA1 significantly 
correlated with the percentage of conduction delay, the percentage of conduction block 
and conduction delay and median number of delay lines, indicating that UCA1 associates 
with electrical conduction abnormalities in RAAs (Table 4). In addition, an overview of 
correlations between tissue levels of Sarrah, UCA1 and LIPCAR and electrical parameters is 
provided in supplementary Table 1. 

Table 4. Correlations between tissue levels of lncRNAs and electrical parameters in RAA (N=23). 

Electrical parameters Sarrah UCA1 LIPCAR 

Percentage conduction delay NS R2=0,429, P=0.015 NS 

Percentage conduction block NS NS NS 

Percentage cCBCD NS R2=0.414, P=0.018 NS 

Median number of delay lines NS R2=0.408, P=0.019 NS 

Voltage    

Min NS NS NS 

Max R2=0,247, P=0.050 NS NS 

Median NS NS NS 

Percentage cCBCD, the percentage of continuous conduction block and delay. Min, minimal voltage; 
Max, maximal voltage; Median, median voltage; NS, not significance; sinus rhythm, N=15; AF, N=8. 

 

Correlation between serum levels of Sarrah, UCA1 and LIPCAR and electrical conduction 
parameters 
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To investigate whether serum levels of lncRNAs also correlate with the degree of 
electropathology, 41 human serum samples of patients undergoing cardiac surgery were 
collected. The baseline characteristics of the study population are shown in Table 5, and 
patients with PAF and PeAF presented a larger left atrial dilation (P<0.05), and PeAF 
patients also had more impaired LVF (P<0.05), compared to SR patients. The serum levels 
of Sarrah and LIPCAR were significantly increased in PeAF compared to SR patients (Figure 
5A and C) and UCA1 levels were comparable between the groups (Figure 5B). 
 
Table 5. Clinical characteristics of patients in OK group, used for serum LncRNA data analysis (n=41). 

 
SR PAF  PeAF 

N 19 6 16 

Gender, male, N (%) 14 (73,7) 5 (83,3) 11 (68,8) 

Age (years), mean ± SD 65,6 ± 12,9 65,4 ± 12,9 65 ± 12,9 

BMI (kg/m2), mean ± SD 26,9 ± 3,3 26,7 ± 4,9 27,2 ± 4,8 

Hypertension (N,%) 13 (68,4) 4 (66,7) 11 (68,8) 

Diabetes (N,%) 4 (21,1) 0 (0,0) 2 (12,5) 

Underlying heart disease (N,%)    

MVD 2 (10,5) 1 (16,7) 7 (43,8) 

MVD+CAD 0 (0,0) 1 (16,7) 0 (0,0) 

CAD 12 (63,2) 0 (0,0) 3 (18,8) 

CHD 1 (5,3) 0 (0,0) 1 (6,3) 

AVD 1 (5,3) 1 (16,7) 1 (6,3) 

AVD+CAD 3 (15,8) 2 (33,3) 3 (18,8) 

LAD (>45mm,%) 0 (0,0) 2 (33,3)* 3 (18,8)* 

LVF (N,%)    

Normal 15 (78,9)  5 (83,3) 8 (50,0)* 

Mild impairment 4 (21,1) 0 (0,0) 3 (18,8) 

Moderate impairment 0 (0,0) 1 (16,7) 4 (25,0)* 

Severe impairment 0 (0,0) 0 (0,0) 1 (6,3) 

Medication (N,%)    

ACE inhibitor 13 (68,4) 5 (83,3) 11 (68,8) 

Statin 16 (84,2) 4 (66,7) 8 (50,0) 

Type I AAD 0 (0,0) 1 (16,7) 0 (0,0) 

Type II AAD 14 (73,7) 4 (66,7) 13 (81,3) 

Type III AAD 0 (0,0) 2 (33,3) 2 (12,5) 

Type IV AAD 1 (5,3) 0 (0,0) 2 (12,5) 
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Digoxin 0 (0,0) 0 (0,0) 6 (37,5) 

SR, sinus rhythm; PAF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; BMI, body 
mass index; CAD, coronary artery disease; MVD, mitral valve disease; CHD, congenital heart disease; 
AVD, aortic valve disease; ACE, angiotensin-converting-enzyme; AAD, anti-arrhythmic drug; LAD, left 
atrial dilation; LVF, left ventricular function. 

 

 

Figure 5. Circulating lncRNAs Sarrah and LIPCAR expression levels are significantly up-

regulated in the serum of patients with AF compared to SR. A) Expression level of Sarrah 

in the serum samples of AF and SR patients. Compared to SR, Sarrah is significantly up-

regulated in PeAF, not in PAF patients compared to SR. SR,  N=19; PAF, N=5; PeAF, N=16. 

B) No changes in expression level of UCA1 in the serum samples of AF and SR patients were 

observed., N=19; PAF, N=5; PeAF, N=15. C) Expression level of LIPCAR in the serum samples 

of AF and SR patient. LIPCAR is significantly upregulated in PeAF but not in PAF patient, 

compared to SR patients. SR, N=19; PAF, N=6; PeAF, N=14. *P<0.05 vs SR. 
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Serum UCA1 levels correlate with degree of electropathology 

To further evaluate whether Sarrah, UCA1 and LIPCAR levels correlate with the degree of 
electrical conduction abnormalities and signal morphology, we performed bivariate 
correlation analysis. Interestingly, serum Sarrah levels significantly correlated with median 
voltage in AF and SR control patients (Table 6). Therefore, these findings indicate that next 
to Sarrah RAA levels, also Sarrah serum levels associate with the degree of voltage (Table 
6). In addition, more detailed correlations between lncRNAs and electrical parameters are 
provided in supplementary Table 2. 

Table 6. Correlations between lncRNAs and electrical parameters in the serum (N=23). 

Electrical parameters Sarrah UCA1 LIPCAR 

Percentage conduction 

delay 
NS NS NS 

Percentage conduction 

block 
NS NS NS 

Percentage CBCD NS NS NS 

Voltage    

Min NS NS NS 

Max NS NS NS 

Median R2=0.236, P=0.035 NS NS 

Percentage cCBCD, percentage of continuous conduction block and delay. Min, minimal voltage; Max, 
maximal voltage; Median, median voltage; NS, not significance; Sinus rhythm, N=15; AF, N=8. 
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Discussion 

In this study, we found that Sarrah and UCA1 are significantly up-regulated in serum 
samples of PAF, and not PeAF patients compared to controls. Interestingly, there is a strong 
correlation between Sarrah and UCA1 levels in serum samples of these patients, indicating 
that Sarrah and UCA1 may represent potentially combined markers to stage AF. Sarrah and 
LIPCAR levels were significantly reduced in RAAs of PAF patients, and significantly elevated 
in serum samples of PeAF patients, compared to sinus rhythm patients. Moreover, Sarrah 
atrial tissue and serum levels correlated significantly with the degree of voltage, and UCA1 
atrial tissue levels significantly correlated with electrical conduction abnormalities. The 
findings indicate that Sarrah and UCA1 may represent markers to represent the degree of 
electropathology and, as such, stage the severity of AF. 

Sarrah as a potential marker in AF 

Recent research showed that Sarrah is required for survival and contractility of human and 
rat cardiomyocytes, and Sarrah overexpression in mice has beneficial effects on acute 
myocardial infarction recovery, indicating that Sarrah has value as a therapeutic target to 
prevent heart failure [16]. In this study, we observed that Sarrah was up-regulated in serum 
samples of PAF patients compared to control patients. The relative expression level of 
Sarrah was down-regulated in human atrial appendage tissue of PAF patients. Interestingly, 
atrial tissue levels of Sarrah significantly correlated with the degree of maximal voltage in 
the RAA, and serum levels significantly correlated with degree of median voltage, indicating 
that Sarrah associates with the voltage changes. These observations indicate that 
cardioprostective Sarrah 1) associates with voltage changes and 2) is released from the 
atrial cardiomyocytes into the circulation, resulting in enhanced susceptibility of atrial 
cardiomyocytes to AF. However, the exact molecular mechanisms how Sarrah is involved 
in electropathology and AF staging is still elusive and further research is warranted to 
uncover its role.  

