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ABSTRACT
Atrial fibrillation (AF) is the most common age-related cardiac arrhythmia. It is a 
progressive disease, which makes treatment difficult. The progression of AF is caused 
by the accumulation of damage in cardiomyocytes, which makes the atria more 
vulnerable for AF. Especially structural remodeling and electrical remodeling, together 
called electropathology, are sustainable in the atria and impair functional recovery to 
sinus rhythm after cardioversion. 
The exact electropathological mechanisms underlying persistence of AF are at present 
unknown. High resolution wavemapping studies in patients with different types of 
AF showed that longitudinal dissociation in conduction and epicardial breakthrough 
were the key elements of the substrate of longstanding persistent AF. A double layer 
of electrically dissociated waves propagating transmurally can explain persistence of 
AF (Double Layer Hypothesis) but the molecular mechanism is unknown. Derailment 
of proteostasis – defined as the homeostasis in protein synthesis, folding, assembly, 
trafficking, guidance by chaperones and clearance by protein degradation systems – 
may play an important role in remodeling of the cardiomyocyte. As current therapies 
are not effective in attenuating AF progression, step-by-step analysis of this process, 
in order to identify potential targets for drug therapy, is essential. In addition, novel 
mapping approaches enabling assessment of the degree of electropathology in the 
individual patient are mandatory to develop patient-tailored therapies. The aims of 
this review are to 1) summarize current knowledge of the electrical and molecular 
mechanisms underlying AF, 2) discuss the shortcomings of present diagnostic 
instruments and therapeutic options and 3) to present potential novel diagnostic tools 
and therapeutic targets.
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INTRODUCTION
The first electrocardiogram (ECG) of atrial fibrillation (AF) was recorded by Einthoven in 
1906.1 Nowadays, AF is one of the most common arrhythmias with a prevalence varying 
from <0.1% to >12% in the elderly, which is expected to be doubled in patients over 55 
years by 2060.2,3 AF is originally known as a disease of the aging population. However, 
an increasing prevalence is seen in young adults, especially in endurance athletes4 and 
patients with congenital heart disease.5 Hence, a continuous rise in the number of AF-
associated hospitalizations and healthcare costs is to be expected.6 Several treatment 
modalities have been developed, but all are associated with high recurrence rates or 
negative side effects. The aims of this review are to 1) summarize current knowledge of 
the electrical and molecular mechanisms underlying AF, 2) discuss the shortcomings 
of present diagnostic instruments and therapeutic options and 3) to present potential 
novel diagnostic tools and targets for future therapy.

Deficiencies in Diagnostic Tools of Atrial Fibrillation
AF is usually diagnosed by a surface ECG or Holter recording. However, diagnosis of 
new onset, paroxysmal or asymptomatic AF can be challenging. An ECG only captures 
several seconds of the heart rhythm and episodes of AF can therefore be easily missed. 
The use of long-term ambulatory electrocardiography devices or implantable loop 
recorders increases the chance of detecting AF paroxysms. In addition, these devices 
also allow determination of the total duration of all AF episodes within a specific time 
frame, the so-called AF burden. However, electrocardiographic recordings do not provide 
any information on the mechanism underlying AF. Recent studies7-10 suggest that body 
surface mapping arrays, containing 252 electrodes, may be useful to identify driver 
regions in patients with AF. Yet, none of the currently available recording techniques 
can determine the degree and extensiveness of atrial electropathology. Hence, when 
a patient presents with AF, we have no diagnostic tool available for evaluating the 
mechanism underlying AF and determining the stage of the disease at any time in the 
process.

Mechanisms of Atrial Fibrillation: from past to the present 
Experiments performed by Gordon Moe11 nearly 60 years ago provided the basis for 
the ongoing debate on the underlying cause for AF. In isolated canine atria, he showed 
that AF could be due to either fibrillatory conduction (AF caused by an ectopic focus 
with a high frequency discharge resulting in non-uniform excitation of the atria) or true 
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fibrillation (AF persists independently from the site where it was initiated). In 1959, 
Moe11 introduced the so-called Multiple Wavelet Hypothesis which further described 
the features of true fibrillation. In this hypothesis, Moe postulated that persistence of 
AF depended on the average number of wavelets. With the total number of wavelets 
being increased, the probability of extinguishment and thus termination of AF would 
become smaller. Twenty-six years later, Allessie et al.12 performed the first experimental 
evaluation of Moe’s Multiple Wavelet Hypothesis. In a canine right atrium, during 0.5 
second of acutely induced AF, he demonstrated in series of consecutive excitation 
maps that there was a continuous beat-to-beat change in activation pattern. The 
critical number of wavelets in both right and left atria necessary to perpetuate AF was 
estimated to be between three and six. Ever since, numerous experimental and clinical 
mapping studies,11,13-21 reporting on perpetuation of AF, are supportive on either a focal 
(repetitive ectopic discharges) or re-entrant mechanism (mother-wave, rotor, multiple 
wavelets). In the past years, most clinical studies reported on the presence of rotors in 
patients with various types of AF.20

Electropathology associated with persistence of atrial 
fibrillation
High-resolution wavemapping studies22 of AF in patients with valvular heart disease 
and longlasting persistent AF demonstrated that a large proportion of fibrillation waves 
were so-called focal waves. These waves appeared in the middle of the mapping area 
and could not be explained by fibrillation waves propagating in the epicardial plane. 
Focal fibrillation waves appeared scattered throughout the mapping area and were 
not repetitive (Figure 1). The coupling interval was longer than the dominant AF cycle 
length, and unipolar electrograms at the epicardial origin of these waves exhibited 
R-waves.22 Hence, characteristics of these focal fibrillation waves strongly suggest 
that they originated from endo-epicardial breakthrough. These findings were supported 
by a report from Lee et al.23 who observed that more than one third of the fibrillation 
waves in patients with persistent AF were of ‘focal’ origin without any area sustaining 
focal activity. Based on our observations, we recently introduced a new mechanism 
explaining persistence of AF independently of the presence of foci or re-entrant 
circuits in our Double Layer Hypothesis.22,24 The “Double Layer Hypothesis” states 
that the substrate of longstanding persistent AF in humans is caused by progressive 
endo-epicardial dissociation, transforming the atria into an electrical double layer of 
dissociated waves that constantly ‘feed’ each other (Figure 1). Whereas in patients 
with short-lasting episodes of AF, the endo- and epicardial layers are still activated 
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synchronously, in patients with longstanding persistent AF, the endo- and epicardial 
layers of the atrial wall are activated asynchronously.  Over time, due to electrical and 
structural remodeling of the atria, the atrial wall is gradually transformed into a double 
layer of narrow anatomically delineated pathways. The exact molecular mechanisms 
underlying electrical dissociation are, however, unknown.

Figure 1 Epicardial breakthrough. Upper panel: Beat-to-beat variation in spatiotemporal distribution of  
epicardial breakthrough waves (‘focal waves’) during 6 seconds of  persistent AF in a small area of 1.25 X 
1.25cm between the pulmonary veins. Each asterisk indicates a breakthrough site. The large map shows 
all 55 epicardial breakthroughs sites. The size of the asterisk is proportional to the number of  epicardial 
breakthroughs occurring at that site. The breakthrough map demonstrates a wide distribution of these 
focal waves; none of these breakthrough waves occurred, however, repetitively. Lower panel: schematic 
presentation of excitation of the endo- and epicardial layer explaining how transmural conduction from the 
endocardium to the epicardium gives rise to an epicardial breakthrough wave. Hence, the endocardial layer 
serves in this case as a source for ‘new’ fibrillation waves in the epicardial layer22.

Molecular mechanisms underlying Electropathology AF
As mentioned above, AF is a progressive disease, which can be explained by the fact 
that AF itself induces alterations in both function and structure of the cardiomyocyte. 
These alterations induce an arrhythmogenic substrate which facilitates perpetuation 
of AF episodes.25
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During the last decennia, various researchers aimed to identify the molecular 
mechanisms that underlie cardiomyocyte remodeling and AF progression. Although 
several pathways, especially related to ion channel remodeling, have been described, 
the exact molecular mechanisms driving AF remodeling and progression are still 
unidentified. The general concept is that during AF, cardiomyocytes are subjected to 
rapid and irregular excitation causing calcium overload in the cells, which leads to 
fast and reversible electrical remodeling and slower, irreversible structural remodeling 
(Figure 2). The cardiomyocyte responds to a calcium overload by the functional 
downregulation of L-type Ca2+-current channels, which causes the shortening of 
action potential duration (APD) and electrical remodeling, thereby providing a further 
substrate for AF.26-30 Also, several other ion channel currents are affected, either on the 
expression level or phosphorylation and redox status.31-33 In addition, various kinases 
and phosphatases become activated and regulate the function of ion channels and 
other downstream target proteins, for example transcriptions factors, various calcium 
handling proteins (such as RyR2, Sarcoplasmic Reticulum Ca2+-ATPase (SERCA) or 
Na+/Ca2+-exchanger) and the actin cytoskeleton.34-38 

When AF persists beyond a few days, irreversible structural remodeling occurs, 
especially hibernation39 (Figure 2). Various research groups39-41 showed that hibernation 
is a form of tissue adaptation. It is defined as the ability of the cardiomyocytes to 
turn into a non-functional phenotype featuring irreversible degradation of the myofibril 
structure (myolysis), which leads to loss of atrial contraction.
While the early electrical remodeling is reversible30 a ‘second factor’ underlies the 
persistence of AF, having a time course comparable to AF-induced structural changes 
(hibernation/myolysis) in the atrial cardiomyocytes.42 Thus, the prevention of structural 
remodeling represents a key target to attenuate cardiomyocyte remodeling and 
dysfunction and may improve the outcome of (electrical) cardioversion to normal sinus 
rhythm. We have strong indications that derailment of proteostasis represents this 
‘second factor’ that underlies AF progression.38,39,43-46

Derailed proteostasis: novel concept of cardiomyocyte 
remodeling
Proteostasis is defined as the homeostasis in protein synthesis, folding, assembly, 
trafficking, guidance by chaperones and clearance by protein degradation systems.47-50 
Healthy proteostasis is controlled by an exquisitely regulated network of molecular 
components and cellular pathways, the protein quality control (PQC) system.47,51 Cells, 
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including cardiomyocytes, are very sensitive to changes in the intra- and extracellular 
environment, induced by stressors, including AF. Stressors can cause derailment in the 
proteostasis by altering the stability of proteins, leading to protein damage, unfolding 
and breakdown, as observed for cardiac troponins and structural proteins.38,43 In the 
heart, various chaperones, especially Heat Shock Proteins (HSPs), are expressed 
to ensure a healthy cardiomyocyte proteostasis and optimal function of the heart. 
For example, HSP27, cvHSP, HSP20 and HSP22 are important members of the PQC 
system and attenuate derailment of proteostasis in AF by assisting in the refolding of 
unfolded proteins,38,51 prevention of AF-induced damage to contractile proteins44,52 and 
attenuation of protein breakdown.43 In this way, HSPs normalize the proteostasis and 
protect the cardiomyocyte against remodeling and AF progression.

Figure 2 Overview of AF-induced cardiomyocyte remodeling. AF induces time-related progressive 
remodeling. First, AF causes a stressful cellular Ca2+ overload, which results in a direct inhibition of the 
L-type Ca2+-channel, shortening of action potential duration and contractile dysfunction. These changes have 
an early onset and are reversible. The early processes protect the cardiomyocyte against Ca2+ overload but at 
the expense of creating a substrate for persistent AF. When AF persists, derailment of proteostasis occurs, 
which results in microtubule disruption, cytoskeletal changes, and degradation of proteins. The targets 
involved in proteostasis are RhoA/ROCK, HDAC6 and calpain. In addition, HSP induction has been found to 
counteract these targets. Derailment of proteostasis results in structural remodeling, myolysis/hibernation, 
and consequently impaired contractile function and AF persistence. Thus, drugs that normalize proteostasis 
via inhibition of RhoA/ROCK, calpain, and HDAC6, but also via induction of cardioprotective HSPs are of 
therapeutic interest for future treatment of clinical AF.
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Molecular pathways underlying derailed proteostasis
Recently, several molecular pathways were found to induce derailment of proteostasis. 
These pathways include the persistent activation of calpain, activation of the RhoA/
ROCK pathway and the activation of HDAC6. 
Investigators found proof for a role of persistent activation of the calcium overload-
induced protease calpain to underlie impairment of proteostasis and AF progression 
in experimental cardiomyocyte and Drosophila model systems for AF,43,52,53 but also in 
human permanent AF.39 In experimental studies it was observed that calpain activation 
causes the degradation of contractile and structural proteins, and subsequently 
contributes to structural cardiomyocyte remodeling (myolysis), cardiomyocyte 
dysfunction and AF progression.43,53 The role of calpain was confirmed in human 
AF. Here, a significant induction in calpain activation was observed in patients with 
permanent AF compared to patients with paroxysmal AF and controls in sinus rhythm.39 
Furthermore, patients with permanent AF revealed induced amounts of myolysis, which 
correlated significantly with calpain activity levels, suggesting a role for calpain in 
derailment of cardiomyocyte proteostasis, structural remodeling and AF progression. 
Also, during AF, RhoA-GTPases are activated. RhoA-GTPases represent a family 
of small GTP-binding proteins that are involved in cell cytoskeleton organization, 
migration, transcription and proliferation. They have an important role as regulators 
of the actin cytoskeleton in cardiomyocytes54 and trigger the initiation of AF.55,56 RhoA-
GTPases activation results in conduction disturbances and cardiac dysfunction.57,58 
Recent studies38 revealed that in AF, RhoA-GTPase becomes activated, resulting in the 
activation of its downstream effector ROCK and thereby stimulate the polymerization 
of G-actin to filamentous F-actin stress bundles. These stress bundles impair calcium 
homeostasis and contribute to contractile dysfunction, cardiomyocyte remodeling and 
AF progression.38

Furthermore, it was recently found that histone deacetylases (HDACs), such as HDAC6, 
are implicated in AF-induced cardiomyocyte remodeling.43 HDACs affect cardiomyocyte 
proteostasis by epigenetically regulating protein expression and modulating various 
cytoplasmic proteins, including α-tubulin, a structural protein from the microtubule 
network.59-61 By using mutant constructs, AF-induced contractile dysfunction and 
structural remodeling was proven to be driven by HDAC6 via de-acetylation of α-tubulin 
and finally breakdown of microtubules by calpain. This effect of HDAC6 was observed in 
tachypaced HL-1 atrial cardiomyocytes, Drosophila, dogs and confirmed in patients with 
permanent AF.43 HDAC6 inhibition by tubacin conserved the microtubule homeostasis 
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and prevented depolymerized α-tubulin from calpain-mediated degradation. These 
results indicate a key role for HDAC6 in the derailment of cardiomyocyte proteostasis 
in experimental and clinical AF. 
So, three key pathways in AF-induced structural and functional remodeling have been 
identified, and all these pathways impair a healthy proteostasis of the cardiomyocyte.

Induction of HSPs normalize proteostasis
To maintain a good functioning PQC system, numerous chaperones are expressed to 
ensure a healthy cardiomyocyte proteostasis.38 HSPs are generally under the control 
of heat shock transcription factor 1 (HSF1) and represent important chaperones in 
proteostatic control.47,62 During excessive stress situations, such as AF, HSP levels 
were found to become exhausted.44 This finding suggests that upregulation of HSP 
levels might normalize proteostasis and improve cardiomyocyte function in AF. 
In clinical studies, induced HSP levels are associated with protection against AF 
initiation and progression. HSP70 atrial expression levels were found to correlate with 
reduced incidence of post-operative AF in patients in sinus rhythm undergoing cardiac 
surgery.63,64 In another clinical study,65 a potent Heat Shock Response (HSR) and high 
HSP27 levels have been associated with restoration of normal sinus rhythm in patients 
with permanent AF after mitral valve surgery. Higher atrial HSP27 levels were found to 
be related to shorter AF duration and less myolysis when comparing paroxysmal versus 
persistent AF and sinus rhythm.44,66 These findings suggest that HSPs become activated 
after AF episodes and exhaust in time in a stress-related manner.44 Consequently, 
PQC is lost and incorrect/damaged proteins accumulate in cardiomyocytes, inducing 
or accelerating remodeling, in turn resulting in AF progression and recurrence. Next 
to AF, also a loss of PQC is recognized to contribute to the deterioration of heart 
function, reduction of stress tolerance and the possibility of reducing the threshold for 
manifestation of cardiac disease.67 
Various in vitro and in vivo models for tachypacing-induced AF identified HSPs to protect 
against AF initiation and against the derailment of proteostasis and cardiomyocyte 
remodeling. HSPs increase SERCA activity and stimulate both the reuptake of Ca2+ into 
the sarcoplasmic reticulum and the removal of Ca2+ out of the cardiomyocyte via the 
Na+/Ca2+-exchanger,68 suggesting that HSPs attenuate AF progression by protecting 
against (tachypacing-induced) changes in calcium-handling proteins. Several HSPs 
(including HSP27) were shown to reduce oxidative stress, thereby potentially preventing 
or restoring the redox status of the ion channels69 and preventing damage to the actin 

1
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cytoskeleton. This protective effect of HSP27 was found via direct binding to actin 
filaments and indirectly by preserving the redox status.43,44,70-73 Reducing oxidative 
stress preserves proteostasis and electrophysiological and contractile function of 
the cardiomyocyte in AF. Moreover, HSPs prevent calpain activation39,53 and, thereby, 
attenuate contractile protein degradation and contractile dysfunction. 

Deficiencies of Present Therapy of Atrial Fibrillation
Therapy of AF is aimed at either rhythm or rate control. Since AF induces electrical, 
structural and contractile remodeling, therapy aimed at prevention or restoration of 
remodeling and consequently restoration of sinus rhythm should be the strategy of 
first choice.74 The different AF treatment modalities include pharmacological therapy, 
electrical cardioversion (ECV), pacemaker implantation combined with His bundle 
ablation or surgical isolation of the pulmonary veins with or without additional linear 
lesions/substrate modification (endovascular or surgical). According to the Multiple 
Wavelet Theory, the stability of the fibrillatory process is determined by the number of 
simultaneously circulating wavelets. Anti-fibrillatory effects of class IA, IC and III drugs 
are based on widening of the excitable period (difference between AF cycle length and 
refractory period). When the excitable period widens, it is less likely that a fibrillation 
wave encounters atrial tissue, which is still refractory. This in turn decreases the degree 
of fractionation of fibrillation waves and subsequently also the number of fibrillation 
waves. It is most likely that, when patients with AF have a variable degree of remodeling 
due to e.g. dissimilar underlying heart diseases or AF episodes of different durations, 
anti-arrhythmic drugs will also widen the excitable gap to a variable degree. This, in 
turn, may explain differences in inter-individual responses to anti-arrhythmic drugs. 
The acute success rate of intravenous chemical cardioversion (CCV), using various 
drugs including amiodarone and flecainide, is 58-75%75,76 for patients with paroxysmal 
or persistent AF and is highest when performed in AF <48 hours.76 Immediate (prior to 
discharge) AF recurrences were observed in 3% and AF relapsed in 30-40% of patients 
within one year with continuation of anti-arrhythmic drugs.76 When CCV is unsuccessful, 
ECV is next treatment in line. Immediate restoration of sinus rhythm is achieved in 88-
97%.76-78 Comparable to CCV, AF recurrences are common; sinus rhythm is maintained 
for one year in only 40-60% of the patients. 
Circumferential Pulmonary Vein Isolation (PVI), endovascular or surgical, is aimed 
at isolating ectopic foci within the myocardial sleeves of the pulmonary veins. 
Endovascular PVI can be achieved with radiofrequency current, laser or cryothermal 
energy. Navigation of the ablation catheters can be performed either manually guided 
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by fluoroscopy or electro-anatomical mapping systems, or robotically using remote 
(non-) magnetic navigation systems.79-81 Despite the promising acute success rates, 
one year AF free survival is approximately 40-50% and redo ablations are frequently 
performed.79-82 This data is confirmed in a large meta-analysis by Ganesan et al.83 In 
this study, the long-term success rate increased to 79.8%, however, only after multiple 
ablation procedures. The overall complication rate associated with endovascular AF 
ablation is 5%, including phrenic nerve palsy, pulmonary vein stenosis, pericardial 
effusion and cardiac tamponade.82,84 From a theoretical point of view, PVI should be an 
effective treatment modality for patients with paroxysms of AF triggered by ectopic foci 
within the pulmonary veins. Recurrences of AF after pulmonary vein isolation can be 
due to incompleteness of circular lesions, conduction or an arrhythmogenic substrate 
located outside the pulmonary veins.85 In addition, an arrhythmogenic substrate may 
also develop over time as a result of a progressive cardiomyopathy.

Figure 3 Intra-individual variation in electrogram morphology. Typical examples of unipolar fibrillation 
electrograms recorded from the middle of, respectively, the right atrial appendage (RA), Bachmann’s Bundle 
(BB) and the pulmonary vein area (PV), obtained from a patient with mitral valve disease and persistent AF. In 
the right atrium, the fibrillation potentials contain a single deflection whereas fibrillation potentials recorded 
from Bachmann’s Bundle and the pulmonary vein area contain multiple deflections.

Different ablation approaches targeting the assumed substrate of AF have therefore 
been developed in the past years,85 including ablation of ganglionated autonomic 
plexuses in epicardial fat pads or disruption of dominant rotors in the left or right 
atrium as recognized by high-frequency Complex Fractionated Atrial Electrograms 
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(CFAE).86 Wu et al.87 concluded in a meta-analysis that CFAE ablation could reduce 
the recurrence of atrial tachycardia in patients with nonparoxysmal AF after a single 
procedure. This effect was not observed in patients with paroxysmal AF. The reported 
one year AF free survival after the first CFAE ablation is only 29% when performed as a 
standalone procedure86 and 74% in CFAE ablation additional to PVI.86,88 Endovascular 
ablation of the ganglionic plexi as a standalone procedure in patients with paroxysmal 
AF is associated with a significantly lower arrhythmia free survival when compared to 
the PVI.89,90 When performed additionally to (repeat) PVI in patients with persistent AF, 
16 months success rate rises to 59%.90 The recurrence rates of these (concomitant) 
substrate modifications are thus high, indicating that the arrhythmogenic substrate 
underlying persistence of AF was still not fully understood. Our Double Layer 
Hypothesis22,24 provides the explanation why, in case the endo- and epicardial layers 
are electrically dissociated, ablative therapy is not successful anymore.

Figure 4 Inter-individual variation in characteristics of fibrillation waves. Examples of six consecutive 
wavemaps obtained from the right atrial free wall constructed during acute AF (upper panel) and persistent 
AF (lower panel); unipolar fibrillation electrograms recorded in the middle of the mapping area are shown on 
top. 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 acute 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.
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Future Diagnostic Tools
As large numbers of disorders are associated with AF and patients with AF reveal AF 
episodes of variable duration, it is most likely that there is a large degree of variation 
in the degree of atrial remodeling. In addition to this, within a patient, it is also likely 
that there is intra-atrial variation in the degree of remodeling. Examples of regional 
differences in morphology of unipolar fibrillation potentials are shown in Figure 3. 
Hence, knowledge of the degree and extensiveness of the arrhythmogenic substrate 
in the individual patient is essential in order to evaluate a patient-tailored therapy for 
AF. For this purpose, we developed custom made mapping software (‘wave mapping’) 

which enabled visualization of the individual fibrillation waves and quantification of 
the fibrillatory process. By using this software, we compared electrophysiological 
properties of fibrillation waves recorded during induced AF in patients with normal 
atria (physiological AF), with persistent AF in patients with valvular heart disease 

Figure 5 Atrial epicardial mapping. Activation-, conduction block-, and voltage maps constructed from 
Bachmann’s Bundle, right atrium, crista terminalis, pulmonary vein area, left atrioventricular groove and left 
atrial appendage during sinus rhythm, obtained from a patient with coronary artery disease. Electrograms 
recorded from the middle of the mapping area are shown on top. Arrows in the color-coded activation maps 
show the main trajectory of the excitation wave. Areas of slow conduction (<18cm/s) and conduction block 
(<30cm/s) are represented by respectively blue and red lines. Voltage maps show the peak-to-peak amplitude 
of the atrial potentials.
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(pathological AF) and demonstrated that electrical dissociation of atrial muscle 
bundles and epicardial breakthrough of fibrillation waves play a key role in development 
of the substrate of persistent AF (Figure 4).24 In order to diagnose the arrhythmogenic 
substrate of AF in individual patients, we are currently evaluating a real-time, high 
resolution, multi-site epicardial mapping approach of the entire atria (Figure 5) as 
a novel diagnostic tool which can be applied as a routine procedure during cardiac 
surgery. An approach like this allows quantification of electrophysiological properties 
of the entire atria. In such manner, we study electropathology throughout the entire 
atria in patients with and without AF and with a diversity of underlying structural heart 
diseases. This novel mapping approach will not only be used to gain further insights 
into the arrhythmogenic substrate of AF, but will also be used to develop novel therapies 
or to improve existing treatment modalities. For example, it may guide ablative therapy 
when the arrhythmogenic substrate is confined to a circumscribed region. In addition, 
data acquired with this mapping approach will also provide the basis for development 
of less- or non-invasive mapping techniques.

The future: Novel therapeutic targets
Current therapies are directed at suppression of AF symptoms, but are not effective in 
attenuating AF remodeling. Therefore, there is a high need to identify novel therapeutic 
targets which will improve the clinical outcome. Novel targets include RhoA, calpain 
and HDAC6 inhibition, but also HSP induction. Recent studies revealed the important 
role of the RhoA/ROCK pathway activation in structural remodeling of cardiomyocytes 
during AF.38 To maintain proper cardiac function, RhoA/ROCK inhibitors might be of 
therapeutic interest. Several RhoA and ROCK inhibitors have been developed. RhoA 
inhibitors CCG-1423 and Rhosin are studied in the preclinical phase.91,92 Fasudil, 
Ezetimibe and AR-12286 are ROCK inhibitors currently studied in Phase II-IV trials for 
Raynaud’s phenomenon, vascular function study, atherosclerosis and glaucoma (Table 
1).
Calpain activation during AF causes the degradation of contractile and structural 
proteins, resulting in myolysis.38,39,43 In vitro studies showed that inhibitors of calpain 
conserve the cardiomyocyte structure and function and therefore might have beneficial 
effects in the treatment of AF.43,53 Various calpain inhibitors have been developed and 
preclinically studied. Disadvantages of the current developed inhibitors are that they 
show poor selectivity for subtypes of calpain and often have a high LogP value and, 
therefore, are hard to dissolve in aqueous solutions.93 
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HDAC6 inhibition, by tubacin, conserves α-tubulin proteostasis and prevents its 
degradation by calpain, thereby protecting against loss of calcium transient and 
cardiac remodeling in experimental model systems for AF. As tubacin is not suitable 
for in vivo studies due to low drug-likeness,94 other promising HDAC6 inhibitors, such 
as tubastatin A and ACY-1215, have been recently developed (Table 1).94-96 Interestingly, 
tubastatin A showed to protect against tachypacing-induced cardiac remodeling in a 
canine model for AF,52 supporting the use of HDAC6 inhibitors as a novel therapeutic 
approach in AF.
Promoting maintenance of proteostasis by revitalization of the PQC system may 
prevent the derailment of proteostasis and structural and functional remodeling in AF. 
Interestingly, the heat shock response as part of the PQC system can be pharmacologically 
boosted, and, consequently, cardiac remodeling may be prevented, halted or even be 
restored. Indeed, as depicted earlier, increasing HSP expression, by either pharmacologic 
compounds or molecular biological means, displays cardioprotective effects in various 
models for AF and in patients. HSP induction provided protection against loss of actin 
proteostasis by reducing RhoA-GTPase-induced remodeling38 and against activation of 
calpain.38,43,44,46,52,53 Furthermore, in canine models for AF progression, treatment with 
geranylgeranylacetone (GGA) induced HSP expression and prevented AF initiation and 
progression by inhibition of the prolongation of the effective refractory period (ERP), 
shortening of APD and reductions in L-type Ca2+-current and it revealed protective 
effects against atrial conduction abnormalities.44,97

Whether HPS induction also protects via HDAC inhibition is currently unknown. Of all 
HSP inducing compounds, GGA represents the most promosing compound for the 
pharmacological induction of HSPs in AF. GGA has already been applied clinically in 
Japan since 1984 as an anti-ulcer drug with no reported serious adverse reactions.98-102 
Due to high LogP value for GGA, high dosages might be needed, therefore, GGA 
derivatives are developed with improved pharmaco-chemical properties (Table 1).103 
Induction of HSPs is suggested to be the most promising therapeutic approach with 
pleiotropic protective effects.

HSPs as biomarkers 
Following stress, HSPs get expressed intracellular, but can also be presented on the 
cell surface or released to the surroundings.104 HSPs in serum may act as a biomarker 
to reveal the stage of AF. Elevated serum HSP60 levels were found in patients with 
acute myocardial infarction (AMI) and seemed to be predictive for post-AMI adverse 
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Table 1 Novel therapeutic targets 

Drug Target Phase Indication Ref (clinical trials,
gov identifier)

GGA HSP 
induction

IV Gastric ulcers 
Gastritis 
Gastric lesion

NCT01190657
NCT01547559 
NCT01284647 
NCT01397448

NYK9354 HSP 
induction

Pre-
clinical

Atrial Fibrillation (Hoogstra-Berends et 
al., 2012)

Leupeptin
ALLN
MDL-28170
A-705239
A-705253

Calpain 
induction

Pre-
clinical

reviewed in 
Cardiovascular 
Research (2012) 96, 
23–31

Tubastatin HDAC6 Pre-
clinical

Arthritis 
Anti-inflammatory

(Vishwakarma et al., 
2013)

ACY-1215 HDAC6 I/II Myeloma NCT01323751 
NCT01583283

Fasudil

Ezetimibe
AR-12286

ROCK III
II
II
IV
II

Raynaud’s Phenomenon 
Vascular function study 
Atherosclerosis 
Atherosclerosis
Glaucoma

NCT00498615 
NCT00120718 
NCT00670202 
NCT00560170 
NCT01936389

CCG-1423
Rhosin

Rho Pre-
clinical

(Evelyn et al., 2007)
(Shang et al., 2012)

events.105 Elevated serum HSP70 and HSP60 were found to correlate to the severity 
of metabolic syndrome-associated factors in postmenopausal women.106 HSP60 and 
HSP70 were found to positively associate with severity of cardiovascular disease.107-112 
Patients with coronary artery disease (CAD) have antibodies to HSP27 in serum,113 but 
a correlation between antibody titers to HSP27 and the extent of CAD could not be 
found. Several studies have reported increased serum levels for HSP27 several hours 
after myocardial infarction.114,115 In another study, anti-HSP27 levels were found to be 
higher in patients with more advanced cardiac artery disease, making the authors 
to conclude that serum anti-HSP27 titers may be associated with the presence and 
severity of cardiac artery disease.116 Anti-HSP27 titers measured in patients with stroke 
were found significantly elevated.117 These findings suggest that the measurement of 
HSP levels in serum may be useful as biomarkers of disease initiation and progression. 
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CONCLUSION 
AF naturally tends to progress from trigger-dependent paroxysmal AF to a more 
substrate-mediated (longstanding) persistent or permanent AF. Trigger focused 
treatments (endovascular or surgical PVI) might be successful in patients with 
paroxysmal AF, however this approach will not be sufficient for patients suffering 
from more advanced types of AF, who require substrate modification. Even treatments 
aimed at substrate modification, such as CFAE ablation, Cox maze III and ganglion 
ablation, are associated with AF recurrences. This implies insufficient understanding 
of the electrophysiological and structural changes which form a substrate underlying 
AF. Hence, as long as the electropathological substrate remains poorly understood, 
and the stage of electropathology cannot be evaluated, it is challenging to define the 
optimal approach per individual patient. Therefore, research is focused on the dissection 
of molecular mechanisms underlying electropathology. New findings indicate a role 
for derailment of cardiomyocyte proteostasis in AF progression and identified novel 
innovative targets for drug therapy. These targets are directed at the attenuation of 
electropathology and prevention of clinical AF progression. Since various drugs are 
already on in clinical phase II/III for other indications, it seems worthwhile to test some 
in clinical AF.
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The proteostasis network
Proteostasis is the homeostasis of protein synthesis, folding, assembly, trafficking, 
function and degradation.1 The protein quality control (PQC) network represents the 
complex machinery that maintains this homeostasis and consists of the translational 
machinery, enzymes (such as folding and deubiquitinating enzymes), molecular 
chaperones and co-chaperones, the ubiquitin-proteasome system, the autophagic 
pathway and mitochondria.1 A healthy proteostasis is crucial for cell survival, 
therefore, components of the PQC network can be found in all cellular compartments. 
Physiological, metabolic and environmental changes are able to cause proteotoxic 
stress, i.e. aberrant, misfolded, accumulated and/or aggregated proteins, and thereby 
challenge a healthy proteostasis.2 Proteotoxic stress has been found in several cardiac 
diseases, including desmin-related,3,4 hypertrophic,5,6 familial7 and hypertensive7 
cardiomyopathies, (congestive) heart failure,5,7 metabolic syndrome-related cardiac 
disease8 and ischemic heart disease.7 Proteotoxic stress induces the activation of one 
or more stress-responsive pathways of the PQC network. These pathways can assist 
either in refolding or directing aberrant proteins towards degradation. Depending on the 
cellular compartment affected by proteotoxic stress, one or multiple stress-responsive 
pathways can be activated. The three main stress-responsive pathways of the PQC 
network are: the heat shock response (HSR), the mitochondrial unfolded protein 
response (UPRmito) and the endoplasmic reticulum (ER) unfolded protein response 
(UPRER).1,9

The HSR is activated by cytosolic and/or nuclear proteotoxic stress and this pathway 
is mainly governed by the activation of heat shock factor 1 (HSF1). Under normal 
conditions, the molecular chaperones heat shock protein 90 (HSP90) and TriC bind 
to HSF1 in the cytosol, thereby rendering HSF1 inactive. Proteotoxic stress drives 
the dissociation of HSP90 and TriC from HSF1 and promotes homotrimerization and 
translocation of the HSF1 trimer to the nucleus. There, HSF1 binds to the promotor 
region of hsp genes, including hsp70 and hsp90, which induces HSP70 and HSP90 
expression (Figure 1, grey lines). The increase in HSP70 and HSP90 in the cytosol not 
only assists in refolding, but also alleviates the HSR by binding to active HSF1.1,9,10,11

The UPRmito is activated by mitochondrial stress, either proteotoxic or metabolic as 
observed in heart failure12 and metabolic syndrome-related cardiac disease, in which 
obesity serves as one of the cardiac disease-generating substrates8 and activators 
of the UPRmito.

13,14 The regulation of this stress-responsive pathway is extensively 
studied in Caenorhabditis elegans, but is not entirely known in mammals. In C. 
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elegans, activating transcription factor associated with stress 1 (ATFS1) is the main 
regulator. This transcription factor has a mitochondrial targeting sequence and is, 
therefore, canonically present in the mitochondria. In the absence of mitochondrial 
stress, ATFS1 is degraded by mitochondrial proteases. However, mitochondrial 
stress impairs mitochondrial ATFS1 import, resulting in cytosolic accumulation of 
ATFS1. This accumulation leads to translocation of ATFS1 to the nucleus, where it 
binds to the promotor region of genes coding for mitochondrial chaperones, such as 

Figure 1 The three stress-responsive pathways of the proteostasis network. Proteotoxic stress activates 
ER stress (depicted by the green lines), which drives the dissociation of HSPA5 from IRE1, PERK and ATF6, 
thereby enabling HSPA5 to bind to aberrant proteins, resulting in attenuation of proteotoxic stress. Both 
IRE1 and PERK homodimerize and autophosphorylate upon activation. IRE1 splices XBP1 mRNA, resulting 
in an active XBP1 transcription factor. PERK phosphorylates eIF2α, resulting in a general protein translation 
block, and activates the transcription of genes related to ER stress, including transcription factor ATF4. ATF6 
is translocated to the Golgi apparatus, where it is cleaved. XBP1, ATF4 and spliced ATF6 all translocate to 
the nucleus and bind to the promotor of genes of molecular chaperones involved in resolving ER stress. 
Cytosolic proteotoxic stress (depicted by the grey lines) promotes the dissociation of HSP90 and TriC 
from HSF1, thereby activating the latter. Active HSF1 homotrimerizes and translocates to the nucleus as 
a transcription factor to promote expression of HSPs, which help to restore proteostasis. Mitochondrial 
stress (depicted by the blue lines) inhibits the import of ATFS1 into the mitochondria, where it is degraded 
by mitochondrial proteases under normal conditions. The cytosolic accumulation of ATFS1 leads to the 
translocation of this transcription factor to the nucleus, where it binds to the promotor of genes involved in 
resolving mitochondrial stress. Activation of these three stress-responsive pathways lead either to refolding 
or degradation of aberrant proteins.
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HSP60 and HSP10, and components of mitochondrial import, fission and respiratory 
chain complexes (Figure 1, blue lines). The restoration of the mitochondrial import 
machinery attenuates the UPRmito as, consequently, ATFS1 is imported again into the 
mitochondria and, therefore, the cytosolic amount of ATFS1 reduces. In mammals, 
several components of the UPRmito are found to be conserved from C. elegans, such 
as HSP60 and HSP10 upregulation. Nevertheless, the transcriptional regulation of 
mammalian UPRmito is not yet elucidated.15

The UPRER is activated upon ER stress. ER stress is found in dilated16,17 and ischemic16 
cardiomyopathy and heart failure,18,19 and results from the accumulation of unfolded, 
misfolded and/or aberrant proteins in the ER lumen. As the ER is the site where the 
major part (at least one-third) of all proteins are folded and synthesized,9,20 it is no 
surprise that the UPRER is the most complex and elaborate stress-responsive pathway 
of all three. This pathway activates three stress-responsive sensors in parallel: inositol-
requiring enzyme 1 (IRE1), activating transcription factor 6 (ATF6) and protein kinase-
like endoplasmic reticulum kinase (PERK). These proteins are inactive under normal 
conditions by the binding of the ER chaperone HSPA5 (also known as BiP or GRP78) 
to their luminal domain. During ER stress, HSPA5 binds unfolded proteins by their 
externalized hydrophobic regions, resulting in the dissociation of HSPA5 from the stress 
sensors. This dissociation leads to the activation of IRE1, ATF6 and PERK. Activated 
IRE1, a transmembrane protein, homodimerizes and autophosphorylates, thereby 
gaining RNase activity. This RNase activity enables activated IRE1 to splice X-box 
binding protein 1 (XBP1) mRNA. The spliced XBP1 (XBP1s) is an activated transcription 
factor that translocates to the nucleus and binds to the promoter region of genes 
of UPRER molecular chaperones and folding catalysts (Figure 1, green lines). In the 
second branch of the UPRER stress-responsive pathway, the transmembrane protein 
ATF6 is transported from the ER to the Golgi apparatus upon dissociation of HSPA5. 
In the Golgi apparatus, ATF6 is cleaved by proteases and the N-terminal fragment 
translocates to the nucleus and binds to the promotor region of other molecular 
chaperone genes involved in the UPRER (Figure 1, green lines).1,9,20,21 The third branch 
of the UPRER consists of activation of the transmembrane protein PERK, which, similar 
to IRE1, homodimerizes and autophosphorylates. Autophosphorylation causes PERK 
to phosphorylate eukaryotic initiation factor 2 alpha (eIF2α). Phosphorylated eIF2α 
blocks the entire protein translation and synthesis, except for activating transcription 
factor 4 (ATF4), which is selectively transcribed during PERK activation (Figure 1, green 
lines). ATF4 subsequently induces expression of C/EBP homologous protein (CHOP), 
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which leads to activation of apoptosis during chronic or severe UPRER activation.1,9,20,21

All three stress-responsive pathways activate expression of molecular chaperones, 
which, therefore, make up the major part of the PQC network. These molecular 
chaperones regulate the folding, refolding, trafficking or degradation of substrates, often 
aided by co-chaperones. The degradation of proteins (aberrant, misfolded, damaged 
or aged) can be accomplished by two different degradation pathways: the ubiquitin-
proteasome system (UPS) or macro-autophagy (hereafter ‘autophagy’).1,9 The UPS is a 
degradation pathway for single proteins, especially short-lived or misfolded. Molecular 
chaperones promote the polyubiquitination and relocation of proteins to the cytosolic 
proteasomes. In order to be degraded by the proteasome, the polyubiquitin chain must 
be removed from the substrate, which is accomplished by deubiquitinating enzymes. 
Then, the substrate is unfolded and enters the proteasome, where it is degraded by 

Figure 2 The two degradation pathways of the PQC network. A) The ubiquitin-proteasome system degrades 
single proteins. Folded proteins (green) can become misfolded (red) under stress conditions. Chaperones 
(HSPs) are induced to refold the protein. When refolding cannot be achieved, HSPs promote polyubiquitination 
of the misfolded protein and direct the complex to the proteasome. There, deubiquitinating (DUB) enzymes 
remove the polyubiquitin chain from the proteins, after which the protein is unfolded and degraded. B) 
The autophagic-lysosomal pathway degrades large proteins, aggregates and/or organelles. These are 
sequestered in a double-layered membrane, called an autophagosomes. This autophagosome fuses with 
a lysosome, after which lysosomal hydrolases degrade the contents in to recyclable ATP, amino acids and 
fatty acids.