UCA1 as a potential marker in AF 

Research findings reveal that UCA1 is specifically expressed in the adult heart, and plays an 
important role in the function of cardiomyocyte [24]. Also, UCA1 is highly up-regulated in 
transverse aortic constriction-induced hypertrophied heart of mice and the phenylephrine-
triggered hypertrophic cardiomyocytes, indicating that UCA1 may contribute to the 
development of cardiac hypertrophy [25]. It has also been reported that the level of plasma 
UCA1 was decreased at the early stage and increased at day 3 after  acute myocardial 
infarction in patients [26]. Circulating UCA1 levels were positively correlated with brain 
natriuretic peptide (BNP) and negatively linked with left ventricle ejection fraction. 
Moreover, heart failure patients with higher plasma UCA1 levels had a lower survival rate 
than those with a lower level [27]. These findings indicate that circulating UCA1 may 
represent a promising novel biomarker for the diagnosis and /or prognosis of acute 
myocardial infarction and heart failure. In the current study, we observed that UCA1 was 
up-regulated in the serum samples of PAF patients, interestingly, there is a positive 
correlation between Sarrah and UCA1 in these serum samples, suggesting that the 
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combination with Sarrah and UCA1 may increase the power to stage AF. Although no 
change in expression level of UCA1 in RAA of AF patient compared to sinus rhythm patient 
was observed, we observed that tissue levels of UCA1 are significantly correlated with 
important endpoints of electropathology, including the percentage of conduction delay, 
conduction block and continuous conduction delay and block. This observation indicates 
that UCA1 associates with the degree of electropathology and therefore can be utilized to 
stage the severity of AF. 

LIPCAR levels in AF 

A good proportion of mitochondrial lncRNAs detected in the blood might come from the 
heart [28]. However, so far it is not clear what the exact (patho)physiological function of 
LIPCAR is in the heart. It has been confirmed that LIPCAR represents a biomarker of 
ventricular remodeling in myocardial infarction and heart failure [12, 29]. In the current 
study, we found that LIPCAR is down-regulated in right atrial appendage of PAF patients 
undergoing open-heart surgery, however, it is up-regulated in serum samples of PeAF 
patients. The relative expression of LIPCAR showed a trend in increase in serum samples of 
patients with PAF. Although mitochondrial dysfunction was found to contribute to AF 
pathogenesis, it is still unclear whether mitochondrial lncRNA LIPCAR plays a functional role 
in AF [30-33]. Future studies in larger patients cohorts may elucidate the exact association 
between LIPCAR and AF. 

Limitation of this study 

Some limitations need to be mentioned. Firstly, the number of patients included in this 
study is limited, and larger-scale, studies are required to further confirm whether lncRNAs, 
especially Sarrah and UCA1, represent biomarkers to predict the stage of AF. Secondly, so 
far, this study confirmed that Sarrah, UCA1 and LIPCAR are expressed in right atrial 
appendage, however, the sources of Sarrah, UCA1 and LIPCAR in blood are still unknown. 
There is a high possibility that the release of circulating lncRNA into the blood may be 
related to structural damage in (atrial) cardiomyocytes. Thirdly, even though high amount 
of RNases are present in blood, circulating lncRNAs are still stably detectable in blood 
samples, implying that these molecules may be protected from degradation by its 
packaging into micro-particles or bounding into proteins [14]. This possibility is open for 
further studies. 

 

Conclusions 

LncRNA Sarrah and UCA1 correlate with the degree of electropathology and may stage the 
severity of AF in patients.  
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Supplementary tables 

Table 1. Correlations between tissue levels of lncRNAs and electrical parameters in RAA of SR and 
AF patients (N=23) 

Electrical parameters Sarrah UCA1 LIPCAR 

Conduction time    

Min R2=0.000, P=0.000 R2=0.000, P=0.000 R2=0.000, P=0.000 

Max R2=0.005, P=0.786 R2=0.040, P=0.514 R2=0.005, P=0.786 

Median R2=0.054, P=0.387 R2=0.179, P=0.150 R2=0.054, P=0.387 

Percentage conduction delay R2=0.162, P=0.121 R2=0.429, P=0.015 R2=0.025, P=0.557 

Percentage conduction block R2=0.002, P=0.886 R2=0.070, P=0.381 R2=0.009, P=0.913 

Percentage CBCD R2=0.116, P=0.196 R2=0.414, P=0.018 R2=0.006, P=0.762 

Percentage continuous CBCD R2=0.026, P=0.550 R2=0.087, P=0.327 R2=0.005, P=0.785 

Conduction delay lines    

Min R2=0.000, P=0.000 R2=0.000, P=0.000 R2=0.000, P=0.000 

Max R2=0.144, P=0.163 R2=0.157, P=0.203  R2=0.010, P=0.721 

Median R2=0.144, P=0.670 R2=0.028, P=0.607  R2=0.004, P=0.948 

Conduction block lines    

Min R2=0.336, P=0.062 R2=0.030, P=0.631 R2=0.277, P=0.097 

Max R2=0.018, P=0.691 R2=0.009, P=0.417 R2=0.013, P=0.732 

Median R2=0.150, P=0.239 R2=0.003, P=0.887 R2=0.241, P=0.125 

CBCD lines    

Min R2=0.043, P=0.564 R2=0.004, P=0.888 R2=0.043, P=0.564 

Max R2=0.048, P=0.542 R2=0.001, P=0.932 R2=0.069, P=0.464 

Median R2=0.005, P=0.841 R2=0.001, P=0.983 R2=0.060, P=0.497 

Median number of delay lines R2=0.113, P=0.203 R2=0.408, P=0.019 R2=0.206, P=0.444 
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Median number of block lines R2=0.032, P=0.509 R2=0.16, P=0.175 R2=0.127, P=0.639 

Median number of continuous 

CBCD lines 

R2=0.018, P=0.621 R2=0.16, P=0.175  R2=0.117, P=0.666 

Voltage    

Min R2=0.088, P=0.264 R2=0.203, P=0.122 R2=0.118, P=0.192 

Max R2=0.247, P=0.050 R2=0.061, P=0.415 R2=0.012, P=0.680 

Median R2=0.116, P=0.196 R2=0.184, P=0.144 R2=0.025, P=0.557 

Slope    

Min R2=0.067, P=0.333 R2=0.208, P=0.117 R2=0.095, P=0.244 

Max R2=0.036, P=0.478 R2=0.076, P=0.364 R2=0.006, P=0.778 

Median R2=0.088, P=0.264 R2=0.135, P=0.216 R2=0.006, P=0.770 

RAA, right atrial appendage; min, minimal; max, maximal; percentage CBCD, percentage of 
conduction block and delay. sinus rhythm, N=15; AF, N=8. 
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Table 2. Correlations between lncRNAs and electrical parameters in serum samples of AF and SR 
patients (N=23) 

Electrical parameters Sarrah UCA1 LIPCAR 

Conduction time    

Min R2=0.000, P=0.000 R2=0.000, P=0.000 R2=0.000, P=0.000 

Max R2=0.065, P=0.294 R2=0.096, P=0.211 R2=0.003, P=0.846 

Median R2=0.176, P=0.073 R2=0.041, P=0.420 R2=0.004, P=0.935 

Percentage conduction delay R2=0.178, P=0.586 R2=0.001, P=0.699 R2=0.023, P=0.514 

Percentage conduction block R2=0.099, P=0.191 R2=0.086, P=0.238 R2=0.03, P=0.841 

Percentage CBCD R2=0.039, P=0.420 R2=0.052, P=0.362 R2=0.015, P=0.596 

Percentage continuous CBCD R2=0.070, P=0.274 R2=0.085, P=0.239 R2=0.042, P=0.375 

Conduction delay lines    

Min R2=0.000, P=0.000 R2=0.000, P=0.000 R2=0.000, P=0.000 

Max R2=0.144, P=0.163 R2=0.157, P=0.203 R2=0.001, P=0.721 

Median R2=0.041, P=0.423 R2=0.205, P=0.068 R2=0.046, P=0.376 

Conduction block lines    

Min R2=0.080, P=0.349 R2=0.013, P=0.726 R2=0.183, P=0.145 

Max R2=0.136, P=0.691 R2=0.084, P=0.417 R2=0.014, P=0.732 
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Median R2=0.018, P=0.288 R2=0.017, P=0.683 R2=0.178, P=0.151 

CBCD lines    

Min R2=0.051, P=0.481 R2=0.024, P=0.647 R2=0.001, P=0.770 

Max R2=0.076, P=0.385 R2=0.002, P=0.893 R2=0.005, P=0.486 

Median R2=0.005, P=0.982 R2=0.001, P=0.913 R2=0.055, P=0.462 

Median number of delay lines R2=0.030, P=0.482 R2=0.001, P=0.708 R2=0.050, P=0.759 

Median number of block lines R2=0.032, P=0.465 R2=0.050, P=0.374 R2=0.030, P=0.759 

Median number of 

continuous  

CBCD lines 

R2=0.032, P=0.465 R2=0.50, P=0.374 R2=0.1030, P=0.759 

Voltage    

Min R2=0.016, P=0.606 R2=0.008, P=0.723 R2=0.004, P=0.797 

Max R2=0.006, P=0.759 R2=0.007, P=0.748 R2=0.139, P=0.096 

Median R2=0.236, P=0.035 R2=0.107, P=0.185 R2=0.119, P=0.125 

Slope    

Min R2=0.117, P=0.152 R2=0.076, P=0.268 R2=0.085, P=0.199 

Max R2=0.183, P=0.067 R2=0.023, P=0.553 R2=0.170, P=0.064 

Median R2=0.167, P=0.082 R2=0.047, P=0.385 R2=0.066, P=0.260 

Min, minimal; max, maximal; percentage CBCD, percentage of conduction block and delay. sinus 
rhythm, N=15; AF, N=8. 
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Summary 

Despite exciting and innovative improvements in clinical management of atrial fibrillation 
(AF), AF remains the most progressive cardiac tachyarrhythmia with high morbidity and 
mortality worldwide. Due to the ageing population, AF shows a steep increase in incidence 
and the related healthcare costs. AF prevalence in the developed world is estimated to be 
1.5%–2% of the general population and steadily rises in the population between 75 and 85 
years of age [1]. The treatment of AF is approaching epidemic proportions and causes a 
burden to  the total healthcare budget. Unfortunately, no specific therapeutic therapy 
exists for AF, and, therefore, treatment is severely hampered. Reason for therapy failure is 
that current treatment options are symptomatic and not directed at targeting molecular 
mechanisms underlying the pathophysiology of AF. Accumulating evidence shows that 
derailment of proteostasis (i.e., the homeostasis of protein expression, function, and 
clearance) is a central component of the molecular mechanism driving AF [2, 3].  
A healthy proteostasis network safeguards normal cellular and metabolic function through 
proper protein biosynthesis, folding, trafficking, and clearance, thereby maintaining 
normal heart function [3, 4]. Proteostasis functioning is monitored by the protein quality 
control (PQC) system, which consists of the heat shock response (chaperones), unfolded 
protein responses, and protein degradation systems, including the ubiquitin-proteasomal 
system (UPS) and autophagy [5]. Recently, it has been recognized that AF persistence is 
rooted in the presence of cardiomyocyte proteostasis derailment. Previous research 
identified that induction of heat shock proteins (HSP) protects the heart against AF in 
experimental model systems. Moreover, the HSP-inducing compound GGA attenuates 
proteostasis derailment and AF progression in experimental models for AF and oral GGA 
treatment induces the HSP expression in human atrial tissue [6-9]. Another important 
modulator of proteostasis derailment is histone deacetylase 6 (HDAC6)-induced 
microtubule disruption, which results in contractile dysfunction and AF progression [10]. 
Besides HSPs and HDAC6, also excessive activation of autophagy enchances proteostasis 
derailment in AF [11, 12]. In the current thesis, the role of additional key modulators of 
molecular mechanisms underlying AF were further explored. Also it was tested whether 
these modulators represent potential druggable targets to attenuate AF progression and 
biomarkers to stage AF.  

1.1 Novel key modulators involved in proteostasis derailment in AF 

The microtubule network is a dynamic structure, in which the depolymerized and 
polymerized forms of α-tubulin, the key component of the microtubule network, occur in 
a balanced status [13]. Especially, acetylated α-tubulin is a hallmark for microtubule 
stability and integrity, and the level of acetylation influences microtubular composition and 
organization, and thereby modulates Ca2+ signaling and contractility [14-16]. It has been 
identified that tachypacing-induced disruption of microtubule network is a key contributor 
to the derailment of proteostasis in AF [10]. Therefore, we aimed to explore whether HSP-
inducing compounds are able to reverse structural remodeling in AF. Firstly, we established 
an experimental AF model to study cardiomyocyte reversibility. Hereto, we utilized HL-1 
cardiomyocytes, as described in chapter 5. Structural changes were induced in HL-1 
cardiomyocytes by tachypacing, which did not reverse during the recovery period of up to 
24 hours. Next, tachypaced HL-1 cardiomyocytes were post-treated with HSP-inducing 
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compounds and we found that GGA*-59, a potent HSP-inducing compound and a derivative 
of GGA [6], accelerates recovery from tachypacing-induced structural remodeling and 
contractile dysfunction in HL-1 cardiomyocytes. In addition, GGA*-59 increases HSPB1 
levels, represses HDAC6 activity and restores contractile protein and microtubule levels 
after tachypacing. These findings indicate that the induction of HSP expression is a 
potential target to accelerate recovery from AF-induced remodeling.  

Accumulating evidence indicates that sarcoplasmic reticulum (SR)-mitochondrial crosstalk 
is  critical to maintain cardiac health. Communication between SR and mitochondria is 
required for ATP production, Ca2+ signaling and excitation-contraction coupling in 
cardiomyocytes [17].  Therefore, we explored the role of microtubule and SR-mitochondrial 
contacts (SMCs) in AF. We observed that tachypacing induces loss of SMCs, and 
consequently leads to mitochondrial and contractile dysfunction in HL-1 cardiomyocytes, 
as described in chapter 6. Tachypacing-induced contractile dysfunction can be attenuated 
by pretreatment with the microtubule stabilizer taxol or the acetyl-CoA inducer β-
hydroxybutyrate (βOHB) in HL-1 cardiomycoyte and in Drosophila prepupa. These findings 
suggest that microtubule-SMC pathway mediates tachypacing-induced loss of SMCs, and 
subsequently contributes to contractile dysfunction and AF progression in HL-1 and 
Drosophila model for AF. High glucose (HG) treatment, to mimic diabetes which is a  risk 
factor for AF onset, induces contractile dysfunction in HL-1 cardiomyocyte, which is 
prevented by taxol and βOHB treatment. Furthermore, βOHB prevents HG-induced 
contractile dysfunction in Drosophila prepupa, indicating that microtubule-SMC pathway 
underlies HG-induced contractile dysfunction in HL-1 cardiomyocyte and Drosophila model 
for AF. Interestingly, we also observed that mitofusin 2 (Mfn2) may be the key downstream 
effector of microtubule-SMC pathway, and Mfn2 overexpression prevented tachypacing- 
and HG- induced contractile dysfunction in HL-1 cardiomyocyte and Drosophila models for 
AF. Consistently, in right atrial appendages (RAA) of patients with persistent AF, also loss 
of SMCs was observed, which was aggravated by diabetes. 