HSP

HSP

HSP

HSP

refoldingstress

refolding

Ubq
Ubq

Ubq

proteasome

 initiation

autophagosome

fusion 
lysosome

 degradation

 DUB

BA

Ubq
Ubq

Ubq



Chapter 2

Proteostasis and Scope of the thesis

37

proteosomal proteases (Figure 2A).1,9,22 The second degradation pathway, autophagy, 
is a bulk degradation system in which large cytosolic proteins, protein aggregates 
and/or organelles are sequestered into a double-membrane structure, called an 
autophagosome. After the fusion of the autophagosome with a lysosome, lysosomal 
hydrolases degrade the contents into ATP, amino acids and fatty acids, which are being 
recycled (Figure 2B).23 Autophagy is an important degradation pathway in the PQC 
network, as upon UPS failure, substrates are directed to this pathway and do not need 
to be unfolded before degradation.9,22

Central role for autophagy in the proteostasis network
The importance of the autophagic pathway is exemplified by the notion that each of the 
stress-responsive pathways of the PQC network by its own is capable of activation of 
autophagy. HSF1 was shown to not only increase expression of molecular chaperones, 
but also of autophagy-related protein 7 (ATG7)24 and sequestrome 1 (p62/SQSTM1),25 
which are both involved in the autophagic pathway. Moreover, HSP70 was found to 
be involved in the formation of the autophagosomes.26 The UPRmito can activate an 
organelle-specific autophagic pathway, called mitophagy, which specifically degrades 
old or damaged mitochondria.27,28 Mitophagy is regulated by the expression of PTEN-
induced putative kinase 1 (PINK1). PINK1 is transported to the outer mitochondrial 
membrane and is, under normal conditions, cleaved and degraded by the UPS.27,28 
However, old or damaged mitochondria do not cleave PINK1, leading to accumulation 
of PINK1 on the mitochondria. This accumulation triggers the translocation of the E3 
ubiquitin ligase Parkin to the mitochondria. Parkin ubiquitinates several proteins on 
the outer mitochondrial membrane.27,28 This ubiquitination recruits LC3,29 a protein that 
is incorporated in the autophagosomes, and p62,28 an adaptor protein for autophagic 
cargo that binds to LC3. These proteins bind to PINK129 and parkin-ubiquitinated 
substrates,28 respectively. Finally, ER stress can activate autophagosome formation 
by action of HSPA530 and phosphorylated eIF2α, which enables the transcription of 
ATG5,31 ATG12,32 and LC3.31 ATG5 and ATG12 form a complex that is necessary for the 
formation of the autophagosomes and for the conversion of LC3.32

 

Stress-responsive pathways activated in parallel
As mentioned before, multiple stress-responsive pathways may be activated in parallel, 
depending on the proteotoxic stress encountered. Mitochondrial stress often leads to 
increased mitochondrial and cytosolic expression of reactive oxygen species (ROS), 
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which activate both the UPRmito
33 and the HSR,34 respectively. Moreover, cytoplasmic 

proteotoxic stress triggers translocation of the mitochondrial SSPB1, involved in 
the UPRmito, to the nucleus where it binds to HSF1 to induce both cytoplasmic and 
mitochondrial chaperones.35 Especially the UPRER and UPRmito influence each other as 
the ER and mitochondria are in close contact through the mitochondria-associated 
membranes (MAMs), which promote the exchange of metabolites, such as lipids and 
Ca2+, between both organelles. Moreover, due to the close contact between these two 
organelles, mitochondria are sensitive to develop stress in response to ER stress,36 
and vice versa.37 Notably, PERK activation strongly influences mitochondrial function. 
PERK is enriched in MAMs38 and is therefore able to influence the function of MAMs and 
mitochondria. The subsequent eIF2α phosphorylation blocks overall transcription,1,9,20,21 
including transcription of mitochondrial electron transport chain subunits, thereby 
decreasing ATP production.39 This may result in excessive cellular stress as many 
chaperones involved in the PQC network are ATPases and, therefore, dependent on 
ATP for their folding properties. In addition, eIF2α phosphorylation drives the selective 
degradation of the mitochondrial translocase of the inner membrane 17A (TIM17A), 
which is part of TIM23, the protein responsible for two-third of all mitochondrial 
protein import, including that of ATFS1.40 On the other hand, PERK activation also 
mobilizes proteins to counteract mitochondrial stress. For instance, ATF4 is able to 
increase expression of Parkin37 and activates the nuclear factor-erythroid-derived 
2-related factor 2 (NRF2) transcription factor.41 Parkin was shown to protect against 
apoptosis during the UPRER/mito by promoting degradation of pro-apoptotic proteins by 
the UPS.42,43 Moreover, in addition to promoting mitophagy, Parkin plays a physiological 
role in mitochondrial ATP production, as Parkin potentiates the formation of MAMs.44 
This increases the mitochondrial Ca2+-uptake,44 which promotes ATP synthesis.45 
NRF2 plays an important role in the cellular redox homeostasis, and high intracellular/
intraorganellar ROS levels cause this transcription factor to augment transcription of 
several genes coding for antioxidant proteins.46 Moreover, NRF2 was also found to 
increase ATP production.46

Derailment of proteostasis
It has been recognized that proteostasis is crucial for cell survival, and derailment of 
proteostasis can have detrimental effects on cellular and even organismal homeostasis. 
This is exemplified by the large number of disorders caused by proteostasis derailment, 
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due to extensive accumulation of aberrant proteins, deficits of PQC network 
components, chronic activation of single PQC network components, stress-responsive 
pathways and/or degradation pathways or mutations in PQC network components.1

As mentioned earlier, many of the components of the PQC network are ATPases.1,9 
Therefore, mitochondrial dysfunction will have profound effects on the functioning 
of the PQC network. This is underscored by the amount of disorders, including 
cardiovascular diseases, cancer, neurodegenerative diseases and metabolic 
disorders, that are associated with mitochondrial dysfunction and, subsequently, with 
proteostasis derailment.47 For example, mutations in hspd1, the gene encoding the 
mitochondrial chaperone HSP60, are linked to neurodegenerative diseases.48-51 HSP60 
is an important mitochondrial chaperone as it is necessary for folding of mitochondrial 
proteins and counteracting mitochondrial proteotoxic stress. Mutations in hspd1 result 
in a compromised folding activity of HSP60, leading to chronic UPRmito activation.48-51 
The neurodegenerative disorder French Canadian Leigh syndrome has been linked to 
a mutation in lrpprc,52 which reduces the activity of complex IV of the mitochondrial 
electron transport chain (ETC), resulting in ATP depletion and chronic activation 
of the UPRmito.

53 Further, UPR-associated protein degradation can be impaired by 
mitochondrial stress,54 which could possibly contribute to neurodegenerative diseases 
by impaired degradation of misfolded proteins. Lastly, a dynamin-related protein 1 (drp1) 
mutation showed dysregulation of protein assembly, leading to inhibition of mitophagy, 
ATP depletion, inflammation and, ultimately, dilated cardiomyopathy.55

The autophagic pathway is aberrantly activated in multiple diseases, including cancer,56,57 
neurodegenerative,58 lung,59 renal,60 liver,61 intestinal62 and cardiovascular disorders.63,64 
Autophagy activation is not uniform in all disorders, in some autophagic upregulation 
is detrimental, while in others downregulation has detrimental effects. For example, 
autophagy is oncosuppressive in healthy cells, but once cancerous transformation 
has occurred it promotes further proliferation.56,57 In addition, dysfunction in lysosomal 
metabolism, such as in lysosomal storage disorders, is characterized by impaired 
clearance of autophagosomes and induction of ER and oxidative stress.65

Chronic UPRER activation has been found to accelerate disease progression in several 
conditions, including neurodegeneration,66 sleep apnea,67,68 diabetes,69 cancer,70-74 viral 
infections75 and cardiovascular diseases.76,77

Augmented HSF1 expression levels have been shown to promote tumorigenesis78,79 
and have been found in several malignancies, including breast cancer,24 leukemia,80 
myeloma,81 skin cancer,82 lung cancer,83 liver cancer84 and endometrial cancer.85 Often, 
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increased expression of HSF1 is associated with poor patient survival and drug 
resistance in cancer patients.24,83-85 The importance of HSF1 in cancer is emphasized 
by the finding that HSF1 knockout mice are highly resistant to developing cancer.79 
Besides HSF1, components of the UPRER and UPRmito are also involved in cancer 
development. IRE1, PERK, ATF6 and HSPA5 were shown to be involved in angiogenesis, 
cell adhesion and survival, metastasis and/or resistance to chemotherapy.70-74 
Furthermore, mitochondria were shown to promote cancer development,86,87 as HSP60 
expression is increased in multiple cancers and correlates with prognosis and tumor 
progression.88-91

Most diseases that are associated with proteostasis derailment do not feature 
defects in a single component of the PQC network, such as in the few examples 
given below. Neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s 
disease, Huntington’s disease and amyotrophic lateral sclerosis, are characterized 
by accumulation of disease-causing protein aggregates and profound derailment of 
proteostasis has been found to account for disease progression. As the PQC network 
is not able to degrade the overload of misfolded proteins,92 the UPRER is chronically 
activated in these diseases, leading to autophagy and CHOP activation, induction 
of apoptosis and, ultimately, neuronal cell death.93 However, the accumulation of 
autophagosomes both in patients and in in vivo models show that the autophagic 
pathway can be impaired.94,95 The importance of this pathway is emphasized by the 
finding that disruption of autophagy in atg5- and atg7-deficient mice induces severe 
neurodegeneration.96,97 Furthermore, mitochondrial dysfunction98 and impaired HSR99 
(mostly at the end of disease progression) were found in these neurodegenerative 
diseases.
In diabetes mellitus type 2 (DM2), protein aggregation of  IAPP (islet amyloid 
polypeptide) also leads to CHOP upregulation, apoptosis activation and, ultimately, 
pancreatic β-cell death.69 Moreover, altered autophagy,100 increased oxidative stress101 
and reduced expression of HSPs102,103 are present in pancreatic β-cells and skeletal 
muscle, respectively, of DM2 patients, the latter correlating with insulin resistance in 
these patients.102,103 Furthermore, vascular complications are correlated with single 
nucleotide polymorphisms in psmd9, a gene encoding a proteosomal component,104 
suggesting UPS involvement in DM2 disease progression.
Hutchinson Gilford progeria, an accelerated aging disorder, is due to a mutation in 
the laminin A (lmna) gene. This mutation results in overproduction of reactive oxygen 
species and divergent activities of ETC complexes I, IV and V, leading to mitochondrial 
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dysfunction, enhanced activation of autophagy and increased protein misfolding.105

Multiple lung diseases, including cystic fibrosis and COPD, are associated with disease-
causing mutations leading to derailment of proteostasis. In cystic fibrosis, mutations in 
cftr lead to misfolded protein products, which are correctly degraded by the PQC system, 
resulting in loss of the CFTR protein and cystic fibrosis. In addition, chronic activation of 
the HSR has been reported in cystic fibrosis.106 Next to this, several polymorphisms on 
different genes have been shown to associate with COPD development,107-109 a disorder 
in which loss of ATP,110 oxidative stress, mitochondrial dysfunction111 and inappropriate 
activation of the UPS and autophagy110 have been reported.

Derailment of proteostasis in atrial fibrillation
Atrial fibrillation (AF) is characterized by electrical and structural remodeling of 
the atria.112 Structural remodeling of cardiomyocytes includes myolysis (loss of 
sarcomeres), fibrosis, myocyte hypertrophy and atrial dilatation, mitochondrial 
morphologic changes and loss of sarcoplasmic reticulum, which are a consequence of 
AF, but, subsequently, also a trigger for AF.112,113 Although electrical remodeling in AF is 
reversible,114,115 structural remodeling is not.116 Therefore, a ‘second factor’, contributing 
to structural remodeling and progression of AF, has been proposed to underlie impaired 
cardiomyocyte reversibility.117 Over the years, evidence has emerged that derailment of 
proteostasis represents this ‘second factor’. 
A key feature of AF is intracellular Ca2+ overload. As Ca2+ is able to activate several Ca2+-
dependent substrates, such as calpain, intracellular Ca2+ overload is an early trigger for 
cardiomyocyte stress.118,119 This cardiomyocyte stress induces the activation of three 
key pathways, namely protein degradation,120 post-translational modifications121-124 and 
RhoA GTPase,125 which contribute to the derailment in proteostasis in AF initiation and 
progression.
RhoA GTPase is an enzyme involved in multiple cellular functions, including 
stabilization of microtubules, cell adhesion and migration, cardiomyocyte contractility, 
gene expression, cell cycle progression and enzyme activation.126 RhoA GTPase 
activity is increased upon AF initiation in an in vitro AF model and this increase drives 
the formation of F-actin stress fibers. F-actin stress fibers contribute to changes in 
structural proteins, which, ultimately, lead to contractile dysfunction.125 RhoA activity, 
and the subsequent detrimental changes, are attenuated by overexpression of a 
specific HSP, HSPB8.125 The HSR is exhausted during AF progression, and induction of 
the HSR showed protective effects.125,127-129 Although RhoA activation is involved in AF 
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disease progression and HSPB8 boosting is protective, the effect of RhoA activation on 
the HSR in AF, however, is not known (Figure 3).
Changes in protein function, activity and/or stability, due to aberrant post-translational 
modifications, also cause proteostasis derailment and AF-induced remodeling. 
Aberrant phosphatase and kinase activities were associated with decreased L-type 
Ca2+ current,123,124 increased potassium current122 and increased sarcoplasmic reticulum 
Ca2+ leakage,121 which are all related to AF progression. Interestingly, previous studies 
in dogs treated with the HSP inducer GGA revealed protective effects against AF, 
indicating boosting of the HSR to protect against AF. So, by comparing the kinomic 
profile between dogs with AF and with AF in combination with an HSP-inducing 
treatment, we may be able to identify kinases involved in AF remodeling (Figure 3).

Figure 3 AF-induced derailment of cardiomyocyte proteostasis. AF is characterized by cellular Ca2+ overload, 
which leads to cardiomyocyte stress and, subsequently, to derailment of proteostasis. Pathways leading 
to induction of protein degradation, posttranslational modifications and changes in structural proteins and 
gene expression are implicated in the derailment of proteostasis. Components of these pathways are also 
able to activate each other. The derailment of proteostasis leads to irreversible structural remodeling, which 
is preceded by reversible electrical remodeling (creating a substrate for AF) and results consequently in 
contractile dysfunction. The UPRER, UPRmito, autophagy, kinome changes and HSP induction may represent 
key modulators of structural remodeling due to their role in proteostasis derailment.
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Previous research identified calpain to degrade structural proteins, resulting in myolysis 
in cardiomyocytes.120 In these studies, autophagosomes have also been identified 
in patients with longstanding persistent AF.130 This suggests that next to calpain 
activation, autophagy also underlies derailment of proteostasis, structural remodeling 
and AF progression. Nevertheless, it is not known how autophagy is activated in AF. 
One possible pathway of autophagy activation is through the UPRER.30-32 As many 
chaperones of this stress-responsive pathway are regulated through Ca2+ binding, it 
is plausible that the UPRER is activated due to the divergent Ca2+ homeostasis in AF.131 
Moreover, calpain is also able to activate the UPRER (Figure 3).

132,133

As mentioned before, ER and mitochondrial function are closely linked to each other 
through their connection by MAMs. Therefore, UPRER activation often results in a 
subsequent UPRmito activation,36 and vice versa (Figure 3).37 Acute UPRER activation 
has been shown to increase the amount of MAMs, in order to increase Ca2+ influx 
into the mitochondria. This leads to increased ATP production to promote protein 
refolding, as many ER chaperones are ATPases, and alleviation of ER stress. 
However, chronic UPRER activation results in depletion of the ER Ca2+ stores into the 
mitochondria. Although mitochondria are Ca2+ buffering organelles, mitochondrial Ca2+ 
overload, such as through ER Ca2+ depletion, will lead to increased ROS production, 
fragmentation and dysfunction of the mitochondria and, therefore, ATP depletion.36,134 
ATP depletion is detrimental for cardiomyocytes, as contractile function is dependent 
on ATP.135 Moreover, ATP depletion, through failing mitochondria, is known to increase 
autophagic activity, as one of the end products of this degradation pathway is ATP.23 
Although mitochondria are essential for contractile function, and oxidative stress is 
associated with AF pathogenesis,136,137 the precise role of mitochondrial function in AF 
pathogenesis is not yet studied (Figure 3).