Previously, our lab found that HDAC6, one member of HDAC class IIb mainly localized in 
cytoplasm, can be activated in experimental AF model systems. Also, HDAC6 activation 
induces α-tubulin deacetylation that contributes to disruption of microtubule network, 
contractile dysfunction and AF progression [10]. Therefore, the role of additional class I and 
class IIa HDACs in AF was explored, as described in chapter 7. We found that class I and 
class IIa HDACs play a converse role in the progression of AF. Overexpression of HDAC3, 
one member of class I HDACs, leads to contractile dysfunction and , HDAC3 inhibition 
prevents tachypacing-induced contractile dysfunction in both HL-1 and Drosophila models 
for AF [18]. Conversely, overexpression of HDAC5 and HDAC7, two members of class IIa, 
attenuate tachypacing-induced functional loss in HL-1 cardiomyocytes. In addition,  AF 
induces HDAC5 phosphorylation, resulting in  its nuclear export, and consequently  
increased expression of myocyte enhancer factor-2 (MEF2)-regulated fetal genes, including 
β-MHC and BNP, and finally leads to structural remodeling and AF progression [18]. Taken 
together, these findings indicate that various HDACs play converse roles in experimental 
AF (Table 1). 
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Table 1. Characteristics of several main HDAC family members and their converse roles in AF. 

Classification HDAC Subcellular 

localization 

Experimental 

methods 

Experimental 

outcome in AF 

Class I HDAC3 Mainly in nucleus, 

also cytoplasm 

Overexpression  

Knockdown/ 

inhibition 

Detrimental 

Protective 

Class IIa HDAC5 Mainly in cytoplasm, 

also nucleus 

Overexpression Protective 

 HDAC7 Mainly in cytoplasm, 

also nucleus 

Overexpression Protective 

Class IIb HDAC6 Mainly in cytoplasm, 

also nucleus 

Inhibition/ 

negative mutation 

Protective 

 

In a previous study, we observed that nicotinamide (vitamin B3), an HDAC class III (sirtuins) 
inhibitor, protects against cardiomyocyte remodeling in tachypaced HL-1 cardiomyocytes 
and Drosophila prepupae, via a mechanism unrelated to sirtuins inhibition [10]. In addition 
to sirtuins, nicotinamide is a known inhibitor of poly-[ADP-ribose] polymerase (PARPs) [19]. 
We observed that PARP1 activation is a key process in experimental AF by conferring 
depletion of the cellular content of nicotinamide adenine dinucleotide (NAD+), an 
important component for cell function, as described in chapter 8. Tachypacing-induced 
functional loss of atrial cardiomyocytes is precipitated by excessive PARP1 activation in 
response to oxidative DNA damage [14]. PARP1-mediated synthesis of ADP ribose chains, 
in turn, depletes NAD+, induces further DNA damage and contractile dysfunction. 
Moreover, inhibition of PARP1 protects against tachypacing-induced NAD+ depletion, 
oxidative stress, DNA damage and contractile dysfunction in atrial cardiomyocytes and 
Drosophila. Consistently, cardiomyocytes of patients with persistent AF show significant 
DNA damage, which is correlated with PARP1 activation. The findings suggest that PARP1 
may represent a possible therapeutic target that may preserve cardiomyocyte function in 
clinical AF.  

In summary, we identified several additional novel key modulators in the derailment of 
proteostasis in AF. SR-mitochondrial contacts, class I (HDAC 3), class IIa (HDAC 5 and 
HDAC7) and PARP1 contribute to the derailment of proteostasis by inducing loss in SMCs, 
pathological fetal gene expression and metabolic remodeling, respectively. An overview of 
key modulators involved in the derailment of proteostasis in AF has been summarized in 
Figure 1.  
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Figure 1. An overview of novel modulators involved in the derailment of proteostasis in 
AF. Ageing, obesity, hypertension, diabetes and sedentary life style are known risk factors 
for AF. These risk factors, as well as AF, induce time-related progressive cardiomyocyte 
remodeling including electrical, structural and metabolic remodeling due to the derailment 
of proteostasis. When AF persists, derailment of proteostasis continues, including the 
disruption of microtubule network and loss of SR-mitochondrial contacts (SMCs), 
pathological gene expression by HDACs (HDAC3, HDAC5 and HDAC7), NAD+ depletion and 
DNA damage by PARP1 activation. Figure adapted from Brundel BJJM et al. Biochim 
Biophys Acta Mol Cell Res. 2019.[20]  

 

1.2 Novel biomarkers to stage AF 

More progressive AF stages are associated with therapy failure [21]. When a patient is 
diagnosed with AF, no effective diagnostic tool is available to stage AF, and as such the 
selection of the most suitable therapy is hampered. As a result, there is an urgent need to 
explore novel biomarkers for AF staging. 

Interestingly, AF is intimately linked with DNA damage in experimental AF models and in 
patients with persistent AF. Therefore, we explored whether oxidative DNA damage 
represents a potential biomarker to stage AF and predict AF recurrence and post-operative 
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AF (POAF) onset. In chapter 9 we describe that the level of 8-hydroxy-2′-deoxyguanosine 

(8-OHdG) is closely correlated to the stage of AF, as it gradually increases during 
progression of this arrhythmia. Furthermore, 8-OHdG associates with both AF recurrence 
after ablative treatment and POAF onset after cardiac surgery. Taken together, the level of 
8-OHdG may represent a potential diagnostic biomarker for AF staging as well as prediction 
of AF recurrence and POAF after treatment. 

New insights into the role of long non-coding RNAs (lncRNAs) in the pathophysiology 
underlying cardiovascular diseases opened up novel research in AF [22]. LncRNAs are a 
diverse group of non-coding RNAs, related to various transcriptional and post-
transcriptional roles and therefore sub-classified according to their functional properties 
[23]. Accumulating evidence showed that lncRNAs have been involved in the pathogenesis 
of AF [22, 24]. We explored the association between levels of three lncRNAs, OXCT1-AS1 
(Sarrah), urothelial carcinoma-associated 1 (UCA1) and the mitochondrial lncRNA 
uc022bqs.q (LIPCAR) and the degree of electrical conduction disorders in atrial tissue and 
serum samples of AF patients and controls in sinus rhythm, and found that Sarrah and UCA1 
are significantly increased in serum samples of PAF patients compared to controls. 
Interestingly, there is a strong correlation between Sarrah and UCA1 levels in serum 
samples of these patients, indicating that Sarrah and UCA1 may represent potentially 
combined markers to stage AF. Sarrah and LIPCAR levels were significantly reduced in RAAs 
of PAF patients, and significantly elevated in serum samples of PeAF patients, compared to 
sinus rhythm patients. Moreover, Sarrah atrial tissue and serum levels correlated 
significantly with the  voltage level and UCA1 atrial tissue levels significantly correlated with 
electrical conduction abnormalities. The findings indicate that Sarrah and UCA1 may 
represent markers to represent the degree of electropathology and stage the severity of 
AF. 

1.3 Novel therapeutic compounds directed at key modulators in AF 

Derailment of proteostasis is a key contributor to cardiomyocyte remodeling, and 
subsequently leads to contractile dysfunction and AF progression [2, 25]. However, present 
drug therapy for AF has moderate efficacy and important limitations in clinical practice, 
since it is only efficient for trigger-driven AF and thus cannot be applied to the majority of 
patients with substrate-mediated AF. Therefore, there is an urgent need to explore new 
pharmacological therapy that prevent or reverse cardiomyocyte remodeling in AF. 

HSP inducers to treat substrate-mediated AF 

HSP-inducing compounds are promising therapeutics to prevent AF progression by 
preserving proteostasis [26]. Currently, GGA represents the most promising compound for 
the pharmacological induction of HSPs [6, 8, 27]. In contrast to other HSP inducers, GGA is 
a non-toxic compound shown to induce 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 drug [28], and no serious 
adverse reactions have been reported [29, 30]. So far, the protective action of GGA*-59, 
the most potent GGA-derivative, has been established regarding electrical, structural and 
contractile remodeling in in vitro HL-1 and dog atrial cardiomyocytes and in in vivo 
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Drosophila and dog models for AF [9, 31]. Moreover, our lab also observed that GGA*-59 
accelerates recovery from tachypacing-induced contractile dysfunction in HL-1 
cardiomyocytes, and the protective effect of GGA*-59 is via restoration of microtubule 
network, by up-regulation of the α-tubulin mRNA levels, resulting in the recovery of the 
protein expression levels of both α-tubulin and acetylated α-tubulin. In addition, GGA also 
has beneficial effects in AF of different origin, as observed in AF induced by acute ischemia 
[32] The broad protective effects of GGA against AF-related derailment of proteostasis and 
atrial remodeling suggest that inducers of the heat shock response have substantial 
therapeutic value for clinical AF. Other HSP inducers such as L-glutamine, bimoclomol, 
atorvastatin, cyclosporine A, and dexamethasone, still need to be tested for their 
protective roles against AF-induced remodeling. Nevertheless, their therapeutic potential 
in other cardiac diseases, such as ischemic heart disease, have already been studied [33-
38]. Therefore, HSP-inducing compounds are interesting compounds to be tested in clinical 
AF.  

HDAC inhibitors in AF 

Research evidence shows that HDACs modulate cardiac proteostasis in AF by deacetylating 
various proteins, including nuclear histones, cytosolic structural and contractile proteins, 
thereby inducing pathological gene expression and/or affecting the function of structural 
and contractile proteins, respectively [10, 20, 39]. Therefore, HDAC inhibitors are promising 
pharmacological therapeutics to prevent AF progression. RGFP966, a specific HDAC3 
inhibitor, prevents contractile dysfunction in both tachypaced HL-1 cardiomyocytes and 
Drosophila prepupae [17]. MC1568 and Go6983, both boosters of nuclear localized HDAC5, 
attenuate contractile dysfunction in tachypaced HL-1 cardiomyocytes and Drosophila 
prepupae. Tubacin, an HDAC6 inhibitor, prevents α-tubulin degradation by calpain 1 and 
protects against cardiac remodeling in experimental models for AF [10]. In addition, 
tubastatin A, an HDAC6 inhibitor, protects against tachypacing-induced atrial electrical 
remodeling, and cellular Ca2+ handling, thereby attenuating contractile dysfunction and AF 
progression in a dog model for AF. So, these findings suggest that next to HDAC3 inhibitors 
and HDAC5 boosters also HDAC6 inhibitors may represent be a novel therapeutic approach 
in clinical AF [10].  

Stabilizers of SR-mitochondrial contacts in AF 

Alterations in and loss of SR and mitochondrial contacts (SMCs) induce cardiomyocyte 
dysfunction and AF progression [11]. Therefore, therapeutic interventions to stabilize 
interactions between the SR and mitochondria may conserve cardiac function and 
represent possible promising strategies to delay or prevent AF. A microtubule network is 
required to ensure close contact between SR, mitochondria, and (acetylated) microtubules 
[40]. We observed that AF results in reduced SMC contacts and preservation of microtubule 
network protects against SMC reduction, and attenuated mitochondrial dysfunction and 
AF promotion. Both taxol, a microtubule stabilizer, and tubacin, an HDAC6 inhibitor, 
attenuate tachypacing-induced reduction of SMCs and mitochondrial dysfunction in HL-1 
cardiomyocytes. In addition, mitochondrial dysfunction reduces acetylated microtubule 
levels due to impaired synthesis of acetyl-CoA, which provides the acetyl unit for 
microtubules, thereby promoting microtubule disruption [41, 42]. βOHB, the ATP-inducing 
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molecule and metabolic intermediate, also attenuates tachypacing-induced reduction of 
SMCs and mitochondrial dysfunction in HL-1 cardiomyocytes. These findings indicate that 
conservation of the microtubule-SMC link suppresses AF promotion in experimental model 
systems. Moreover, βOHB inhibits high glucose-induced reductions in SMCs and 
mitochondrial dysfunction in HL-1 cardiomyocyte and contractile dysfunction in Drosophila 
prepupa. This observation indicates that βOHB may be a therapeutic target to prevent 
diabetes mellitus-initiated AF promotion.  

PARP inhibitors and NAD+ supplementation in AF 

It has been identified that the prime role of DNA damage-PARP1-NAD+ axis in AF may apply 
to a wide variety of potential novel therapeutic approaches in AF [14]. In order to prevent 
AF-induced cardiomyocyte dysfunction and potential AF progression, several targets for 
drug treatment, including PARP inhibitors and NAD+ replenishment, are promising to the 
clinical practice. Several PARP inhibitors have recently been tested in clinical trials, such as 
olaparib in phase III clinical trials for the treatment of metastatic breast cancer and ABT-
888 in phase I/II clinical trials for the treatment of ovarian cancers presenting BRCA 
mutations [43, 44]. Our lab found that AF-induced DNA damage leads to PARP1 activation, 
and subsequently depletes NAD+ and induces further DNA damage and contractile 
dysfunction. While PARP1 inhibition with ABT-888 blocks NAD+ depletion, oxidative stress, 
DNA damage and contractile dysfunction in atrial HL-1 cardiomyocytes, adult rat atrial 
cardiomyocytes and Drosophila. Moreover, PARP1 inhibition also prevents derailment of 
electrophysiology and ion channel expression in atrial cardiomyocytes, indicating that AF 
progression may be prevented and reversed by PARP1 inhibition. In addition, another 
promising therapeutic strategy to prevent cardiomyocyte malfunction in AF due to energy 
failure is exogenous replenishment of NAD+ by its precursors niacin, nicotinamide and 
nicotinamide riboside [14, 45, 46]. NAD+ supplementation with nicotinamide also protects 
against tachypacing-induced contractile dysfunction, via preventing oxidative DNA damage 
and consequently PARP1 activation-induced NAD+ depletion [14]. The high translational 
potential and applicability in humans has been recently shown in an open-label 
pharmacokinetics study with nicotinamide ribose (niagen®, Chromadex Inc) in healthy 
subjects [46].  Here, niagen showed good up-take tolerance (even up to 2x 1000mg/day) 
and resulted in an increase in circulating NAD+ levels. Taken together, PARP1 inhibition or 
replenishment of the intracellular NAD+ pools may represent potential therapeutic options 
in AF.  