SCOPE OF THE THESIS
The main aim of this thesis is to elucidate the role of key stress-responsive pathways 
within the proteostasis network in the derailment of cardiomyocyte proteostasis, 
structural remodeling (including hibernation) and AF initiation and progression. 
Identified targets were addressed therapeutically and examined in in vitro and in in 
vivo models for AF progression. Previously, involvement of the HSR in AF was shown, 
as genetic and/or pharmacological boosting of HSP expression protected in vitro 
tachypaced HL-1 atrial cardiomyocytes and in vivo tachypaced Drosophila melanogaster 
and dogs against AF-induced contractile dysfunction.125,127-129 Furthermore, we showed 
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an increased RhoA stimulation in in vitro tachypaced HL-1 atrial cardiomyocytes. This 
increase was associated with contractile dysfunction, which was attenuated by HSPB8 
overexpression.125 Since the relation between RhoA and HSP expression was unknown, 
we examined the connection between RhoA and the HSR in chapter 3. We show that 
RhoA stimulation in heat-shocked in vitro HL-1 atrial cardiomyocytes suppresses HSR 
activation by impairing the binding of HSF1 to the hse promotor sequence within hsp 
genes. Moreover, we show that abrogation of RhoA counteract these effects. As multiple 
components of the proteostasis network are either regulated by kinases or are kinases 
themselves, we performed in chapter 4 a kinase array in order to examine kinome 
homeostasis in AF and determine key kinases involved in AF progression. In order to 
do this, we compared the kinome in atrial tissue of non-paced dogs, atrial tachypaced 
dogs and atrial tachypaced dogs treated with the cardioprotective HSP-inducer GGA. 
An altered kinome homeostasis, induced by tachypacing, was found, which could be 
attenuated by GGA treatment. We verified the findings of 2 key kinases, Akt and CDK4, 
in our in vitro AF model and show that inhibition of these kinases protects against 
contractile dysfunction. In chapter 5, the stress-responsive pathways of the proteostasis 
network were examined in the heart of an in vivo natural hibernator, the Syrian hamster. 
Cardiac diseases, including AF, are often characterized by ‘cardiac hibernation´, 
in which the altered features of cardiomyocytes resemble those found in natural 
hibernators, such as hypocontractility and subcellular morphological changes.138-140 
However, myolysis is present in cardiac diseases,116,139,140 but not in the heart of 
natural hibernators.138 As structural damage does not occur in natural hibernators, 
we hypothesized hibernators to have a highly efficient PQC network in order to cope 
with stress during hibernation, which protect against derailment of proteostasis.138 
Moreover, natural hibernators, including ground squirrels, woodchucks and hedgehogs, 
do not develop arrhythmias.141-144 Therefore, we examined the HSR, UPRER, autophagy 
and posttranslational modifications in heart of the Syrian hamster in torpor, which is 
characterized by low body temperature, reduced metabolic rate and gross changes in 
physiology, and upon arousal, in which these physiological functions are restored to 
normal levels, and show upregulation of autophagy and protein ubiquitination during 
arousal. The HSR did not show changes in activation during torpor or arousal phases 
and the UPRER showed to be slightly upregulated during arousal. Our results suggest 
that natural hibernators have a mechanism to cope quickly and efficiently with the 
built-up proteotoxic stress during torpor. The function of a major degradation pathway, 
autophagy, in AF was examined in chapter 6. We found increased UPRER activation 
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resulting in an increased autophagic activation, which was associated with myolysis 
in both in vitro tachypaced HL-1 atrial cardiomyocytes and in AF patients. Inhibition of 
autophagy seems to be protective in HL-1 atrial cardiomyocytes and in vivo tachypaced 
D. melanogaster. Moreover, the chemical chaperone 4-phenyl butyrate, an ER stress 
inhibitor and FDA-approved drug, shows protective effects not only in HL-1 atrial 
cardiomyocytes and D. melanogaster, but also in an in vivo tachypaced canine model 
for AF. As ER and mitochondrial function are closely linked to each other, we examined 
mitochondrial function in AF in chapter 7. In HL-1 atrial cardiomyocytes, mitochondrial 
function was greatly compromised upon AF, as shown by ATP depletion, upregulation 
of mitochondrial stress markers and collapse of the mitochondrial membrane potential 
and network. We found this was due to aberrant mitochondrial Ca2+ energetics, and 
the mitochondrial Ca2+ uptake blocker Ru360 showed protective effects both in HL-1 
cardiomyocytes and in D. melanogaster. Finally, in chapter 8, we summarize and discuss 
the data obtained in our experimental chapters and provide future perspectives. We 
discuss the role of proteostasis in the aging heart and age-related cardiac diseases, 
such as AF, and we discuss novel therapeutic targets in respect to proteostasis to 
prevent and/or treat cardiac disease in the aging population.
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ABSTRACT

Background
The heat shock response (HSR) is an ancient and highly conserved program of stress-
induced gene expression, aimed at reestablishing protein homeostasis to preserve 
cellular fitness. Cells that fail to activate or maintain this protective response are 
hypersensitive to proteotoxic stress. The HSR is mediated by the heat shock transcription 
factor 1 (HSF1), which binds to conserved heat shock elements (HSE) in the promoter 
region of heat shock genes, resulting in the expression of heat shock proteins (HSPs). 
Recently, we observed that hyperactivation of RhoA conditions cardiomyocytes for the 
cardiac arrhythmia atrial fibrillation. Also, the HSR is annihilated in atrial fibrillation, 
and induction of HSR mitigates sensitization of cells to this disease. Therefore, we 
hypothesized active RhoA to suppress the HSR resulting in sensitization of cells for 
proteotoxic stimuli. 

Methods and results
Stimulation of RhoA activity significantly suppressed the proteotoxic stress-induced 
HSR in HL-1 atrial cardiomyocytes as determined with a luciferase reporter construct 
driven by the HSF1-regulated human HSP70 (HSPA1A) promoter and HSP protein 
expression by Western blot analysis. Inversely, RhoA inhibition boosted the proteotoxic 
stress-induced HSR. While active RhoA did not preclude HSF1 nuclear accumulation, 
phosphorylation, acetylation or sumoylation, it did impair binding of HSF1 to the 
hsp genes promoter element HSE. Impaired binding results in suppression of HSP 
expression and sensitized cells to proteotoxic stress. 

Conclusion
These results reveal that active RhoA negatively regulates the HSR via attenuation 
of the HSF1-HSE binding and, thus, may play a role in sensitizing cells to proteotoxic 
stimuli. 
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INTRODUCTION
The heat shock response (HSR) is one of the main pro-survival stress responses of 
the cell, restoring cellular homeostasis upon exposure to proteotoxic stimuli, including 
heat shock, oxidative stress, heavy metal exposure and inhibition of the proteasome.1-3 
The primary targets of the HSR are heat shock genes that encode heat shock proteins 
(HSPs), which act as molecular chaperones that assist in the refolding and degradation 
of damaged proteins.3,4 Heat shock transcription factor 1 (HSF1) activity is the main 
factor governing the HSR.2,5 HSF1 activation is a multistep process that is negatively 
regulated by chaperones, including HSPCA (HSP90), HSPA1A (HSP70)1 and TRiC.6 Upon 
heat shock, monomeric HSF1 converts to a trimer that accumulates in the nucleus and 
subsequently binds to the heat shock element (HSE) within the promoter region of hsp 
genes.2 In addition, extensive posttranslational modifications, such as phosphorylation, 
acetylation and sumoylation, are thought to fine-tune HSF1 activity.2,5,7 Failure to 
mount an adequate HSR is thought to underlie hypersensitivity to acute proteotoxic 
stress and has been associated with disease progression in age-related chronic 
protein aggregation diseases, such as Huntington’s, Alzheimer’s and Parkinson’s 
disease, and shortening of life-span.2,3 Atrial fibrillation (AF) represents another age-
related progressive disease in which cardiac cells fail to mount an adequate HSR in 
response to stress, caused by rapid electrical stimulation.8 Hereby, the accumulation 
of protein damage that impedes cell function and survival is stimulated.8-10 Importantly, 
priming the HSR in cardiac cells by geranylgeranylacetone pretreatment or the single 
overexpression of the HSF1 target gene hspb1 was found to maintain proper function 
in rapidly paced cells.8,11,12 Why cardiac cells are unable to mount a proper HSR in 
response to AF is unknown. Activation of the Ras homolog gene family member A 
(RhoA) serves a possible candidate. RhoA represents a major stress signaling pathway, 
which was previously found to become activated during the progression of AF.12-14 
Moreover, we observed that the cardioprotective effects of small HSPB family members 
in AF were accompanied by the attenuation of the RhoA signaling.12 The activation 
of RhoA is controlled by three classes of regulatory proteins, i.e. GTPase-activating 
proteins (GAPs), guanine nucleotide dissociation inhibitors (GDIs) and guanine 
nucleotide exchange factors (GEFs). GAPs and GDIs inactivate RhoA by promoting 
the GDP-bound state and GEFs activate RhoA by stimulating the exchange of GDP for 
GTP. RhoA signaling, primarily through its downstream effector RhoA kinase (ROCK), 
regulates a wide variety of cellular functions, including cytoskeleton reorganization, 
cell cycle progression, gene expression and cell death.15,16 We hypothesized that RhoA 



RhoA activation sensitizes cells to proteotoxic stimuli by abrogating the HSF1-dependent heat shock response

57

Chapter 3

signaling may negatively regulate the HSR. Consistent with this hypothesis, we show 
that active RhoA is a suppressor of the HSR by impairing the HSF1 binding to the HSE, 
consequently resulting in the inhibition of HSP expression and hypersensitization of 
cells to proteotoxic stress. 

MATERIALS AND METHODS
Cell culture
HL-1 adult mouse-derived atrial cardiomyocytes were obtained from Dr. William 
Claycomb17 as described before.8 The cardiomyocytes were maintained in complete 
Claycomb medium (JRH, UK) supplemented with 100 µM norepinephrine (Sigma, The 
Netherlands), 0.3 mM L-ascorbic acid (Sigma, The Netherlands), 2 mM L-glutamine 
(Gibco, The Netherlands), 100 U/ml penicillin (PAA Laboratories GmbH), 100  µg/ml 
streptomycin (PAA Laboratories GmbH) and 10% FBS (Sigma, The Netherlands). They 
were cultured on 12.5 mg/ml fibronectin (Sigma, The Netherlands) and 0.02% gelatin 
(Sigma, The Netherlands) coated surfaces.
Human embryonic kidney 293 (HEK-293) cells were grown in Dulbecco modified 
Eagle medium (Gibco, The Netherlands) supplemented with 100 U/ml penicillin (PAA 
Laboratories GmbH), 100 µg/ml streptomycin (PAA Laboratories GmbH) and 10% FBS 
(Sigma, The Netherlands). Cells were grown at 37°C in 5% CO2.
Cell viability was measured 4h after heat shock by staining the cells with trypan blue 
(1:1), followed by counting of the unstained (viable) and stained (dead) cells in a Burker-
Turk counting chamber.

Constructs
Constructs used in this study were: pcDNA3.1+ (empty plasmid, Invitrogen) and the 
reporter plasmids pSRE-luc, to monitor RhoA activity,18 or pGL3-HSPA1A-luciferase, to 
monitor HSPA1A expression.19 pCDNA5-FRT-TO-RhoA-WT (wild type) and pCDNA5-FRT-
TO-C3T (C3-transferase, C3-exoenzyme) were constructed by PCR of the RhoA-WT and 
C3-exoenzyme coding sequences from pRK5-RhoA and pEF-myc-C3T.20 The RhoA-v14 
and RhoA-n19 mutant constructs were obtained from Addgene (USA). PDM2-LacZ 
plasmid was a kind gift from Dr. B. Eggen (UMCG, The Netherlands). Primers used 
are: C3T fw: GAGGACCTGGGATCCTCTAG, C3T rv: CGGCTCGCCGGCCGCTCATTGCCAT-
ATATTGGGTATAAATAGC, RhoA fw: GACCTGGGATCCATGGCTGCCATCCG-GAAGAAAC, 
RhoA rev: AAATATCGCGGCCGCTCACAAGACAAGGCACCCAG. Coding sequences and 
pCDNA5-FRT-TO plasmids were digested with BamHI and NotI and subsequently 
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ligated to obtain pCDNA5-FRT-TO-RhoWT and pCDNA5-FRT-TO-C3T, respectively. The 
pS230A, pS303/p307A and pS303/S307D HSF1 mutants were a kind gift from of Prof. 
Dr. L Sistonen.21

Antibodies, chemical compounds and transfection reagent 
Antibodies used in this study are: HSPA1A (Stressgen, USA), HSF1 (Cell Signaling 
Technology, USA), eIF2α (Abcam, UK), eIF2α-S51P (Cell Signaling Technology, USA), 
acetylated-lysine (Cell Signaling Technology, USA), SUMO1 (R&D systems, The 
Netherlands), SUMO2-3 (Millipore, The Netherlands), cleaved caspase-3 (Cell Signaling), 
RhoA (Santa-Cruz Biotechnology, The Netherlands) and GAPDH (Fitzgerald industries 
international, USA). Horseradish peroxidase-conjugated anti-mouse, anti-rabbit (Santa-
Cruz Biotechnology, The Netherlands) and anti-goat (Dako Cytomation, Denmark) were 
used as secondary antibodies. Reagents used in this study are: calpeptin (Cytoskeleton, 
USA), MG-132 (M7449, Sigma Aldrich, The Netherlands), PD15606 (Calbiochem, The 
Netherlands) and HSF1 activator geranylgeranylacetone (GGA, 10 µM, Eisai, Japan). 
Transient (co)-transfections were performed by the use of Lipofectamin 2000 (Life 
technologies, The Netherlands).

Heat shock and compound treatment
Cells were heat shocked at 45ºC for 10 minutes. RhoA activity was modulated by 
treatment of cardiomyocytes with calpeptin, according to manufacturer’s instructions. 
Briefly, calpeptin was dissolved in DMSO. Cells were serum deprived on 1% FBS 
supplemented Claycomb medium for 16h and subsequent serum deprived on 0% FBS 
supplemented Claycomb medium for 24h. Cells were treated with calpeptin, 1 U/ml 
for 20 min, to induce RhoA activity. ROCK inhibition was achieved by Y27632 (Sigma, 
The Netherlands) treatment, 10 µM for 16h, or H1152P (Calbiochem), 10 nM and 100 
nM for 24h. Proteasome inhibition was achieved by MG-132 (50 µM) pretreatment for 
20 min. Calpain inhibition was achieved by PD15606 (20 µM) pretreatment for 1h. In 
case of heat shock treatment, heat shock was applied during the last 10 minutes of 
compound treatment. After heat shock, cells received fresh serum free medium and 
were harvested at the below indicated recovery periods. Cardiomyocytes that were 
used for HSF1 acetylation, sumoylation, translocation and DNA binding experiments 
were harvested after a 10 minutes recovery period after heat shock, whereas cells used 
for cleaved caspase-3 levels were harvested after a 2h recovery period and cells used 
for HSP expression (protein and mRNA) were harvested after a 4h recovery period
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Luciferase assay
Luciferase assays were performed 48 hours after transfection and 4h after heat shock. 
HL-1 cardiomyocytes were lysed and scraped in BLUC (25 mM Tris/H3PO4 (pH 7.8), 10 
mM MgCl2, 1% (v/v) Triton X-100, 15% glycerol and 1 mM EDTA). Luciferase activity 
in the samples was measured for 10 seconds after injecting the substrate buffer 
(BLUC, 1.25 mM ATP and 0.087 mg/ml D-luciferin) in a Wallac 1420 Victor3 V plate 
reader. Transient transfection efficiency was determined by co-transfection of cells 
with pC, pC3T, pRhoA-WT or HSF1 mutant construct with a β-galactosidase construct 
(PDM2-LacZ, kind gift from Dr. B. Eggen, UMCG, The Netherlands). To measure the 
β-galactosidase activity, cells were lysed and scraped in BLUC (25 mM Tris/H3PO4 (pH 
7.8), 10 mM MgCl2, 1% (v/v) Triton X-100, 15% glycerol and 1 mM EDTA). Luciferase 
activity in the samples was measured for 1 s after injecting the substrate buffer (BLUC, 
1.25 mM ATP and 0.087 mg/ml D-luciferin). β-galactosidase activity was determined 
in 100 mM Na2HPO4/NaH2PO4, 1 mM MgCl2, 100 mM 2-mercaptoethanol and 0.67 mg/
ml O-nitrophenylgalactopyranoside, incubated 4h-overnight and measured at 405 nm 
(Wallac 1420 plate reader).

GLISA RhoA activity measurement
For the quantitative analysis of active RhoA GTP levels, GLISA RhoA Activation Assay 
(Cytoskeleton, USA) was performed according to the manufacturer’s instructions. 
Briefly, after drug treatment, cardiomyocytes were harvested in Rho-GLISA lysis buffer 
(supplied). After measurement of the protein concentration with the use of Precision 
Red (supplied), equal amounts of protein were incubated in RhoA-GTP affinity plates. 
The amount of bound RhoA-GTP was detected by using primary anti-RhoA antibody 
(supplied) and secondary HRP-labeled antibody (supplied). Subsequently, samples 
were incubated with HRP detection reagent for 15 minutes after which a HRP stop buffer 
was added (supplied). Colorimetric detection at 490 nm was performed immediately in 
a Bio-Rad Benchmark plus microplate-reader (Bio-Rad, The Netherlands).

Isolation of cytosolic and nuclear fractions 
Cytosolic and nuclear fractions were obtained by harvesting the cardiomyocytes in 
membrane lysis buffer (10 mM Hepes (pH 8.0), 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT 
and 1% v/v Igepal-CA630). After centrifugation, the supernatant (cytosolic fraction) was 
transferred to an eppendorf tube and the pellet was resuspended in nuclear envelope 
lysis buffer (20 mM Hepes (pH 8.0), 1.5 mM MgCl2, 25% v/v glycerol, 0.42 M NaCl, 0.2 
mM EDTA and 1 mM DTT) to obtain the nuclear fraction.
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Protein extraction and Western blot analysis
Standard protein-extraction was performed with RIPA lysis buffer. Western blot 
analysis was performed as described previously.11 Briefly, equal amounts of protein 
in SDS-PAGE sample buffer were homogenized by use of a 26G needle and syringe, 
before separation on 4-20% PAA-SDS gels (Thermo Scientific, USA). After transfer to 
nitrocellulose membranes (Stratagene, The Netherlands), membranes were incubated 
with primary antibodies and subsequently Horseradish peroxidase-conjugated anti-
mouse, anti-rabbit or anti-goat was used as secondary antibody depending on the origin 
of the primary antibody. Signals were detected by the SuperSignal-detection method 
(Thermo Scientific, USA) and quantified by densitometry (GeneGnome/GeneTools from 
SynGene, USA).

Immunoprecipitation
Nuclear fractions were preincubated with A/G agarose beads (Santa Cruz Biotechnology, 
USA) for 1 hour at 4°C to remove proteins that nonspecifically attach to the beads. After 
centrifugation, input fractions were made by adding 6x SDS sample buffer to 50 µg 
protein. IP fractions were prepared by incubating equal amounts of protein with 5 µl 
HSF1 primary antibody for 2 hours at 4°C, after which 30 µl of A/G agarose beads were 
added and incubated for 3 hours at 4°C. The protein-bead complexes were washed 
4 times with immunoprecipitation buffer and bound proteins were removed from the 
beads by boiling for 5 minutes in 2x buffer. Then, the input samples were applied for 
Western blot analysis as described above.

Immunofluorescent staining and confocal analysis
Cardiomyocytes were grown on 12.5 mg/ml fibronectin (Sigma) and 0.02% gelatin (Sigma) 
coated glass coverslips. After drug treatment as described above, cardiomyocytes 
were fixated with 4% paraformaldehyde for 15 minutes, washed three times with 
Phosphate-Buffered Saline (PBS) and blocked and permeabilized for 60 min in 5% BSA 
and 0.3% Triton X-100 in PBS. Samples were subsequently incubated overnight with 
HSF1 antibody 1:100 (Cell Signaling Technology) in 1% BSA and 0.3% Triton X-100 in 
PBS. Fluorescein labeled isothiocyanate (FITC) anti-rabbit (Jackson ImmunoResearch, 
The Netherlands) was used as secondary antibody 1:200 in combination with  2 µM 
TOTO-3 iodide (Life technologies, The Netherlands) as a nuclear counterstain. Cells 
were mounted in Vectashield without DAPI (Vector Laboratories, USA) and analyzed 
using an AOBS Leica confocal microscope.
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Quantitative Real Time-PCR analysis
Total RNA from HL-1 cardiomyocytes was extracted using the RNA extraction kit 
Nucleospin II (Machery-Nagel, Germany). cDNA synthesis was performed according to 
standard methods. Briefly, first strand cDNA was synthesized using random primer mix 
(Promega, USA) and subsequently used (1 µg per reaction) as a template for quantitative 
real-time reverse-transcriptase PCR (qRT-PCR). All mRNA levels were expressed in 
relative units on the basis of a standard curve (serial dilutions of a calibrator cDNA 
mixture). All PCR results were normalized against GAPDH. All reactions were made in 
triplicates with samples derived from three biological repeats. The sequences for the 
primers were as follows: fw: CATCAAGAAGGTGGTGAAGC, rv: ACCACCCTGTTGCTGTAG 
for HSPA1A, fw: ATCTTTGGTTGCTTGTCGCT, rv: ATGAAGGAGACTGCTGAGGC for 
HSPA5, fw: TGTATTTCCGGGTGAAGCAC, rv: CAGTGAAGACCAAGGAAGGC for HSPB1, 
fw: TGACTTTGCAACAGTGACCC, rv: GCTGTAGCTGTTACAATGGGG for HSPD1, 
fw: TCCGTGGAATGTGTAGCTGA, rv: GATTTTCGACCGCTATGGAG for DNAJB1, fw: 
ATTGGTTGGTCTTGGGTCTG, rv: GCCAGTTGCTTCAGTGTCCT for HSPCA and fw: 
GCAAGGAGAAGCAGCAGAGT, rv: TTTGTGTTTGGACT-CTCCCC for GAPDH. 