2. Microtubule network and SR-mitochondrial contacts 

Within the PQC, the endoplasmic reticulum (ER) and mitochondria play a critical role in the 
regulation of protein homeostasis and the maintenance of normal cellular function [11]. 
Under normal conditions, the crosstalk between SR, a muscle-specialized form of the ER, 
and mitochondria involves Ca2+ and energy (ATP) homeostasis, and both are crucial for 
normal cardiomyocyte contraction and relaxation [47]. The physiological interactions 
between the ER and mitochondria in the heart has been review in chapter 4.  

2.1 Crosstalk between microtubule and SR-mitochondrial contacts in the heart 



Chapter 11 

288 

 

In cardiomyocytes, the cytoskeleton is highly specialized and includes actin filaments, 
desmin (intermediate) filaments, and microtubules, and an intact cardiomyocyte 
cytoskeleton, especially microtubules. The cytoskeleton is of crucial importance for 
communication between the components of the proteostasis network [5]. It is known that 
α- and β-tubulin polymerize into dynamic microtubules, undergoing assembly/disassembly 
processes due to interchanges between its subunits [48]. Tubulins interact with actin 
filaments and desmin, and create a precise structural organization in cardiomyocytes. This 
organization is essential to sustain the cardiac contractile function, as well as for the 
regulation of energy supply and demand [49-52].  

In cardiomyocytes, about 70% of total tubulin is present in the polymerized form as 
microtubules, whereas 30% occurs as a non-polymerized cytosolic heterodimeric protein 
[53-55]. Many chemical agents that depolymerize microtubules can significantly change 
mitochondrial intracellular organization [52, 56]. Immunoprecipitation analysis has 
demonstrated direct association of tubulin with mitochondrial voltage-dependent anion-
selective channel (VDAC) [57], confirming the earlier suggestion of direct interconnections 
between microtubules and outer mitochondrial membrane [50].  

2.2 Novel implications of targeting microtubules and SMCs in AF 

Αlpha-tubulin is a key component of the microtubule network, and its acetylation 
influences microtubular composition and organization, thereby modulating Ca2+ signaling 
and contractility. Both ER and mitochondria move along the microtubule, and the 
positioning of mitochondria and ER in cells is dependent on microtubule network [58]. 
Therefore, microtubules may regulate the ER/SR-mitochondrial contacts, thereby 
maintaining normal function in cardiomyocyte. Previously our research group observed 
that AF can activate HDAC6, and HDAC6 activation induces α-tubulin deacetylation, and 
consequently contributes to microtubule disruption and contractile dysfunction in 
experimental AF models and in AF patients [10]. Therefore, the findings indicate that AF-
induced α-tubulin deacetylation and microtubule disruption can contribute to SMCs 
reduction and mitochondrial dysfunction in AF.  

In addition, we observed that AF induces loss of SMCs and mitochondrial dysfunction in HL-
1 cardiomyocytes, and supplementation with both the microtubule stabilizer taxol or 
acetyl-CoA inducer βOHB attenuates tachypacing-induced reduction of SMCs and 
mitochondrial dysfunction in HL-1 cardiomyocytes, indicating that microtubule-SMCs 
pathway may play a critical role in AF. Acetylation of α -tubulin is an important post-
translational modification that serves to stabilize microtubule network, and the transfer of 
its acetyl group relies on acetyl-CoA [41, 59]. Normal mitochondrial function is required to 
maintain cellular levels of acetyl-CoA, while mitochondrial damage and dysfunction 
reduces cytosolic acetyl-CoA, thereby promoting microtubule disruption [42]. Taken 
together, conservation of the microtubule-SMC suppresses AF promotion in experimental 
model systems, and also may represent a novel therapeutic option in AF.  

 

3. Novel implications of targeting PARPs and DNA damage in cardiac disease 
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3.1 The role of PARPs and DNA damage in cardiac disease 

PARPs constitute a family of six nuclear enzymes whose catalytic activity is dramatically 
stimulated on binding to single- and double-stranded DNA breaks (SSBs and DSBs, 
respectively), serving to recruit the DNA repair machinery by synthesis of poly(ADP-ribose) 
chains (PAR) [60]. PARP1 is a ubiquitously expressed enzyme that catalyzes the poly-(ADP-
ribosyl)-ation of acceptor proteins by using NAD+ as a substrate. It consists of an N-terminal 
DNA-binding domain, an automodification domain and a C-terminal catalytic domain. Upon 
detection of a DNA strand break, PARP1 binds to the DNA, cleaves NAD+ between 
nicotinamide and ribose and then modifies the DNA nuclear acceptor proteins by formation 
of a bond between the protein and the ADP-ribose residue [61]. During the synthesis of 
PAR chains, NAD+ is consumed by PARP via depleting cellular NAD+ and ATP pools [62].  

Interestingly, recent studies show that PARP-1 can act as a coactivator and corepressor of 
gene transcription, thereby regulating the production of inflammatory mediators in 
vascular endothelial cell  [63, 64]. In response to lipopolysaccharide or TNF-α exposure, the 
non-receptor tyrosine kinase c-Abl phosphorylates PARP1 at the conserved Y829 site. 
Tyrosine phosphorylation of PARP1 is required for PARP1 catalytic activity and NF-κB-
dependent pro-inflammatory gene regulation [65]. As the strength of stress stimulus 
increases, the levels of PARP1 activity and as a consequence PAR synthesis increase, leading 
to different cellular outcomes. Weak inflammation and DNA damage within vascular cells 
promote PARP1 activation and DNA repair [65-67]. Moderate and severe DNA damage 
induces caspase-dependent PARP cleavage, depletion of  NAD+ and accumulation of PAR, 
leading vascular cell apoptosis [68]. Moreover, PARP1 is involved in the regulation of the 
expression of proteins implicated in inflammation. PARP1 interacts with pro-inflammatory 
transcription factors such as nuclear factor-kappa B, nuclear factor of activated T cells, 
activator protein-1 (AP-1), Yin Yang 1 (YY1), and specificity protein 1 (SP1) [19, 69, 70]. 
PARP1 PARylates both subunits of NF-kB (p50 and p65) and can inhibit the ability of NF-kB 
to bind to DNA [71]. In addition, PARP1 is linked to the expression of pro-inflammatory 
cytokines (Interleukin (IL)-1, IL-6, IL-12, TNF-α, macrophage inflammatory protein 1 and 2), 
adhesion molecules (intercellular adhesion molecule 1 (ICAM-1)) and vascular cell adhesion 
molecule 1 (VCAM-1) [72-74]. PARP1 further participates in the activation of other essential 
pro-inflammatory signaling cascades, including JNK and p38 MAP-kinases  [70, 73, 75]. In 
contrast, deletion or inhibition of PARP1 results in an inhibitory effect on NF-kB activation 
and a decrease in the expression of pro-inflammatory mediators. 

It has been considered that the main physiological function of PARP-1 is involved in the 
regulation of nuclear DNA repair and maintenance of genomic integrity. Therefore, PARP 
activation in DNA repair, especially of PARP1, has been found to be involved in various 
cardiovascular diseases including AF, and both pharmacological and genetic inhibition of 
PARP1 provides significant benefits in experimental models of such cardiovascular 
disorders [19, 76, 77]. PARP1 activation contributes to the development of cardiomyocyte 
hypertrophy and fibrosis in the streptozotocin (STZ)-induced diabetic rat heart, and PARP 
inhibitor 3-aminobenzamide (ABA) protects against cardiac hypertrophy and fibrosis in the 
mice heart [77]. PARP1 inhibition provides protective effects against diabetic and 
angiotensin II-induced cardiomyopathy through activation of sirtuin 1-PGC-1α axis in mice 
[78]. Silencing PARP1 prevents hypoxia-induced cell injury in hypoxia-treated neonatal rat 
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cardiomyocytes [79]. Depletion of NAD+ levels and the subsequent reduction of Sir2α 
deacetylase activity are the sequential steps contributing to PARP-mediated cardiomyocyte 
cell death in both failing heart and cultured cardiomyocytes [62]. PARP1 inhibition can also 
alleviate cardiac fibrosis and improve cardiac function via downregulation of autophagy in 
rat models of myocardial infarction  [80]. In our lab, we observed PARP1 activation as a key 
process in experimental AF by conferring depletion of the cellular NAD+ content, an 
important component for cell function. Our results show that AF is associated with DNA 
damage and subsequent PARP1 activation [14]. Activated PARP1 synthesizes PAR and in 
turn consumes NAD+, resulting in functional loss in tachypaced cardiomyocytes and 
Drosophila. Accordingly, both inhibition of PARP1 and replenishment of NAD+ protect 
against tachypacing-induced NAD+ depletion, oxidative DNA damage and contractile 
dysfunction in atrial cardiomyocytes and Drosophila. In line with these findings, PARP1 is 
also activated in atrial tissue of (long-standing) persistent AF patients, which correlates 
with the level of DNA damage. Interestingly, we also found that baseline levels of the 
oxidative DNA damage marker 8-OHdG are gradually and significantly increased in more 
persistent stages of AF. Also, baseline 8-OHdG levels in patients with an AF recurrence after 
PVI treatment are significantly increased compared to patients without AF recurrence. The 
levels of 8-OHdG were sex independent in all studied groups, as described in chapter 9. 
Moreover, patients in SR undergoing cardiac surgery reveal elevated baseline levels of 8-
OHdG in case of POAF onset compared to patients without POAF. Thus, our findings 
indicate that 8-OHdG levels may have diagnostic value to stage AF, predict AF recurrence 
after PVI and post-cardiac surgery AF onset in patients. 

3.2 Crosstalk between PARPs and major proteostasis pathways 

As mentioned above, PARP1 activation resulted in depletion of NAD+ levels, which is a 
coenzyme in ATP production. Moreover, maintaining proteostasis is an ATP-dependent 
process in cells [81]. Therefore, PARP1 activation contributes to derailment of proteostasis 
via impairment of ATP production. Emerging evidence shows that PARPs are also vital for 
communication with major proteostasis pathways, especially HSPs and autophagy. 

Crosstalk between PARPs, DNA damage pathway and HSPs in cardiac disease 

HSPs constitute the cell's frontier system to ensure the production and persistence of 
functional and correctly folded proteins in cells [82]. Previous research has identified that 
the induction of the heat shock response provides protection against derailment of 
proteostasis [25, 26]. Increasing evidence shows that PARPs are involved in the regulation 
of HSP expression, and thereby prevent the development of cardiac disease. PARP1 
inhibition increases the level of HSP90 in the heart of spontaneously hypertensive rat, 
which results in decreased left ventricular hypertrophy, suggesting that PARP1 inhibition 
has a protective effect on hypertensive myocardial remodeling through modulation of HSPs 
in these rats [83]. PARP1, which can form a complex with heat shock factor 1 (HSF1) 
through the scaffold protein PARP13, also named the HSF1-PARP13-PARP1 complex. This 
complex has been identified to be involved in the heat shock response. The exact mode of 
action needs to be investigated. [84]. Moreover, HSP70 induction may inhibit PARP 
cleavage and DNA fragmentation in the cardiomyocytes under hypoxic stress, and as such 
may protect the heart against ischemic damage [85]. In addition, as DNA is a permanently 
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subject to damage, the interconnections between DNA repair proteins and HSPs may be 
key to maintain genome stability in cardiomyocytes. This role has been illustrated in cancer 
research, however, little is known in cardiac disease.  

Crosstalk between DNA damage, PARPs and autophagy  

Autophagy, a key regulator process in maintaining cellular homeostasis via lysosomal 
degradation, can become stimulated by different types of cellular stress, such as nutrient 
deprivation, hypoxia, reactive oxygen species (ROS), DNA damage, or ER stress. As such, 
autophagy promotes adaptation of the cell to the constantly changing and potentially 
hostile environment. PARPs are pivotal guardians in maintaining the integrity of the 
genome and trigger diverse kinds of metabolic strategies to escape from stress-induced 
adverse conditions. Several experimental studies in cancer diseases have demonstrated 
that there is an active connection between events that lead to DNA repair and the induction 
of autophagy  [86-88]. Interestingly, accumulating evidence shows that PARP1 has a critical 
role in activation of cardiomyocyte autophagy. PARP1 becomes activated in response to 
starvation-induced myocardial autophagy [89]. Once PARP1 has been activated, poly(ADP-
ribosyl)ation of PARP1 results in dissociation of histone H1 from Fork-head box O (FoxO)3a 
target gene promoter and consequently promotes FoxO3a nuclear accumulation and 
binding activity to the target promoters, finally resulting in increased expression of 
autophagy related genes [89]. Activated autophagy by PARP1 impairs mitochondrial 
metabolism and promotes cardiomyocyte death [89]. PARP1 inhibition attenuates 
autophagy, abrogates cardiac fibrosis and significantly improves cardiac function after 
myocardial infarction in a rat model [80]. Furthermore, silencing PARP1 inhibits TGF-β1-
induced proliferation, migration, and differentiation through regulation of autophagic 
levels in cultured cardiac fibroblasts. Silencing PARP1 also prevents hypoxia-induced 
apoptosis and excessive autophagy via the Akt/mTOR pathway in hypoxia-treated neonatal 
rat cardiomyocytes and H9c2 cells [79]. In addition, in response to oxidative stress, PARP 
inhibition may play a protective role against doxorubicin-induced cardiotoxicity in zebrafish 
and H9c2 cells by inhibiting ROS-mediated apoptotic and autophagic pathways [90]. Thus, 
these findings indicate a clear role for PARP1 to activate autophagy which can have a 
detrimental effect on cardiomyoycte function. Pharmacological inhibitors of PARPs may 
reveal beneficial effect via attenuation of autophagy in cardiac diseases. 

4. Novel implications by targeting epigenetics via HDACs in AF 

AF is the most common progressive tachyarrhythmia in clinical practice. In patients with 
long-term AF, fibrillatory episodes reveal both increased duration and frequency of 
occurrence relative to healthy controls in SR [91]. This is due to atrial electropathology, 
which is central to AF progression and defined as structural damage in atrilal tissue and 
cardiomyocytes which caused impraired electrical conduction [92, 93]. Atrial structural 
remodeling, as observed in animal models and clinical AF, includes myolysis, hypertrophy, 
dedifferentiation of cardiomyocytes, and fibrosis [20]. Recent findings indicate a role for 
HDACs in driving structural damage and AF. 