Electrophoretic Mobility Shift Assay (EMSA)
EMSA was performed according to manufacturer’s instructions of the HSE EMSA kit 
(Panomics AY1020P, USA). In short, equal amounts of nuclear fractions (4 µg) of heat 
shocked HL-1 cardiomyocytes with or without calpeptin treatment were obtained as 
described above. Transcription factor-DNA-probe complexes were allowed to form 
by incubating the nuclear extracts with a DNA-probe. The DNA probe consisted of a 
biotin labelled HSE probe (Heat shock consensus element CTGGAATTTTCCTAGA) or 
an unlabeled HSE probe (cold probe). As a positive control, nuclear extract prepared 
from a HeLa cell line was used (supplied). Samples were subsequently separated on 
a 6% non-denaturating polyacrylamide gel and transferred to a positively charged 
Nylon membrane (Amersham, UK). Proteins were cross-linked by UV crosslinker 
(Stratagene, The Netherlands). After blocking and washing of the membrane in the 
supplied buffers, the membrane was incubated with a streptavidin-HRP mixture. 
The HSF1-HSE complexes were detected by applying the provided detection buffer 
and subsequent detection with a chemiluminescent imaging system (GeneGnome/
GeneTools from SynGene, USA). For control and calpeptin treated cells, a competition 
assay with unlabeled (cold) probe was performed as control for binding specificity. In 
both cases addition of the cold probe attenuated the intensity of the observed band, 
thereby indicating specific binding to the HSE-probe.
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Statistical Analysis 
Results are expressed as mean ± SEM. Biochemical analyses were performed at least 
in duplicate. Multiple-group comparisons were obtained by ANOVA, with 1-way ANOVA 
for nonrepeated measurements. Individual group mean differences were evaluated 
with the Student t-test and Bonferroni correction. All P values were 2 sided. Values 
of P<0.05 were considered statistically significant. SPSS version 20 was used for all 
statistical evaluations.

Figure 1 RhoA activation attenuates HSPA1A expression. A) Relative luciferase expression of a reporter 
construct driven by the SRE promoter (downstream target of RhoA/ROCK signaling) in  HL-1 cardiomyocytes 
transfected with empty plasmid (pC, pcDNA3.1+), C3T exoenzyme plasmid (pC3T) or RhoA-WT encoding 
plasmid (pRhoA). B) Relative luciferase expression of a reporter construct driven by the HSPA1A promoter in 
cardiomyocytes transfected with pC, pC3T or pRhoA. C) Relative HSPA1A-luc expression in cardiomyocytes 
transfected with pC, pC3T or pRhoA and subjected to a HS (45ºC, 10 min), white bars represent control non-
HS, whereas black bars represent HS cells. D) Top panel shows a representative Western blot with HSPA1A 
levels of cardiomyocytes transfected with pC, pC3T or pRhoA and subjected to a HS. Below, quantified data of 
HSPA1A/GAPDH levels for conditions as indicated. E) Relative luciferase expression of a reporter construct 
driven by the HSPA1A promoter in cardiomyocytes transfected with empty plasmid pC, pC3T, pP190RhoGAP, 
pRhoA-n19, pRhoA or pRhoA-v14 without (E) and with (F) HS. White bar in panel F represents control non-HS 
cells, whereas black bars represent HS cells. G) RhoA activation attenuates HSPA1A expression in human 
HEK-293 cells. Relative luciferase expression of a reporter construct driven by the HSPA1A promoter in 
HEK293 cells transfected with empty plasmid pC, pC3T or pRhoA. *P<0.05, **P<0.01 compared to control pC 
and #P<0.05, ##P<0.01 compared to pC or pC HS.
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RESULTS 
Active RhoA suppresses HSP expression
To determine if RhoA signaling affects the HSR, control and heat shocked (HS) HL-1 
cardiomyocytes were transfected with a luciferase reporter construct driven by the 
HSF1-regulated human HSP70 (HSPA1A) promoter (HSPA1A-luc). RhoA activity was 
inhibited by transfection of the C3-exoenzyme (pC3T) construct, which inhibits the 
RhoA pathway, or activated by overexpression of RhoA by transfection of a RhoA wild 
type construct (pRhoA) (Figure S1A and S1B). The effectiveness of these manipulations 
was validated using co-transfection with a luciferase construct driven by the RhoA-
dependent serum response element (SRE) (Figure 1A). pRhoA expression reduced both 
basal HSPA1A-luc (Figure 1B) and also strongly suppressed the heat-induced increase 
in HSPA1A-luc expression (Figure 1C). pRhoA also significantly reduced the level of 
endogenous HSPA1A protein expression in the total fraction of heat-shocked cells 
(Figure 1D).

Inversely, inhibition of the RhoA pathway by transient transfection of C3T (pC3T, 
Figure 1A) almost doubled the HSPA1A-luc activity in unstressed cells (Figure 1B) 
and enhanced activation of the HSPA1A promoter after heat shock (Figure 1C and 
1D). However, the increase in endogenous HSPA1A expression levels did not reach 
significantly increase (P=0.07, Figure 1D). In addition, overexpression of a constitutively 
active RhoA plasmid, RhoA-v14, also reduced HSPA1A-luc expression, even after a heat 
shock, while it was enhanced by RhoA inhibition in cells transfected with P190RhoGAP 
(that reduces RhoA activity) or the dominant negative RhoA-n19 (Figure 1E and 1F). 

Figure 2 Suppression of the 
HSR is independent of RhoA’s 
downstream effector ROCK. 
A) Relative SRE-luciferase 
expression in cells transfected 
with empty plasmid (pcDNA3.1+, 
(pC)) or RhoA-WT encoding 
plasmid (pRhoA) with or without 
ROCK inhibitor Y27632. B) 
Relative HSPA1A-luc expression in 
cells treated with calpeptin (Calp) 
compared to control (V) cells with 
or without ROCK inhibitor Y27632. 
C) Representative Western blot 
of HSPA1A expression in cells 
treated with calpeptin (Calp) 
compared to control (C) cells or 
DMSO treated cells (V) with or 
without ROCK inhibitor Y27632. 
*P<0.05, **P<0.01 compared to 
control (pC or V).
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The observed RhoA inhibition of the HSR is not limited to HL-1 cardiomyocytes, as 
comparable findings were observed in human HEK-293 kidney cells, in which RhoA 
activation reduced HSPA1A-luc expression, and RhoA inhibition by C3T augmented it 
(Figure 1G). Together, these findings show that the HSR is modulated by the activity 
of the RhoA pathway even to such extent that HSR activation by external proteotoxic 
stress can be abrogated. k
To explore whether suppression of the HSR by active RhoA was mediated via its 
common downstream effector ROCK, we tested the effects of its inhibitor Y27632. 
Adequate inhibition of ROCK by Y27632 was confirmed by the SRE-luciferase reporter 
(Figure 2A). RhoA was activated by treating the cardiomyocytes with calpeptin (Figure 
S1C). Nevertheless, Y27632 did not affect suppression of HSPA1A-luc levels by active 
RhoA (Figure 2B), nor the suppression of HSPA1A expression in normal and heat 
shocked cells (Figure 2C). Comparable findings were observed for the non-selective 
ROCK inhibitor H1152P (Figure S2). This finding indicates that the active RhoA-induced 
suppression of the HSR is independent of ROCK activity.
To further examine if active RhoA indeed affects the general HSR, mRNA levels of various 
endogenous HSP members were determined by quantitative PCR, including the HSF1-
regulated HSPA1A, HSPCA, HSPB1, DNAJB1 and HSPD1 and the HSF1-independent 
HSPA5 (Figure 3). In non-heat shocked cells, modulation of RhoA by calpeptin resulted 

Figure 3 RhoA activation attenuates expression of multiple HSP family members. Cells were non-treated (C), 
treated with DMSO (V) or calpeptin (Calp) with or without HS (45ºC, 10 min) and mRNA levels of A) HSPA1A, 
B) HSPCA, C) HSPB1, D) DNAJB1, E) HSPD1 and F) HSPA5 were determined by qPCR. White bars represent 
non-HS cells, whereas black bars represent HS cells. ***P<0.001 compared to control (V) and ###P<0.001 
compared to control (V) HS.



RhoA activation sensitizes cells to proteotoxic stimuli by abrogating the HSF1-dependent heat shock response

65

Chapter 3

in minor changes in the expression of the HSP mRNAs. In contrast, a mild heat shock 
significantly induced mRNA expression of all HSF1-dependent HSP genes, which was 
completely suppressed by active RhoA. As a control we show that active RhoA did not 
suppress the expression of the ER-resident HSP70 family member HSPA5 (Figure 3F), 
consistent with HSPA5 being regulated largely independently of HSF1.22 These results 
further emphasize that upon proteotoxic stress, active RhoA suppresses the HSF1-
dependent transcription. 
Finally, we show that inhibition of the proteasome (by MG-132)23 or calpain (by 
PD150606)24,25 did not suppress the heat-induced activation of the HSR (Figure S3), 
meaning that the calpeptin effects were not mediated to either one of these targets.

RhoA impairs binding of HSF1 to the HSE, which is independent 
of post-translational modifications
As active RhoA suppresses the transcription of all HSF1-regulated HSPs examined, 
we investigated its action on the main steps of HSF1 transcriptional activation, i.e. 
nuclear accumulation, post-translational modifications (phosphorylation, acetylation 
and/or sumoylation) and binding to the HSE. In control cells, HSF1 was mainly located 
in the cytosol (Figure 4A), but after heat shock, HSF1 accumulates in cell nuclei (Figure 
4A) and the TX-100 nuclear-containing fraction (Figure 4B). Activation of RhoA, by 
calpeptin, did not affect the heat shock-induced HSF1 nuclear translocation (Figure 4A 
and 4B). 
In addition, phosphorylation of HSF1 can modulate its activation.2 Therefore, the role 
of RhoA on the phosphorylation status of HSF1 was tested. The heat shock-induced 
hyperphosphorylation, as evidenced by its decreased mobility on SDS-PAGE,26 was 
unaffected by RhoA activation (Figure 4B), suggesting that the suppressive effect of 
active RhoA on HSR is independent on a general change in phosphorylation status 
of HSF1. To test whether active RhoA influences the specific phosphorylation sites 
of HSF1, cells were transfected with the HSF1 mutants S303/S307A (which blocks 
sumoylation of HSF1 at K298), the constitutively phosphorylated S303/S307D (which 
stimulates sumoylation at K298) or with the control construct, the non phosphorylatable 
S230A (which blocks HSF1 activation) and subjected to heat shock and calpeptin 
treatment (Figure 4C, Figure S4A and S4B). As the HSF1 S303/S307 mutants were 
unable to rescue the active RhoA-induced suppression of the HSR (Figure 4C), sites 
S303/S307 seem not involved. 
Next, we examined if other post-translational modifications of HSF1, i.e. acetylation 
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Figure 4 RhoA activation inhibits HSF1 transcriptional activity by suppressing HSF1 binding to HSE, which is 
independent of HSF1 translocation and post-translational modifications. A) Nuclear accumulation of HSF1 
in response to HS with and without RhoA modulation by calpeptin (Calp) in cardiomyocytes. B) HSF1 and 
RhoA levels in TX-100 soluble cytosolic fractions and nuclear-containing fractions of cells with and without 
HS and RhoA modulation by Calp. The nuclear protein poly-ADP ribose polymerase (PARP) is exclusively 
present in nuclear containing fractions. C is control non-treated cells and V is DMSO (solvent) treated cells. 
C) Relative HSPA1A-luc expression in cells transfected with pcDNA3.1+, pS230A, pS303/S307A or pS303/
S307D with or without calpeptin (Calp) and subjected to a HS (45ºC, 10 min). None of the HSF1 mutants were 
able to rescue the calpeptin-induced HSPA1A suppression. D) Top panel: Western blot showing sumoylation 
(SUMO1 and SUMO2-3) and acetylation status (Ac-lys) of immunoprecipitated (IP) HSF1, obtained from 
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TX-100 nuclear containing fractions of cells treated with or without calpeptin (Calp) and subjected to a 
HS. Lower panel: Quantified data showing no effect of calpeptin on acetylation and sumoylation levels of 
HSF1. E) Representative Western blot of HSPA1A expression in heat shocked cells pre- and post-treated 
with the HSF1 enhancer GGA with and without calpeptin treatment. GGA results in boosting of the HSPA1A 
expression after heat shock, but was not able to rescue the calpeptin-induced suppression of the HSPA1A 
expression. F) Top panel: EMSA for HSF1 binding to the HSE in response to RhoA modulation and HS, with 
HeLa nuclear cell extract as a positive control and a competition-assay with a non-labeled HSE probe (cold 
probe) for DMSO (V) and calpeptin (Calp) treated cells, to determine specific binding to the HSE probe. Lower 
panel: calpeptin significantly attenuated HSF1-HSE binding compared to V.

and/or sumoylation, are modulated by RhoA, such that they can explain the inhibitory 
effects on HSF1 activation. Hereto, immunoprecipitation (IP) of nuclear HSF1 was 
performed, since HSF1 was mainly present in the nuclear fractions of cells that 
underwent heat shock (Figure 4B and 4D). Active RhoA, however, did not affect 
acetylation, SUMO1 or SUMO2-3 levels of HSF1 in heat shocked cells compared to non-
treated heat shocked cells. Our findings thus indicate that the suppression of HSR by 
active RhoA in cells with proteotoxic stress is independent of a general effect on HSF1 
translocation, phosphorylation, acetylation and sumoylation and the phosphorylation 
of S303/S307.
Also, we tested whether enhanced activation of HSF1 can rescue RhoA mediated 
suppression of the HSR, by examining the effects of the HSF1 activator GGA in heat 
shocked cells in which RhoA was activated by calpeptin treatment. Neither pre- nor post-
heat shock treatment with GGA rescued the calpeptin-induced suppression of HSPA1A 
expression, despite the boosting of HSPA1A expression in control heat shocked cells 
(Figure 4E). Finally, we asked whether the nuclear accumulated HSF1 actually binds 
the HSE under conditions of RhoA activation and heat shock. Hereto, we examined 
the binding of HSF1 from isolated nuclear TX100 fractions to a biotin labelled HSE-
probe in heat shocked cells treated with or without calpeptin. In untreated cells, heat 
shock resulted in a large upward shift of the HSE (Figure S5, upper band arrowhead), 
indicative of binding of HSF1 to the HSE-probe. Furthermore, addition of excess 
unlabeled HSE-probe blocked the mobility-shift of HSE, demonstrating specificity of 
binding. Importantly, calpeptin treatment significantly reduced the mobility-shift of 
HSE observed in control heat shocked cells (Figure 4F), suggesting that RhoA inhibits 
HSF1 effects by reducing its DNA binding. Because RhoA was recently reported to 
regulate transcription following nuclear translocation,26 we examined whether active 
RhoA itself might impair HSF1 binding to HSE. However, RhoA was not recovered from 
the nuclear fractions in control and heat shocked cells treated with calpeptin, despite it 
being present in the cytosolic fractions of these cells (Figure 4B). Thus, RhoA nuclear 
translocation is absent following RhoA activation and, hence, cannot explain inhibition 
of HSF1 binding to DNA.
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Taken together, our findings indicate that in cells with proteotoxic stress, active RhoA 
impairs the ability of HSF1 to bind the HSE in hsp genes independent of a (general) 
effect on its translocation, phosphorylation, acetylation and sumoylation.

Active RhoA sensitizes cells to proteotoxic stimuli 
To examine the consequence of active RhoA on cellular sensitivity to stress, cells were 
subjected to a sublethal HS followed by a trypan blue uptake measurement 4h after 
HS (Figure 5A). In control cells, activation of RhoA by calpeptin resulted in a small, 
but significant, increase in cell death (Figure 5A). However, calpeptin treatment grossly 
enhanced cell death in heat shocked cells (Figure 5A), also illustrated by enhanced 
caspase-3 cleavage and hyperphosphorylation of eIF2α in heat shocked cells (Figure 
5B and 5C), indicative of a stronger heat damage response with a permanent arrest 
of protein translation.27,28 These findings show that suppression of the HSR by active 
RhoA has functional consequences such that it sensitizes cells to proteotoxic stimuli.

DISCUSSION
The current study identifies active RhoA as a suppressor of the HSR by impairing the 
binding of HSF1 to the HSE in the promoter region of hsp genes. This impairment of 
binding is not caused by previously recognized mechanisms, including the loss of 
translocation of the HSF1 from the cytosol to the nucleus, nor by general changes in 
phosphorylation, acetylation and sumoylation levels of HSF1 and the phosphorylation 
of HSF1 at S303/S307. In addition, suppression of the HSR by active RhoA is 
independent of its canonical signaling via ROCK and its direct interaction with the 
transcription machinery, since RhoA did not translocate to the nucleus. Our disclosure 
of active RhoA as a suppressor of the HSR, both representing major stress activated 
pathways, may profoundly change our understanding of the orchestration of the stress 
response under normal and pathological conditions.
RhoA mediated suppression of the HSR sensitizes cells for proteotoxic stress and 
might therefore be of relevance in various age-related diseases, including cardiac 
and neurodegenerative diseases. In age-related diseases, protein misfolding and 
aggregation are caused by cellular proteins that are challenged throughout life by 
a multitude of factors. It has been shown that HSPs play a role in preventing and 
elimination of proteotoxic aggregates,29,30 but that in aging cells the HSR system seems 
to fail as evidenced by accumulation of protein aggregates.29 Thus, RhoA activation 
may represent one of the mechanisms leading to the failure of aging cells to mount 
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Figure 5 RhoA-induced suppression of the HSR decreases cell stress resistance and induces cell death 
via apoptosis. A) Percentage trypan blue positive cells treated with DMSO (V) or calpeptin (Calp) with or 
without a HS (45ºC 10 min) with a 4h recovery period. White bars represent non-HS cells, whereas black bars 
represent HS cells. B) Representative Western blot of cleaved-caspase 3 in control (C), DMSO (V) or calpeptin 
(Calp) treated cells with or without a HS. C) Representative Western blot showing eIF2α-51S phosphorylation 
and eIF2α levels for conditions as indicated. ***P<0.001 compared to control (V)] and ###P<0.001 compared 
to control (V) HS.

an adequate HSR. Such a mechanism may also apply in other conditions, e.g. in case 
of the tachycardia atrial fibrillation. In AF, disease progression coincides with both 
the induction of RhoA activity and the lack of cardiac cells to mount an adequate 
HSR to address the AF-induced damage.8,11 Consequently, our current observation 
suggests that inhibitors of RhoA have beneficial effects in AF by preserving the HSR. 
In particular, restoration of the HSR may be of clinical interest to increase the success 
of pharmacological and electrical cardioversion to a normal sinus rhythm. In addition 
to AF, the HSR suppressive effects of RhoA are thought to contribute to disease 
progression in age-related neurodegenerative diseases, such as Alzheimer’s and 
Parkinson’s disease. Interestingly, also in these neurodegenerative diseases activation 
of RhoA has been implied,31 suggesting that the RhoA-induced suppression of the HSR 
may represent a more general feature of diseases related to proteotoxicity.
In addition to a role of active RhoA in disease progression, RhoA may also represent 
a key pathway in the propagation of HSR activation between cells or tissues. This so-
called cell non-autonomous induction of HSR, i.e. a form of intercellular communication 
by which stress sensed in one tissue is communicated to another tissue and induces 
a HSR, was initially reported in C. elegans.32,33 The cell non-autonomous induction of 
the HSR involves both neurons and systemic factors released by neurons, as recently 
has been suggested for serotonin.34 Interestingly, serotonin and other systemic factors 
such as endothelin-1, angiotensin II, noradrenaline and acetylcholine, modulate the 
activity of RhoA either by direct activation of RhoA via the RhoGEF AKAP-Lbc,35 by 
redirecting prototypical Gi-coupled receptors from Rac1 to RhoA activation36 or by 
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sequestration of p190RhoGAP.37 It is conceivable that, upon activation of the HSR, 
the release of systemic factors modulate the activation of RhoA in distant cells, thus 
influencing their HSR. 
In summary, the current study identifies a previously undisclosed action of active RhoA 
consisting of an HSF1 dependent inhibition of the HSR. While active RhoA did not 
preclude the nuclear accumulation of HSF1 upon proteotoxic stress, it impaired HSF1 
binding to the HSE in the promoter sequence of hsp genes, resulting in the suppression 
of HSP expression and subsequent sensitization to cell death. These findings identify 
a novel role for active RhoA as suppressor of the HSR in stressed cells and disclose 
its prominent role in the decision between cell survival and cell death. However, further 
research is necessary to elucidate whether RhoA activation, by systemic factors, also 
attenuates the HSR and whether this mechanism is also applicable in other cells/
organs.
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SUPPLEMENTAL FIGURES

Figure S1 RhoA protein and activity levels after transient transfections and chemical activation of RhoA. 
A) RhoA protein levels in cells transfected with empty plasmid (pcDNA3.1+, (pC)), C3T exoenzyme plasmid 
(pC3T) or RhoA-WT encoding plasmid (pRhoA). B) Transient transfection efficiency was determined by 
co-transfection of cells with pC, pC3T or pRhoA-WT with the β-galactosidase construct (PDM2-LacZ). No 
differences in transfection efficiency were observed between the groups. C) Relative Rho-GTP levels, as 
determined by Rho GLISA, for cells treated with calpeptin (Calp, 1 U/ml for 20 min) compared to cells treated 
with vehicle (V1, DMSO). **P<0.01 compared to control (V1).