4.1 The role of HDACs in AF 
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Histone proteins have long N-terminal tails which act as sites for protein modifications such 
as acetylation, methylation, phosphorylation, ubiquitination, and sumoylation [94, 95]. 
One of best-studied post translational modifications is protein acetylation, which occurs at 
ε-amino groups of lysine residues on histone and non-histone proteins. HDACs catalyze the 
removal of acetyl-groups from lysine residues within nucleosomal histone tails and many 
non-histone proteins. Accumulating evidence shows that HDACs are key modulators in the 
regulation of electrical, structural and contractile remodeling in AF. Class I/II HDAC activity 
is linked with ion channel expression and action potential duration (APD) in atrial 
cardiomyocytes [96]. Global HDAC inhibition with trichostatin A (TSA) increases histone 
acetylation and prolongs APD90 in HL-1 atrial cardiomyocytes [96]. HDAC6 activation 
contributes to deacetylation of α-tubulin and AF promotion, causing disruption of the 
microtubule structure and consequently contractile dysfunction in HL-1 cardiomyocytes 
and dog atrial cardiomyocytes [10]. Moreover, HDAC6 inhibitor tubastatin A protects atrial 
tachypaced dogs from electric remodeling (APD shortening, L-type Ca2+ current reduction, 
AF promotion) and cellular Ca2+-handling/contractile dysfunction (loss of Ca2+ transient 
amplitude, sarcomere contractility). HDAC3 overexpression leads to contractile 
dysfunction, while HDAC3 inhibition prevents tachypacing-induced contractile dysfunction 
in both HL-1 and Drosophila models for AF. Conversely, both HDAC5 and HDAC7 
overexpression prevents tachypacing-induced CaT loss in HL-1 cardiomyocytes. In addition, 
AF induces HDAC5 phosphorylation and nuclear export, followed by up-regulation of MEF2-
regulated fetal genes expression, including β-MHC and BNP, which  finally leads to 
structural remodeling and AF progression.  

Interestingly, HDAC inhibitor TSA reverses established atrial fibrosis and inducible atrial 
arrhythmias without affecting cardiac chamber size, function, or hemodynamics in 
transgenic mice overexpressing the transcription factor homeodomain-only protein 
(HopxTg), a model of ventricular hypertrophy [97]. Moreover, class I HDAC inhibition with 
N-acetyldinaline [4-(acetylamino)-N-(2-aminophenyl) benzamide] (CI-994) also prevents 
atrial fibrosis and arrhythmia inducibility in Hopx transgenic mice with atrial remodeling 
and inducible AF [98]. These findings indicate that HDACs play a critical role in atrial 
remodeling and arrhythmias in animals with structural heart disease. Also pericardiotomy-
induced fibrosis and arrhythmogenis in pulmonary veins and the left atria of the rabbits, 
can be prevented by MPT0E014, a pan HDAC inhibitor, suggesting that HDAC inhibition may 
also modulate AF trigger and substrate in pericarditis [99]. 

4.2 Crosstalk between HDACs and major modulators within proteostasis pathways  

Loss of proteostasis creates a substrate for AF initiation and progression [2]. HDACs have 
recently been recognized as key modulators that control cardiac proteostasis by 
deacetylating various proteins [100]. By deacetylating chromatin proteins, including 
histones, HDACs modulate epigenetic regulation of pathological gene expression. Also, 
HDACs exert a broad range of functions outside the nucleus by deacetylating structural and 
contractile proteins [39]. Interestingly, emerging evidence shows that HDACs interact with 
HSPs and autophagy which are two major proteostasis pathways. 

Crosstalk between HDACs and HSPs in cardiac disease 
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HDACs have been involved in the regulation of pathological gene expression and as such 
initiate cardiac remodeling resulting in hypertrophy, ischemic heart disease, AF and heart 
failure [20]. Research evidence shows that the class I HDACs are pro-hypertrophic [101]. 
Among the class I HDACs, HDAC2 is activated by hypertrophic stimuli in association with 
the induction of HSP70 [102]. Hypertrophic stimuli including aortic banding, infusion of 
isoproterenol, angiotensin II, or extensive swimming induced the expression of HSP70, 
followed by HDAC2 activation in mice. In line, HSP70 knockout (KO) mice revealed 
attenuation of cardiac hypertrophy and HDAC2 activation [102]. Moreover, heat shock-
induced HDAC2 activation was blunted in the cardiomyocytes isolated from HSP70 KO 
mice, indicating interaction between HSP70 and HDAC2. In addition, HSP70 specifically 
binds to phosphorylated HDAC2 and maintains its phosphorylation status, which results in 
HDAC2 activation and the development of cardiac hypertrophy [103]. These findings 
suggest that inhibition of HSP70/HDAC2 complex may represent a possible therapeutic 
option for prevention of cardiac hypertrophy. Another study also identified that Mrj, a DnaJ 
(HSP40) superfamily member, blocked calcineurin-induced cardiomyocyte hypertrophic 
growth in an HDAC-dependent manner [104]. Interestingly, ischemia/reperfusion 
decreased SIRT1 activity and reduced NAD+ content via a transient upregulation of SIRT1 
and downregulation of SIRT6 expression, resulting in cardiomyocyte apoptosis [105]. 
Therefore, the crosstalk between HDACs and HSPs protects the heart from apoptosis 
during ischemia/reperfusion and this interaction may reveal novel druggable targets for 
therapeutic interventions. However, little is known of the role of crosstalk between HDACs 
and HSPs in AF. 

Crosstalk between HDACs and autophagy in cardiac disease 

Among various safeguards within the proteostasis system, autophagy is a vital cellular 
process that modulates clearance of misfolded and proteotoxic proteins from 
cardiomyocytes. The role of autophagy in the heart and cardiac disease has been review in 
detailed in chapter 3. Accumulating research findings indicate that the crosstalk between 
HDACs and autophagy has been involved in cardiac disease. The FDA-approved anticancer 
HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA, vorinostat) has been shown to 
induce cardiomyocyte autophagy and reduce myocardial infarct size in an 
ischemia/reperfusion rabbit model [106]. In this model, SAHA prevents mitochondrial 
dysfunction and loss, and reduces myocardial ROS production when given before or after 
the ischemic event [107]. Diabetes mellitus impairs cardiac autophagy and is associated 
with an accumulation of cytotoxic proteins that may provoke cardiomyocyte apoptosis [5, 
108]. The pan HDAC inhibitor, MPT0E014, improves cardiac function by increasing 
myocardial autophagy and inflammation in type 2 diabetes mellitus rats treated with a high 
fat diet (60% fat) and low dose streptozotocin (35 mg/kg) [109]. Myocardial infarction was 
associated with impaired autophagic flux, characteristic of increased LC3B-II expression 
and the accumulation of autophagy adaptor protein p62. The inhibition of HDACs with 
trichostatin A, restores myocardial infarction-induced impaired autophagic flux, and 
thereby attenuates cardiac remodeling and improves ventricular function in a mouse 
myocardial infarction model [110]. Interestingly, it has been observed that excessive 
activation of autophagy may result in cardiomyocyte impairment and myolysis in 
experimental AF models and clinical AF, and class I and class IIa HDACs play a converse role 
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in the progression of AF [12, 17]. Whether crosstalk between HDACs and autophagy is 
present in AF has not been studied so far, but may be of interest to reveal a beneficial or 
detrimental effect in AF. 

5. Conclusion and future perspectives 

In summary, this thesis describes several novel key modulators of proteostasis derailment, 
including HDAC3, HDAC5, HDAC7, SMCs and PARP1, to be involved in the arrhythmogenesis 
of AF. Targeting of these modulators with compounds l protect against AF progression in 
experimental AF model systems. In addition, these modulators may also represent 
biomarkers to stage AF as oxidative DNA damage marker 8-OHdG and circulating lncRNAs 
associate with the stage of AF.  

Targeting of key modulators by genetic or pharmacological intervention, reveals protective 
effects against AF promotion in HL-1 atrial cardiomyocyte and Drosophila. However, drug 
testing in clinical AF requires an additional step: application of the compound in larger 
animal models for AF. In addition, accumulating evidence shows that these key modulators 
may interplay with several major proteostasis pathways in AF. Therefore, additional 
mechanistic studies are required to study the interplay between key proteostasis pathways 
and their effect on  AF onset and progression.  

Also, to obtain more conclusive data on the identified biomarkers to stage AF and predict 
AF recurrence after treatment, large-scale prospective trials are warranted. In addition, in 
order to further improve the diagnostic power of biomarkers, it may be helpful to combine 
these biomarkers with additional AF-related markers.  
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