Figure S2 Suppression of the HSR is independent of RhoA’s downstream effector ROCK. Relative HSPA1A-
luc expression in cells transfected with pC3T or RhoA-WT encoding plasmid (pRhoA) with or without ROCK 
inhibitor Y27632 or H1152P at concentrations as indicated. None of the ROCK inhibitors revealed an effect 
on the RhoA induced suppression of the HSPA1A expression.
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Figure S3 Effective suppression of the HSR by calpeptin and not MG132 or PD150606 treatment. A) 
Representative Western blot of HSPA1A and GAPDH for cells treated with DMSO (V), calpeptin (Calp) or 
calpain inhibitor PD150606 (PD) after HS (10 min 45ºC). B) Representative Western blot of HSPA1A and 
GAPDH for cells treated with DMSO (V), Calp or proteasome inhibitor MG132 (MG) after HS. C) Quantified 
qPCR data of HSPA1A, HSPCA, HSPB1, DNAJB1, HSPD1 and HSPA5 mRNA levels for cells treated with 
DMSO (V) or MG132 (MG) with or without a HS. White bars represent control non-HS cells, whereas black 
bars represent HS cells. *P<0.05, **P<0.01, ***P<0.001 compared to control (V) and ###P<0.001 compared to 
control (V) HS.
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Figure S4 HSF1 expression levels and transient transfection efficiency in HL-1 cardiomyocytes. A) Western 
blot showing HSF1 expression levels for the conditions as indicated. B) Transient transfection efficiency was 
determined by co-transfection of cells with pcDNA, S203A, S303/307A, S303/307D or pHSPA1A-luc, together 
with the β-galactosidase construct (PDM2-LacZ). No differences in transfection efficiency were observed 
between the groups.

Figure S5 EMSA for HSF1 binding to the HSE. EMSA for HSF1 binding to the HSE in response to RhoA 
modulation and HS, with HeLa nuclear cell extract as a positive control and a competition-assay with a non-
labeled HSE probe (cold probe) for DMSO (V) and calpeptin (Calp) treated cells, to determine specific binding 
to the HSE probe.
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ABSTRACT

Aims
Dysregulation of protein kinase mediated signaling is considered an early event in the 
most common clinical cardiac arrhythmia, atrial fibrillation (AF), as in a variety of other 
diseases. Kinomic profiling represents a promising technique to identify candidate 
kinases. Here, we employ such profiling to identify kinases involved in AF remodeling 
using atrial tissue from control and tachypaced dogs. To enhance detection of 
potentially druggable kinases, both groups were contrasted with tachypaced dogs 
protected from atrial remodeling by treatment with geranylgeranylacetone (GGA).

Methods and Results
Three groups of dogs were included: non-paced controls (C), atrial tachypaced (TP), 
conducted at 400 bpm for 7 days, and TP+GGA treated. Left atrial tissue was used 
for kinase arrays containing 1024 kinase pseudo-substrates. TP significantly changed 
activity of 50 kinases, which was prevented by GGA for 40 kinases (80%) involved in 
cell differentiation and proliferation, contraction, metabolism, immunity, development, 
cycle (CDK4) and survival (Akt). The role of Akt and CDK4 was verified in tachypaced 
HL-1 atrial cardiomyocytes, by pharmacological and/or genetic manipulations. 
Inhibitors of Akt (MK2206) and CDK4 (PD0332991) and overexpression of a dominant 
negative phosphorylation mutant of CDK4 protected against tachypacing-induced 
contractile dysfunction, confirming their role as key kinases in tachypacing-induced 
cardiomyocyte remodeling. 

Conclusion
Kinomic array analysis offers a versatile tool to identify kinases involved in atrial 
remodeling due to tachypacing, which include Akt and CDK4. Pharmacological inhibition 
of Akt and CDK4 protects against tachypacing-induced contractile dysfunction in HL-1 
cardiomyocytes, suggesting that the findings expand on the therapeutic possibilities 
to treat clinical AF.
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INTRODUCTION
Atrial fibrillation (AF) is the most prevalent and persistent clinical tachyarrhythmia.1,2 
Its maintenance and progression is driven by AF-induced structural, contractile 
and electrophysiological remodeling of cardiomyocytes, commonly denoted as 
electropathology.1,3-5 Atrial remodeling creates a substrate for AF, which limits the 
efficacy of current drug and cardioversion therapies.1,6 Therefore, identification of the 
molecular mechanisms underlying AF-induced atrial remodeling will provide insight 
into AF maintenance and progression, and may identify novel therapeutic targets. 
At the molecular level, dysregulation of kinase activity contributes to AF-induced 
remodeling. In experimental models for AF, as well as in patients, activity of several 
kinases is changed.7-9 Their altered activity is thought to contribute to AF-induced 
remodeling through (de)phosphorylation of diverse downstream effector proteins 
including diverse ion channels,7,10,11 calcium handling proteins,2,11 gap-junction proteins, 
contractile proteins,11 cytoskeletal proteins8 and transcription factors.12,13 Changes in 
phosphorylation status of these proteins during AF in turn affect electrical properties, 
calcium homeostasis, contractility and gene transcription.1,14-17 
Although several kinases have been implicated in AF-induced remodeling, an integrated 
overview of AF-induced kinases and their targets is lacking. Therefore, we determined 
the kinase activity profile in an in vivo dog model for AF18 by analyzing overall kinase 
activity using a kinomic array containing 1024 pseudo-substrates. To examine changes 
invoked by tachypacing, we contrasted the kinase profiles of left atrial tissue of atrial 
tachypaced versus non-paced control dogs. In addition, to identify the most promising 
kinase targets for therapy, we further contrasted these profiles to a third group of 
tachypaced dogs orally treated with geranylgeranylacetone (GGA), a potent Heat Shock 
Protein (HSP) inducer previously shown to fully protect against tachypacing-induced 
atrial remodeling.18-20 Subsequently, the possible therapeutic implication was examined 
in an in vitro model of AF using pharmacological and genetic manipulation of kinase 
activity. 

MATERIALS AND METHODS
Canine in vivo model for AF
The dog atrial tissue used for the kinase profiling was obtained from experiments 
performed at the Montreal Hearth Institute as described before.18 The dog experiments 
were according to the guidelines for animal handling of the National Institutes of 
Health and approved by the Animal Research Ethics Committee of the Montreal Heart 
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Institute. Three dog groups were included and consisted of five mongrel dogs (28 to 38 
kg) per group. Dogs were anesthetized with ketamine (5.3 mg/kg i.v.), diazepam (0.25 
mg/kg i.v.) and halothane (1.5%) before undergoing the insertion of unipolar pacing 
leads into the right ventricular apex and right atrial (RA) appendage. Subsequently, 
the pacing leads were connected to pacemakers (Vitatron), which were implanted in 
subcutaneous pockets in the neck. Radiofrequency catheter ablation was performed 
to create an atrioventricular block to prevent excessively rapid ventricular responses 
due to atrial tachypacing (TP). The groups were assigned different pacing schedules; 
the control group (C) was non-paced and for the TP group and the TP+GGA group, 
pacemaker frequency was set to 80 bpm (right ventricle). After a recovery period of 24 
hours, atrial tachypacing was set at 400 bpm for the duration of 7 days. GGA treatment 
of the TP+GGA group consisted of administering GGA orally (120 mg/kg per day), 
starting 3 days before and continuing throughout the duration of atrial tachypacing. 
After 7 days of atrial tachypacing, dogs were anesthetized with morphine (2 mg/kg 
s.c.) and α-chloralose (120 mg/kg i.v., followed by 29.25 mg/kg per hour) and ventilated 
mechanically. AF vulnerability and effective refractory period (ERP), as well as 
cardioprotective effects of GGA on tachypacing-induced myocyte cell death, ICaL, APD 
alterations and HSP protein expression, were determined and reported previously.18 For 
kinome analysis, left atrial tissue was snap-frozen and stored at -80°C. 

Kinome array 
Kinome arrays were performed according to the manufacturer’s instructions. The 
detailed protocol of the kinome array is described by Pepscan Presto (http://www.
pepscan.com/presto/products-services/kinase-profiling/). The peptide arrays 
(Pepscan, The Netherlands) contain 1024 different kinase pseudo-substrates, each 
spotted in triplicate to confirm reproducibility of the results. Arrays were incubated 
with 150 µg of pooled (per group) left atrial appendage lysates and 33P-γ-ATP for 90 
minutes in a humidified stove at 37°C. Subsequently, the array was washed twice in 
2M NaCl, twice in 1x PBS containing 1% SDS, once under tap water and a final wash in 
distilled water. Slides were air dried and exposed to a phosphor-imaging screen for 72 
hours and scanned on a cyclone plus storage phosphor system (PerkinElmer, USA). Per 
group, a technical replicate of 3 array slides was applied to enhance reliability of the 
results. To assess the technical quality of the profiles, Pearson correlation coefficients 
were determined, which, according to manufacturer’s guidelines, should be >80%. As 
phosphatase activity is inhibited in the assay (with phosphatase inhibitors), differences 
in substrate phosphorylation are caused by altered kinase activity. 
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Peptide array imaging and data analysis
After imaging, the scanned phosphor images were analyzed using Mathlab. In short, 
a grid tool was applied to the arrays and spot intensities of substrates as well as 
background and slide gradient levels were determined. Background was subtracted for 
all individual spots. Inconsistent data identified by a flagging procedure was excluded 
from further analysis. Flags assigned included: Kolmogorov-Smirnoff statistic at a cut-
off P<0.01 to exclude spots with a value distribution that cannot be distinguished from 
the background, flags indicating artefacts, over shine effects by neighboring bright 
spots, no contrast at the spot position, incorrect position in the grid, the spot shape 
larger than the defined cutoff of 1.6 or the presence of too many saturated pixels with 
a cutoff of 3 or more pixels. Furthermore, outliers were determined and excluded, as 
defined by values outside the average ± 2*SD range. After exclusion of flagged data 
and outliers, the remaining data was median normalized to the control. 
For further analysis, the relative difference between spot intensities of TP and TP+GGA 
groups were compared to the control group. For determination of effects of TP and 
TP+GGA treatment on kinase activity, substrates sharing the same upstream kinases 
were grouped per kinase. Subsequently, the average of overall intensity was determined 
per group. All the substrate phosphorylation intensities as well as overall kinase 
activities displayed in the figures and tables are shown as log2 transformed data. The 
software BRB array tools, developed by Dr. Richard Simon and the BRB-ArrayTools 
Development Team (available at http://linus.nci.nih.gov/BRB-ArrayTools.html), was 
applied to perform hierarchical clustering and to generate heat maps of the obtained 
data set. Substrate intensity change was considered significant at a P-value <0.05 as 
determined by Student’s t-test.

HL-1 atrial cardiomyocyte tachypacing, transfection, drugs and 
calcium transient measurements
HL-1 atrial cardiomyocytes, derived from adult mouse atria, were obtained from Dr. 
William Claycomb, and cultured as previously described.18,21 The cardiomyocytes 
were tachypaced (TP, 5Hz with 40V and 20ms pulses) with a C-Pace100 culture pacer 
(IonOptix Corp., USA) for 10 hours. Ca2+ transient (CaT) measurements were performed 
as previously described.18,21

Prior to tachypacing, HL-1 cardiomyocytes were treated for 14 hours with 100 nM Akt 
inhibitor MK2206 (Sigma, The Netherlands) or with 500 nM CDK4 inhibitor PD0332991 
(Sigma, The Netherlands). To study the effect of CDK4 on CaT, HL-1 cardiomyocytes 
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were transfected with the wtCDK4, CDK4-T172A (kind gift Prof. P. Roger)22 or pcDNA3+1 
(empty) plasmid, by the use of Lipofectamine 2000 (Invitrogen, The Netherlands).

Protein extraction and Western blot analysis
HL-1 cardiomyocytes or left atrial tissue from dogs was lysed in RIPA buffer and 
Western blot analysis was performed as described before.21 Briefly, equal amounts of 
protein homogenates were separated on SDS-PAGE gels, transferred onto nitrocellulose 
membranes and probed with anti-phospho-Akt (Ser473, #4060; Thr308, #9275), anti-
Akt (#4691, Cell Signaling Technology, The Netherlands) or anti-GAPDH (Fitzgerald,  
USA). Blots were subsequently incubated with horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibodies (Dako, Denmark). Signals were detected by 
the Western Lightning Ultra detection method (PerkinElmer, USA) and quantified by 
densitometry (GeneTools, Syngene, UK).

Statistical analysis
Statistics performed on the kinomic peptide array are described above. Results are 
expressed as mean ± SEM. Biochemical analyses were performed at least in duplicate. 
Multiple-group comparisons were obtained by ANOVA with a Bonferroni correction. 
Individual group-mean differences were evaluated with Student’s t-test. All P-values 
were two-sided and considered significantly different at P≤0.05. SPSS version 22 was 
used for all statistical evaluations.  

RESULTS
Identification of key kinases involved in tachypacing-induced 
atrial remodeling
To identify kinases involved in tachypacing-induced atrial remodeling, we determined 
changes in kinase profiles of an in vivo canine model for AF. Kinase profiles of dog left 
atrial tissue were obtained from PepChipTM kinomic arrays (1024 peptide substrates) 
by quantifying 33P labeling of spots after incubation with tissue lysate, while inhibiting 
phosphatase activity. All arrays showed substantial radioactivity and representative 
phosphor images are shown in Figure 1A. Technical quality of the analysis was good, 
demonstrating a within-slide correlation of 91.1 ± 2.5, 91.8 ± 4.9 and 82.8 ± 3.8% and a 
between-slide correlation of groups of 82.4 ± 6.6, 81.3 ± 7.3 and 84.7 ± 3.6% for C, TP and 
TP+GGA, respectively (data not shown). Subsequently, data quality of each individual 
spot was improved by a flagging and outlier removal procedure (see methods) with 
exclusion of substrates that had missing values in one or more groups. Then, the 
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substrate profile of left atrial tissue of control non-paced (C) was contrasted to those 
of atrial tachypaced (TP) and atrial tachypaced with GGA treatment (TP+GGA). A heat-
map generated from the profiles showed TP to change the phosphorylation intensity 
patterns compared to C, which was partially attenuated by GGA treatment (Figure 1B). 
Hierarchical clustering using Euclidean distance and average linkage showed that 
the TP+GGA group clustered with the C group rather than the TP group (Figure 1C), 

Figure 1 GGA treatment partially protects against tachypacing-induced changes in substrate phosphorylation. 
A) A representative phosphor image of the kinase array per group, non-paced controls (C), tachypaced (TP) 
and tachypaced and GGA treated (TP+GGA). B) Heat-map of overall substrate phosphorylation changes in 
response to tachypacing (TP) and tachypacing and GGA treatment (TP+GGA) in comparison to non-paced 
control group (C). Tachypacing caused a significant change in spot intensity of 232 substrates, of which 95 
decreased and 137 increased, which is normalized by GGA treatment. C) Dendogram showing the hierarchical 
clustering to Euclidean distance with average linkage for all three groups.
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indicating that GGA treatment attenuates the TP-induced alterations in kinase activity 
To identify changes in kinase activity, substrates were grouped per upstream kinase 
and overall activity was determined per group. When contrasting the TP to the control 
group, a total of 50 kinases differed significantly in activity. Of these kinases, 21 kinases 
showed decreased activity and 29 kinases increased activity by TP (Table 1 and 2). 
Several kinases with decreased activity are related to proliferation, differentiation 
and cell survival pathways. Whereas kinases with increased activity are also related 
to proliferation, differentiation, survival pathways and, in addition, cell cycle, muscle 
contraction and metabolism. As GGA treatment protects against tachypacing-induced 
atrial remodeling,18-20 kinases normalized by GGA treatment likely reflect kinases 
with an important contribution in atrial remodeling. Of the 50 kinases changed by 
tachypacing, GGA treatment prevented 33 completely and 7 partially (Table 3, Figure 2). 
The 7 partially restored kinases were PKA, ERK5, MLCK, SRC, TXK, CCNB1 and EphB2. 
We next grouped the total of 40 kinases changed by GGA by category according to 
their function (Figure 2), showing that they are involved in the regulation of cell cycle, 

Table 1 Overview of kinases with reduced activity in TP compared to control
Kinase C TP GGA Function 
ASK1 5.93 4.81 6.14 Proliferation/differentiation/survival
TYK 7.22 6.23 6.77 Proliferation/differentiation/survival
SHP2 7.68 6.74 7.43 Proliferation/differentiation/survival
HGFR 6.77 5.85 6.48 Proliferation/differentiation/survival
KIT 6.60 5.69 6.49 Proliferation/differentiation/survival
BRK 6.41 5.60 6.48 Proliferation/differentiation/survival
IL4 6.78 6.02 6.55 Immunity
EphB3 8.41 7.67 7.78 Development
EphA4 7.84 7.11 6.97 Development
PDGFRA 6.77 6.06 6.56 Proliferation/differentiation/survival
ALK 7.94 7.27 7.11 Development
FLT3LG 7.27 6.70 6.52 Immunity
LKB1 6.76 6.20 6.70 Metabolism
Fyn 6.86 6.34 6.84 Proliferation/differentiation/survival
BTK 7.36 6.92 7.05 Immunity
MEK5 7.26 6.83 7.05 Proliferation/differentiation/survival
SYK 6.71 6.28 6.68 Immunity
MLCK 7.68 7.27 7.40 Muscle contraction 
CHK1 7.69 7.29 7.73 Cell cycle
INSR 7.58 7.22 7.40 Metabolism
SRC 7.32 7.01 7.12 Proliferation/differentiation/survival

All substrate intensities are log2 normalized data
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Table 2 Overview of kinases with increased activity in TP compared to control 
Kinase C TP GGA Function 
CDC2 7.23 7.50 7.32 Cell cycle
SDK1 8.35 8.66 8.15 Development
AKT 7.43 7.74 7.50 Proliferation/differentiation/survival
CCNB2 8.28 8.67 8.08 Cell cycle
TXK 7.34 7.73 7.62 Immunity
KCNQ1 6.90 7.30 7.31 Muscle contraction 
CCNB1 7.45 7.86 7.72 Cell cycle
MAPK4 7.82 8.25 7.91 Proliferation/differentiation/survival
CDK2 7.08 7.52 7.19 Cell cycle
PRKACA 8.16 8.61 8.09 Proliferation/differentiation/survival
GRK 9.02 9.48 9.12 GPCRs
TTN 9.11 9.59 8.73 Muscle contraction 
MEK1 7.61 8.10 7.52 Proliferation/differentiation/survival
EphB2 6.38 6.89 6.81 Development
MAP3K7 6.63 7.15 6.89 Environmental stress
PKA 7.55 8.10 7.79 Metabolism
DYRK1A 5.71 6.28 6.65 Development/proliferation
CCND1 7.58 8.23 7.82 Cell cycle
MAPK2 6.81 7.46 7.77 Proliferation/differentiation/survival
MST2 4.35 5.01 6.62 Immunity
CDK4 7.04 7.74 7.30 Cell cycle
FGF2 4.64 5.40 5.86 Proliferation/differentiation
SGK3 6.08 6.87 6.57 Proliferation/differentiation/survival
p90RSK 7.69 8.57 7.68 Environmental stress
HGF 5.31 6.30 6.43 Growth factor
PKCT 7.84 9.09 7.65 Immunity
ERK5 6.14 7.78 6.96 Proliferation/differentiation/survival
PHKA1 8.42 10.37 9.15 Metabolism
PRKAR2B 8.38 10.49 9.43 Metabolism

All substrate intensities are log2 normalized data

development, immunity, metabolism, muscle contraction or have a role in proliferation, 
differentiation and survival pathways.

Identification of a key role for Akt and CDK4 in tachypaced HL-1 
cardiomyocytes
To focus our attention on potential readily druggable targets, we selected kinases 
from Table 3 for which antibodies displayed cross-reactivity in dog and/or for which 
inhibitors of the kinase were available. Only two kinases passed this selection screen, 
i.e. Akt and CDK4. 
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Figure 2 GGA treatment partially protects against tachypacing-induced changes in overall kinase activity. 
Kinases with changed activity were identified by determining changes in substrate phosphorylation. 
Differences between the indicated groups of log2 normalized overall kinase activity are displayed. Kinases are 
grouped according to their main function. Only kinases are displayed whose activity is (partially) attenuated 
by GGA treatment. C: non-paced controls, TP: tachypacing, GGA: tachypacing and GGA treatment.
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Kinase C TP GGA Function
CHK1 7.70 7.29 7.73 Cell cycle
CDC2 7.23 7.50 7.32 Cell cycle
CCNB2 8.28 8.67 8.08 Cell cycle
CCNB1 7.45 7.86 7.72 Cell cycle
CDK2 7.08 7.52 7.19 Cell cycle
CCND1 7.58 8.23 7.82 Cell cycle
CDK4 7.04 7.74 7.30 Cell cycle
EphB3 8.41 7.67 7.78 Development
SDK1 8.35 8.66 8.15 Development
EphB2 6.38 6.89 6.81 Development
MAP3K7 6.63 7.15 6.89 Environmental stress
GRK 9.02 9.48 9.12 GPCRs
IL4 6.78 6.02 6.55 Immunity
BTK 7.36 6.92 7.05 Immunity
SYK 6.71 6.28 6.68 Immunity
TXK 7.34 7.73 7.62 Immunity
PKCT 7.84 9.09 7.65 Immunity
LKB1 6.76 6.20 6.70 Metabolism
INSR 7.58 7.22 7.40 Metabolism
PKA 7.55 8.10 7.79 Metabolism
PHKA1 8.42 10.37 9.15 Metabolism
PRKAR2B 8.38 10.49 9.43 Metabolism
MLCK 7.68 7.27 7.40 Muscle contraction 
TTN 9.11 9.59 8.73 Muscle contraction 
ASK1 5.93 4.81 6.14 Proliferation/differentiation/survival
TYK 7.22 6.23 6.77 Proliferation/differentiation/survival
SHP2 7.68 6.74 7.43 Proliferation/differentiation/survival
HGFR 6.77 5.85 6.48 Proliferation/differentiation/survival
KIT 6.60 5.69 6.49 Proliferation/differentiation/survival
BRK 6.41 5.60 6.48 Proliferation/differentiation/survival
PDGFRA 6.77 6.06 6.56 Proliferation/differentiation/survival
Fyn 6.86 6.34 6.84 Proliferation/differentiation/survival
MEK5 7.26 6.83 7.05 Proliferation/differentiation/survival
SRC 7.32 7.01 7.12 Proliferation/differentiation/survival
MAPK4 7.82 8.25 7.91 Proliferation/differentiation/survival
PRKACA 8.16 8.61 8.09 Proliferation/differentiation/survival
MEK1 7.61 8.10 7.52 Proliferation/differentiation/survival
SGK3 6.08 6.87 6.57 Proliferation/differentiation/survival
ERK5 6.14 7.78 6.96 Proliferation/differentiation/survival

AKT 7.43 7.74 7.50 Proliferation/differentiation/survival/
Metabolism/cell cycle

All substrate intensities are log2 normalized data

Table 3 Kinases with altered activity by TP and significant protected by GGA treatment
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Akt is an interesting candidate because of its role in key cellular processes, including 
survival pathways, metabolism and cell cycle. Consistent with the array analysis, TP 
dogs showed a significant increase in the Thr308 phosphorylation of Akt and a trend 
towards increase in phosphorylation of S473, while phosphorylation was normalized in 
TP+GGA to control levels (Figure 3A and B). To verify whether Akt represents a potential 
druggable target to protect against tachypacing-induced contractile dysfunction, HL-1 
cardiomyocytes were pretreated with 100 nM MK2206 prior to and during pacing. 
MK2206 both reduced Akt-S473 phosphorylation and attenuated tachypacing-induced 
loss of contractile function by preserving calcium transients (CaT; Figure 3C and D and 
S1). 
The other interesting target is CDK4, as it represents the larger group of cell cycle 
related kinases, which are involved in cardiac hypertrophy,23,24 as also found in 
AF.25 While commercially available antibodies for CDK4 are lacking, palbociclib 
(PD0332991) is an FDA-approved selective CDK4 inhibitor used for the treatment of 
breast cancer.26 To test whether CDK4 represents a druggable target in AF, tachypaced 
HL-1 cardiomyocytes were pretreated with PD0332991. Indeed, PD0332991 (500 
nM) attenuated tachypacing-induced loss of CaT (Figure 4A and B). In addition, we 
transfected HL-1 cardiomyocytes with CDK4 (wild type) and a non-phosphorylatable 

Figure 3 Inhibition of Akt phosphorylation protects against tachypacing-induced contractile dysfunction in 
HL-1 cardiomyocytes. A) Top panel represents Western blots of phospho-Akt 473S and Akt, lower panel 
reveals quantified data of the ratio phosphorylated protein normalized for basal protein levels. B) Top panel 
represent Western blots of phospho-Akt 308Thr and Akt, lower panel reveal quantified data of the ratio 
phosphorylated protein normalized for basal protein levels. **P≤0.01 versus C and #P≤0.05 versus TP. C) 
Representative CaT of HL-1 cardiomyocytes after normal pacing (NP) or tachypacing (TP), pretreated with 
the Akt inhibitor MK2206. D) Quantified CaT amplitude of NP and TP HL-1 cardiomyocytes, each from groups 
as indicated. *P≤0.05, ***P≤0.001 versus C NP, ###P≤0.001 versus C TP.
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mutant, CDK4-T172A. Control and wild type transfected HL-1 cardiomyocytes 
showed a reduction in CaT after tachypacing. In contrast, transfection with the non-
phosphorylated CDK4 mutant attenuated tachypacing-induced loss of CaT (Figure 
4C and D and S2). Together, these findings indicate that key kinases Akt and CDK4 
strongly contribute to tachypacing-induced CaT loss in HL-1 atrial cardiomyocytes and 
suggest that Akt and CDK4 inhibitors may constitute alternative treatment options to 
counteract AF induced remodeling.

DISCUSSION
In the current study, we employed a kinomic array analysis to identify potential kinases 
involved in tachypacing-induced atrial remodeling in a dog model of AF. To identify 
readily druggable targets, we employed a strategy in which we compared kinase 
activity changes in untreated tachypaced dogs with those of GGA-treated tachypaced 
dogs, which are fully protected from atrial remodeling. Our kinomic analysis and 
diagnostics confirmed excellent within and between slide reproducibility utilizing atrial 
lysates from dog, confirming the applicability of this kinase array method for this in vivo 
canine model. Tachypacing induced alterations in the activity of 50 kinases, of which 

Figure 4 Inhibition of CDK4 phosphorylation protects against tachypacing-induced contractile dysfunction 
in HL-1 cardiomyocytes.  A) Representative CaT of HL-1 cardiomyocytes after normal pacing (NP) or 
tachypacing (TP), pretreated with the CDK4 inhibitor PD0332991. B) Quantified CaT amplitude of NP and 
TP HL-1 cardiomyocytes, each from groups as indicated. ***P≤0.001 versus C NP, ###P≤0.001 versus C TP, 
&P≤0.05 versus NP PD0332991. C) Representative CaT of HL-1 cardiomyocytes transfected with wtCDK4 or 
CDK4-T172A, followed by NP (Figure S2) or TP. D) Quantified CaT amplitude of NP and TP HL-1 cardiomyocytes 
transiently transfected with wtCDK4 or CDK4-T172A. *P≤0.05, **P≤0.01 versus C NP, ###P≤0.001 versus C TP, 
&&P≤0.01 versus wtCDK4 TP.
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29 kinases were increased in activity. GGA treatment precluded activity changes in 
40 kinases (80%), suggesting that GGA substantially maintains kinome homeostasis 
in tachypaced dog. Two of these kinases showed enhanced activity in tachypacing, 
Akt and CDK4, and met criteria for further analysis in sampled dog tissue and HL-1 
model systems. Similar to kinomic array analysis, Western blot analysis of Akt in dog 
atrial tissue demonstrated the tachypacing-induced Akt phosphorylation at Thr308 to 
be normalized to control in GGA treated dogs. In addition, pharmacological inhibition of 
both Akt and CDK4 protected against tachypacing-induced contractile dysfunction in 
HL-1 cardiomyocytes. The current study identifies kinomic array analysis as a versatile 
method to identify changes in kinase activity in atrial tachypaced dog heart, which may 
identify novel therapeutic approaches to treat clinical AF.

Identification of kinases involved in tachypacing-induced atrial 
remodeling 
In this study, we identified various kinases of which activity was altered by atrial 
tachypacing but conserved by tachypacing in combination with a cardioprotective 
GGA treatment. Previous studies revealed that the protective effect of GGA was via 
the upregulation of HSPs,18-20 both by protecting contractile function and electrical and 
structural properties of cardiomyocytes.18-20 Consistent with these findings, the current 
study shows that GGA also largely conserved kinome homeostasis in tachypaced dog. 
Consequently, the ability of HSPs to interact with kinases and alter their activity is 
likely to play a major role in GGA-mediated protection of the kinome, as suggested 
previously.27,28 Specifically, HSPs may bind to substrates, thereby shielding their 
phosphorylation sites from kinases. However, the identified kinases cover a broad 
spectrum of functions and substrates, including pathways of differentiation and 
proliferation, contraction, metabolism, immunity, development, cell cycle and survival. 
Consequently, as an alternative to substrate shielding, broad induction of HSPs may 
prevent stress-induced derailment of cellular protein homeostasis (i.e. proteostasis) 
by maintaining protein folding, trafficking, function and clearance,29,30 thus attenuating 
kinase activation. Such conservation of the proteostasis network by HSPs may well 
represent a very upstream event in tachypacing, thereby explaining why GGA treatment 
precludes activation of the vast majority of kinases in tachypaced dog. 
This kinome array analysis identified Akt as one of the druggable kinases activated 
in tachypaced atrium. However, Akt signaling is predominantly viewed as a pro-
survival and proliferative pathway in dividing cells, while our results imply Akt to 
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possess a detrimental action in tachypaced tissue and cultured cardiomyocytes. This 
role of Akt may relate to phosphorylation and destabilization of tumor suppressor 
tuberous sclerosis complex 2 (TSC2), a Rho-GTPase regulator and/or Girdin, a novel 
actin-binding protein. Both Akt substrates cause F-actin stress bundle formation.31 
Furthermore, Akt phosphorylates palladin and promotes its actin-bundling function.32 
Consequently, activation of Akt by tachypacing may induce activation of RhoA and 
the formation of F-actin stress fibers, and thereby destabilize the actin network, as 
we found previously.8 Moreover, hyperactive Akt specifically activates TSC1-dependent 
SMAD signaling, causing activation of the TGF-β pathway leading to growth arrest33 and 
fibrosis formation, the latter constituting an important factor in creating a substrate for 
AF initiation and maintenance.34 Furthermore, a detrimental role for Akt activation is 
supported by a study demonstrating that knockout of Akt1(-/-) in mice hearts improves 
long-term cardiac function following myocardial infarction and reduces left ventricular 
fibrosis compared to Akt1(+/+) mice.35 A second druggable kinase we identified, CDK4, 
is known to stimulate proliferation in mitotic cells. However, activation of CDK4 in 
post-mitotic cells, such as cardiomyocytes, results in cell enlargement and, eventually, 
hypertrophy.23,24 Notably, RhoA activation is involved in driving cardiac hypertrophy by 
increasing CDK4 expression through upregulation of cyclin D1, a regulatory subunit of 
CDK4.36 Unfortunately, lack of proper CDK4 antibodies precluded us to check this. 
Nevertheless, both Akt and CDK4 activation are firmly linked to RhoA activation, the 
latter being observed in experimental models for tachypacing and clinical AF.37,38 
Previously, we demonstrated activation of RhoA to inhibit expression of HSPs by 
precluding HSF1 binding to promotor regions.39 Consequently, in addition to substrate 
shielding or preserving proteostasis, the third reason why HSP induction by GGA is 
so effective in maintaining the kinome integrity may consist simply of overcoming 
RhoA-mediated inhibition of the heat shock response (HSR), thus enabling tachypaced 
cardiomyocytes to mount a proper cell protective response. Thus, the versatility of the 
GGA-invoked HSR precludes activation of many pathways and may offer an alternative 
explanation why this treatment normalized the activity of the majority of kinases 
activated by tachypacing. 

Novel inhibitors of kinases to treat clinical AF
Interestingly, the two druggable kinases identified in the current study offer therapeutic 
options which are readily within clinical reach. Various Akt inhibitors are currently 
tested in clinical phase II trials for beneficial effects against myelofibrosis and breast 
cancer.40 CDKs have been considered promising drug targets for a number of years, but 
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most CDK inhibitors have failed rigorous clinical testing. Recent studies demonstrating 
clear anticancer efficacy and reduced toxicity of CDK4/6 inhibitors such as palbociclib 
and multi-CDK inhibitors, such as dinaciclib, have rejuvenated the field. Favorable 
results with palbociclib and its recent U.S. Food and Drug Administration approval 
demonstrate that CDK inhibitors with narrow selectivity profiles can have clinical utility 
for therapy based on individual tumor genetics.41

So far, our findings identified kinases with a potential role in the pathophysiology of AF. 
Inhibitors against at least two key kinases, Akt and CDK4, reveal beneficial effects in 
tachypaced cardiomyocytes. Future research should elucidate whether this protective 
effect holds in in vivo animal models for AF and whether the list of protective kinase 
inhibitors can be extended.  

Current limitations of the kinase array technique
The applied kinase array technique, utilizing short pseudo-substrates based on human 
sequences, has been used successfully in diverse other studies as well as other 
species.42-45 A limitation of the current study is the restricted verification of our kinase 
array by additional methods due to poor cross-reactivity of antibodies, which prevented 
us from verifying the phosphorylation status of the majority of proteins in the dog 
tissue. However, two targets could be verified by using genetic and pharmacological 
interventions in HL-1 cardiomyocytes. While a substantial amount of kinases were 
identified by using the current approach, some may have gone unidentified because 
of technical limitations. First, cellular compartmentalization is destroyed by cell lysis, 
which may result in dilution of necessary co-activators or co-factors. Furthermore, the 
consensus peptides may not represent the preferred substrate of a kinase because 
of interspecies differences. Both technical limitations restrict the predictive value of 
a single kinase activity, as not all of its potential substrates are phosphorylated to 
the same extend on the array, as has been previously reported in other studies.46-50 
Nevertheless, we have been able to overcome part of these limitations by founding a 
strategy to identify changed kinase activity in tachypaced dogs on the cardioprotective 
action of GGA, thus successfully identifying  two kinases and verifying their action in 
tachypaced HL-1 cardiomyocytes. 
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SUPPLEMENTAL FIGURES

Figure S1 MK2206 concentration range. Representative Western blot showing a concentration-dependent 
inhibition of Akt phosphorylation at S473, while not affecting basal Akt or housekeeping GAPDH protein 
levels.

Figure S2 CDK4 plasmids do not interfere with basal CaT amplitude. Quantified CaT amplitude of control 
normal paced (NP) HL-1 cardiomyocytes transiently transfected with wtCDK4 or CDK4-T172A.



Chapter 5

Beating in the cold: autophagy in the heart 
during arousal in natural hibernators

Marit Wiersma1, Thais M.A. Beuren1, Hjalmar R. Bouma1, Bianca J.J.M. Brundel1,2, Robert 
H. Henning1 

1Department of Clinical Pharmacy and Pharmacology, University of Groningen, University Medical 
Center Groningen, Groningen, The Netherlands
2Department of Physiology, Institute for Cardiovascular Research, VU University Medical Center, 
Amsterdam, The Netherlands

Manuscript in preparation



Beating in the cold: autophagy in the heart during arousal in natural hibernators

97

Chapter 5

ABSTRACT
Hibernation consists of torpor periods with reduced metabolic rate, low body 
temperature and gross changes in physiology, which are interspersed by periods 
of arousal in which these physiological functions are restored to normal euthermic 
levels. While heart rate reduces dramatically during torpor from 400 to 5-10 bpm, the 
heart still functions properly. Cardiac function is highly dependent on avoiding cellular 
stress through maintenance of an accurate protein homeostasis by the protein quality 
control (PQC) system. The PQC system encompasses the endoplasmic reticulum 
(ER) unfolded protein response (UPRER), heat shock response and autophagy. We 
hypothesized cardiac cellular stress to accumulate during early arousal, reflecting the 
rapid and dramatic physiological changes. Thus, we examined the various components 
of the cardiac PQC system in Syrian hamsters during early and late torpor and early 
and late arousal. Our results show that the PQC system is mainly activated around the 
transition from torpor to arousal. During late torpor the UPRER shows signs of activation, 
while autophagy is inhibited and sumoylation of proteins is increased. While the UPRER 
seems also to be activated during early arousal, this phase is particularly characterized 
by a strong activation of autophagy and an increase in protein ubiquitination. These 
results indicate that cellular stress builds up during torpor and is cleared by regulated 
activation of the PQC system – particularly autophagy – during arousal. This regulated 
activation likely serves to relief the heart of aroused animals from aberrant proteins that 
have been formed during torpor, thus enabling the huge ramp-up of cardiac function 
during the transition from torpor to arousal.
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INTRODUCTION
Hibernation allows animals to survive harsh environmental conditions, such as low 
temperatures and food shortage, by conserving energy during periods of torpor (lasting 
several days), which are alternated with arousal bouts (lasting up to one day). During 
torpor, metabolic rate reduces to <5% of euthermic rates, resulting in a reduction of 
body temperature from 37°C to a few degrees above ambient temperature (which often 
is as low as 0-5°C). In addition, key physiological functions undergo drastic changes 
during torpor, which are restored to normal euthermic levels during arousal.1,2

Changes in cardiac function constitute an important adaptation of physiology during 
hibernation, as exemplified by the reduction of heart rate from 400 to 5-10 beats per 
minute during torpor. Despite this dramatic reduction of heart rate during torpor, the heart 
still needs to function properly at very low body temperatures, which is accomplished 
by various adaptations in the Ca2+ homeostasis ensuring a low intracellular Ca2+ 
concentration. This renders hibernating animals resistant to developing arrhythmias,3-6 
such as atrial fibrillation (AF), which are associated with an intracellular Ca2+ overload. 
In AF, the most common clinical tachyarrhythmia, we recently identified the need 
for a proper maintenance of proteostasis, i.e. the synthesis, folding, trafficking and 
degradation of proteins, to prevent cardiac dysfunction and arrhythmogenicity.7-9

The condition of proteostasis is monitored by the protein quality control (PQC) system, 
which responds to cellular stress by posttranslational modifications, autophagic-
lysosomal and ubiquitin-proteasomal degradation of proteins and by mounting the heat 
shock and unfolded protein responses.10,11 Maintaining proteostasis is challenged in 
(early) arousal especially, as the associated rapid and dramatic changes in physiological 
functions are likely to cause cellular stress, which may be due to an altered redox 
homeostasis and protein damage.1 The vast reduction in body temperature during 
torpor has shown to influence proteostasis, by inhibiting protein synthesis, changing 
protein binding properties, protein stability and enzyme function and modifying protein 
function by switching the phosphorylation status.1,12-14 Furthermore, proteomic studies 
in hibernators showed an induction of several stress-related proteins, including heat 
shock proteins, during late torpor or arousal in liver,15 brain16 and skeletal muscle.17 
Also, ubiquitination was found increased during torpor in liver, however, proteasomal 
degradation was decreased.18 Moreover, HSPA5 expression, a protein involved in the 
endoplasmic reticulum (ER) unfolded protein response (UPRER), was found altered in 
several tissues between torpor and arousal.19 
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Thus, we hypothesized that the activity of the PQC system in heart tissue is reduced 
during torpor, but highly increased during arousal in the hibernating Syrian hamster. 
Therefore, we examined the cardiac UPRER, by measuring HSPA5 protein expression, 
the phosphorylation of eIF2α and HSPA5, ATF4, XBP1-s and ATG12 mRNA expression, 
and the heat shock response (HSR) by quantifying the expression of HSF1 and HSPB1. 
In addition, we examined cardiac macroautophagy (further referred to as ‘autophagy’), 
a lysosomal degradation pathway of damaged or aged proteins, macromolecules and 
organelles. Examination of autophagy was performed by measuring phosphorylation 
of mTOR (Ser2448), a major switch controlling the activation of autophagy20,21 and the 
expression levels of LC3B, representing the autophagic flux.22 Finally, we determined 
posttranslational protein modifications, including ubiquitination, acetylation and 
sumoylation, which represent key regulators of protein function. 

MATERIALS AND METHODS
Animals
Male and female Syrian hamsters (Mesocricetus auratus) were housed at an ambient 
temperature of 21°C and a light:dark-cycle (L:D-cycle) of 14:10 hours. Hibernation was 
induced by shortening the L:D-cycle to 8:16 hours for 10 weeks followed by housing 
at an ambient temperature of 5°C at continuous dim light (<5 Lux).23,24 The hibernation 
patterns of animals were determined by continuous assessment of general movement 
via infrared detectors connected to a computer. Syrian hamsters with >24h of inactivity 
were considered to be into torpor. Animals were euthanized during winter euthermia 
(animals that did not enter torpor), torpor or interbout arousal. The animal’s activity 
pattern accurately identified hibernating hamsters as being in torpor or arousal, as 
evidenced by mouth and body temperatures at sacrification (Table 1). Euthanasia 
was performed by intraperitoneal injection of an overdose of pentobarbital, followed 
by exsanguination. Hearts were removed, snap-frozen in liquid nitrogen and stored 
at -80°C. Experiments were approved by the Animal Care and Use Committee of the 
University Medical Center Groningen.

Protein extraction, Western blot analysis and antibodies
Syrian hamster heart tissue samples were lysed in radioimmunoprecipitation assay 
buffer, after which Western blot analysis was performed as described before.25,26 
Briefly, equal amounts of proteins in SDS-PAGE sample buffer were homogenized, by 
use of a 26G needle and syringe, before separation on 4-20% PreciseTM Protein gels 



100

Chapter 5

(Thermo Scientific, USA). After transfer to nitrocellulose membranes (Stratagene, The 
Netherlands), membranes were incubated with primary antibodies and subsequently 
with horseradish-peroxidase-conjugated secondary antibodies. Signals were 
detected by the Western Lightning Ultra (PerkinElmer, USA) method and quantified by 
densitometry with the software GeneGnome and GeneTools (SynGene, UK). Primary 
antibodies used were: rabbit polyclonal anti-HSF1 (#4356), rabbit polyclonal anti-LC3B 
(#2775), rabbit polyclonal anti-phospho-mTOR (Ser2448, #2971), rabbit polyclonal 
anti-phospho-eIF2α (Ser51, #9721), rabbit polyclonal anti-acetylated-lysine (#9441) 
(Cell Signaling Technology, The Netherlands), rabbit polyclonal anti-HSP25 (HSPB1, 
ADI-SPA-801, Enzo Life Sciences, USA), rabbit polyclonal anti-HSPA5 (ab21685, Abcam, 
UK), mouse monoclonal anti-ubiquitin (#AM12039PU-N, Acris Antibodies, USA), goat 
polyclonal anti-SUMO1 (#AF3289, R&D systems, The Netherlands), rabbit polyclonal 
anti-SUMO2-3 (#07-2167, Millipore, The Netherlands) and mouse monoclonal anti-
GAPDH (#10R-G109a, Fitzgerald, USA). Secondary antibodies used were horseradish-
peroxidase-conjugated anti-mouse, anti-rabbit or anti-goat (Dako, Denmark), depending 
on the species origin of the primary antibody.

Quantitative Real-Time PCR analysis
Total RNA from Syrian hamster heart tissue samples was extracted using Trizol 
(Invitrogen, The Netherlands), according to manufacturer’s instructions. First strand 
cDNA was generated by M-MLV reverse transcriptase (Promega, The Netherlands) 
and random hexamer primers (Promega, The Netherlands). Subsequently, the cDNA 
was used as a template for quantitative real-time PCR (qRT-PCR). Relative changes 
in transcription levels were determined using the CFX384 Real-time system C1000 
Thermocycler (Bio-Rad, The Netherlands) in combination with SYBR green ROX-mix 
(Westburg, The Netherlands). mRNA levels were expressed in relative units on the basis 
of a standard curve (serial dilutions of a calibrator cDNA mixture). The mRNA expression 
level of XBP1-s (spliced) was calculated by subtraction of XBP1-u (unspliced) from 
XBP1-T (total) mRNA levels.27 Fold inductions were adjusted for GAPDH and β-actin 
levels and the PCR efficiencies for all primer pairs were between 90-110%.
Primer pairs used are: ATF4 fw: TCCTGAACAGCGAAGTGTTG and rv: 
GTGTCTGAGGCACTGACCAA, HSPA5 fw: TCGGTGGGTCTACTCGGATT and rv: 
GGTCATGACACCTCCCACTG, ATG12 fw: CGAACCATCCAAGGACTCAT and rv: 
TGTTCATCTGTGGCTCATCC, XBP1-T fw: CTCCAGAGACGGAGTCCAAG and rv: 
AAAGGGAGGCTGGTAAGGAA, XBP1-u fw: CTCCAGAGACGGA-GTCCAAG and rv: 
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CAGAGGTGCACGTAGTCTGAGTGCTG, GAPDH fw: CATCAAGAAGGTGGTGAAGC and 
rv: ACCACCCTGTTGCTGTAG and β-actin fw: AGCTGAGAGGGAAATTGTGCG and rv: 
GCAACGGAACCGCTCATT.

Statistical analysis
Results are presented as mean ± standard error of the mean (SEM) for normally 
distributed data or as median and ranges for non-normally distributed data. For 
normally distributed data, a one-way ANOVA with a Bonferroni (when equal variances 
are assumed) or Games-Howell (when equal variances are not assumed) correction 
was performed. In the case of non-normally distributed data, a Kruskal-Wallis test 
followed by a Mann-Whitney U test was performed. All P values were two-sided and 
values of P<0.05 were considered statistically significant. SPSS version 22 was used 
for all statistical evaluations.

Table 1 Baseline characteristics of Syrian hamsters during hibernation 
N Tb (°C) Tm (°C) weight (g)

WE 7 32.8 ± 0.6TE,TL 34.8 ± 0.4TE,TL 104.5 ± 5.6
TE 5 5.8 ± 0.6 5.6 ± 0.6 109.2 ± 7.2
TL 6 6.5 ± 0.6 6.1 ± 0.4 102.8 ± 4.6
AE 6 31.0 ± 0.5TE,TL 34.3 ± 0.7TE,TL 90.9 ± 5.3
AL 8 34.2 ± 0.7TE,TL 35.1 ± 0.7TE,TL 101.9 ± 5.0 

Values are presented as mean value ± SEM or number of animals (N). Tb: body temperature (core), Tm: 
temperature mouth. Significant differences (P<0.05) between groups are indicated by the superscripts. (TE 
= torpor early, TL = torpor late).

Figure 1 The HSR is not activated during torpor or arousal. Top panels represent Western blots of proteins 
involved in the HSR and lower panels reveal quantified data normalized for basal protein levels (GAPDH). A) 
HSF1 and B) HSPB1 for the indicated hibernation phases.
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Figure 2 The UPRER is presumably activated during late torpor and early arousal. A) Representative Western 
blots of HSPA5 and phosphorylated eIF2α protein expression normalized for basal protein levels (GAPDH) 
for the hibernation phases as indicated. B) Quantified HSPA5 protein expression levels, which show a 
nonsignificant increased expression during late torpor. C) Quantified phosphorylated eIF2α protein levels, 
which show elevated, although not significant, expression in early arousal. D) mRNA expression of HSPA5 
is significantly upregulated during late torpor. mRNA expression of E) ATF4, F) spliced XBP1 and G) ATG12 
show higher, but not significant, expression during early arousal. *P<0.05, **P<0.01.
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RESULTS
Unchanged HSR and potential activation of UPRER during 
torpor and arousal
To characterize cellular stress, first the activation of the HSR and the UPRER was 
measured in cardiac samples of Syrian hamsters obtained from early torpor (TE, 
24 hours), late torpor (TL, 72 hours), early arousal (AE, 1.5 hours after cessation of 
torpor) and late arousal (AL, 8 hours after cessation of torpor). The expression of HSF1 
and HSPB1, which are involved in the HSR as mediator and target, respectively, did 
not change throughout torpor and arousal (Figure 1). Next, to measure activation of 
the UPRER, HSPA5 and phosphorylated eIF2α protein expression and HSPA5, ATF4, 
an transcription factor transcribed during eIF2α phosphorylation,28 and XBP1-s, a 
transcription factor which is spliced and, thereby activated upon UPRER activation,28 
mRNA expression were determined. Despite observed changes in mean values between 
groups for some of the expression levels (Figure 2), the large variance precluded any 
of these factors to reach statistical significance, except in the case of HSPA5 mRNA 
which was increased in TL (Figure 2D). Lastly, the mRNA expression of ATG12 was 
determined. ATG12, a crucial protein for the formation of the autophagosomes, is 
induced by ER stress through phosphorylation of eIF2α and ATF4 transcription.29,30 

ATG12 mRNA levels showed a higher expression, although not significant, at AE (Figure 
2G), which is concomitant to the observed higher expression of eIF2α phosphorylation 
and ATF4 transcription during AE. Thus, the timing and direction of changes in UPRER 
associated proteins and mRNA levels suggests an accumulation of cellular stress in 
the cardiac ER during torpor, which, however, does not lead to activation of the HSR.

Figure 3 Autophagy is inhibited during late torpor, but activated during early arousal. Top panels represent 
Western blots of proteins and lower panels reveal quantified data normalized for basal protein levels (GAPDH). 
A) Phosphorylation of mTOR (Ser2448), which negatively regulates autophagy, is elevated in late torpor. 
B) The LC3B-II/LC3B-I ratio, indicating activation of autophagy, is increased during early arousal. *P<0.05, 
**P<0.01, ***P<0.001.
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Figure 4 Posttranslational modifications contribute to reducing cellular stress. Top panels represent 
Western blots of total proteins gels and lower panels reveal quantified data normalized for basal protein 
levels (GAPDH). A) Total ubiquitination is increased from early torpor to early arousal and decreased during 
late arousal (P=0.07). B) Total lysine-acetylation is significantly reduced during late torpor. C) SUMO1 is 
significantly increased during early and late torpor and D) SUMO2-3 is significantly increased during early and 
late torpor and early arousal compared to late arousal. *P<0.05, **P<0.01 and ***P<0.001.

Activation of autophagy during arousal 
Our data suggest that late torpor presumably results in ER stress, which may be 
cleared via autophagy in the arousal phase. Therefore, the activation of autophagy was 
examined, by measuring the levels of mTOR phosphorylation and LC3B-II/LC3B-I ratio. 
We found a significant increase in mTOR phosphorylation at Ser2448 in TL (Figure 
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3A), indicating that autophagy is inhibited in this phase. The phosphorylation of mTOR 
is reduced to basal level in AE, suggesting activation of the autophagic pathway. In 
accord, there was a significant increase in the LC3B-II/LC3B-I ratio in AE, returning to 
normal levels in AL (Figure 3B). These results suggest that the rapid transition from 
torpor to arousal (1.5 h) is associated with activation of autophagy, possibly by the 
activation of the UPRER  due to cellular stress.

Posttranslational modifications during torpor and early arousal
Furthermore, we determined the role of posttranslational modifications, such as 
ubiquitination, acetylation and sumoylation, in cellular stress. No significant changes 
were found in expression of total ubiquitinated proteins during torpor and arousal 
(Figure 4A). However, total ubiquitination is lowest at AL and there is a trend towards 
a subsequent increase in total ubiquitination from TE to AE (P=0.07 vs AL). Also, 
there is a trend towards increased ubiquitination during TL and AE of specific protein 
sizes (Figure S1). Increased ubiquitination in TL and AE suggests that the ubiquitin-
proteasome system is activated to clear cellular stress developed during these phases. 
The expression of total lysine-acetylation shows a significant decrease in TL (Figure 
4B). This seems to reflect an overall change in acetylation levels, as lysine-acetylation 
of specific protein sizes did not show significant changes (Figure S2). Lastly, the 
expression of SUMO1 and SUMO2-3 was measured. Expression of both SUMO1 and 
SUMO2-3 is upregulated during torpor and reduced in arousal (Figure 4C and D). Also, 
sumoylation of specific protein sizes shows upregulation during torpor, especially in 
proteins with sizes higher than 50kDa (Figure S3 and S4). These results indicate that 
different posttranslational modifications are induced during torpor and may help to 
reduce cellular stress. 

DISCUSSION
In the present study, we show substantial changes in various elements of the cardiac 
PQC system during torpor-arousal cycles in the hibernating Syrian hamster. Our 
data demonstrate that the PQC system is activated mainly around the transition of 
torpor to arousal. Late torpor displays signs of cellular stress, i.e. activation of the 
UPRER and increased sumoylation of proteins. Moreover, animals in late torpor show 
a substantial increase in phosphorylation of mTOR Ser2448, leading to inhibition of 
autophagy. Subsequently, during early arousal at 1.5 h following torpor, activation of 
the UPRER remains, but is accompanied by increased protein ubiquitination and the 
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Figure 5 Proposed model for the role of the protein quality control system during hibernation. During the 
transition from late torpor to early arousal, which takes only 1.5 h, the heart encounters cellular stress, 
resulting from the vast physiological and metabolic changes. This cellular stress leads to the activation of 
the protein quality control (PQC) system, which is characterized by activation of the UPRER and autophagy, 
increased protein ubiquitination and decreased protein sumoylation. The activation of the PQC system 
may remove aberrant proteins formed during torpor, which enables the heart to safely increase its cardiac 
function during arousal.

initiation of autophagy, as shown by the substantial increase in LC3B-II/LC3B-I ratio. 
Together, these results indicate that cellular stress is build up in the heart during torpor, 
but successively cleared during arousal by the regulated activation of the PQC system. 
This regulated activation of the PQC system likely serves to relief the heart of aroused 
animals from aberrant proteins that have been formed during torpor, thus enabling the 
huge ramp-up of cardiac function during the transition from torpor to arousal (Figure 
5).
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Activation of the PQC system during the transition of torpor to 
arousal
Our study indicates that in hibernating hamsters cellular stress accumulates during 
the torpor phase, which is subsequently reduced during the arousal phase, especially 
early arousal, by activation of the PQC system. However, not all elements of the PQC 
system seem activated in the heart. Notably, we did not find activation of the HSR during 
hibernation phases in Syrian hamsters, in contrast to observations in thirteen-lined and 
Arctic ground squirrels. Liver of Arctic ground squirrels showed an increased expression 
of HSPH1, HSPA8, HSP90AA1 and HSP90AB1 during torpor.15 Heart of thirteen-lined 
ground squirrels showed increased expression of HSP90AB1, HSPA4 and HSPB6 in 
torpor,31 while brain had increased HSPB1 and decreased HSPA4 and HSPA8 levels 
during early torpor.16 Skeletal muscle showed decreased HSPB1 and HSPB6 expression 
in late torpor and early arousal.17 As these studies show an opposite regulation of some 
HSPs, such as HSPA8 and HSPB1, in different organs of the same animal, activation of 
the HSR may well be dependent on the organ and/or animal species and may be directed 
by the severity of cellular stress encountered during hibernation. In addition to the lack 
of HSR, we found indications of the activation of proteins involved in the UPRER. A clear 
trend towards an increase in HSPA5 expression and phosphorylated eIF2α was found in 
late torpor and early arousal, respectively. HSPA5 is an ER-resident chaperone protein 
that is involved in protein folding processes.32 HSPA5 upregulation during late torpor is 
in concordance with other studies that showed increased expression of HSPA5 during 
torpor in brown adipose tissue,19 brain16,19 and liver33,34 in thirteen-lined ground squirrels. 
Increased phosphorylation of eIF2α, a protein that blocks translation and thereby 
reduces ER stress,32 was also found during torpor in brain of thirteen-lined squirrels,35 
and indirectly evidenced by increased phosphorylation of its upstream kinase PERK 
in brain of Syrian hamsters.36 Furthermore, mRNA levels of HSPA5, ATF4 and XBP1-s 
were determined. mRNA levels of HSPA5 are significantly increased at TL, which is 
simultaneously with the rise in HSPA5 protein levels. ATF4 mRNA levels show highest 
expression at AE, although not significant. Notably, ATF4 is a transcription factor which 
is transcribed during eIF2α phosphorylation28 and induced eIF2α phosphorylation 
was observed during AE. XBP1 is a transcription factor which is spliced and, thereby, 
activated upon UPRER activation.28 Spliced XBP1 showed enhanced, however not 
significant, mRNA expression during AE. Although only HSPA5 mRNA levels show 
significant upregulation during TL, the notion that the other UPRER markers, HSPA5 and 
phosphorylated eIF2α proteins, ATF4 and spliced XBP1 mRNA, also have an increased 
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expression during TL or AE may suggest that the UPRER is activated. Thus, the current 
study shows increase in ER stress during torpor, but no activation of the HSR. 
One particular interesting pathway, which is activated by ER stress, is autophagy, 
a lysosomal degradation pathway of cytosolic components and old or damaged 
organelles, which are degraded into ATP, amino acids and fatty acids to be re-used 
by the cell. Autophagy is activated during cellular stresses, such as starvation and 
proteotoxic stress,37 and both HSPA5 and phosphorylated eIF2α are involved in the 
activation of autophagy.38,39 In addition, dephosphorylation of mTOR at Ser2448, mainly 
due to starvation, activates autophagy.40 In our study, we found mTOR phosphorylation 
to be profoundly increased during late torpor, governing inhibition of autophagy during 
this phase. mTOR phosphorylation, however, returns to normal levels during early 
arousal, compatible with our finding of a significant activation of autophagy during early 
arousal, as evidenced by an increased LC3B-II/LC3B-I ratio, which represents activation 
of autophagy.22 Together, these data suggests a blockade of activation of autophagy 
during torpor, which is released during arousal via ER stress, possibly needed to clear 
damaged proteins with the advantage to generate additional energy and recyclable 
amino acids and fatty acids. 
In addition, we found changes in posttranslational modifications of cardiac proteins 
during hibernation. First, total lysine-acetylation was significantly decreased during 
late torpor. As lysine-acetylation inhibits components of the autophagic pathway,41,42 
decreased lysine-acetylation suggests a preparation for the activation of cardiac 
autophagy during early arousal. Second, total sumoylation was increased during torpor 
phases. Protein sumoylation serves various functions, of which major ones, including 
inhibition of transcription and promotion of protein stability,43,44 may possibly assist in 
maintaining cardiac function in torpor. Moreover, as sumoylation aids in the formation 
of autophagosomes,45 increased sumoylation during late torpor may prepare for 
autophagy which subsequently reduces cellular stress during early arousal. Finally, we 
found a trend towards an increase in total ubiquitination in arousal, indicating activation 
of the ubiquitin-proteasomal system. However, as the increase in total ubiquitination is 
at best quite modest, it seems that hibernating hamsters strongly favor autophagy over 
the proteasomal system to clear the cellular stress developed during torpor. Moreover, 
an increase of ubiquitin does not necessarily imply activation of the proteasome,18 as 
ubiquitinated proteins can also be cleared by autophagy.46,47
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Heart function in natural hibernators during stress and in human 
heart disease
In this study we characterized the PQC system in heart tissue during torpor and arousal 
in hibernating animals. We show that cellular stress accumulates during torpor and is 
completely cleared during the 1.5 h transition period from torpor to arousal, through 
increased activation of ER stress-induced autophagy. Moreover, in the course of a 
torpor bout, the PQC system is gradually mobilized and ready to be activated during 
early arousal. Because cardiomyocytes are terminally differentiated cells, the PQC 
system is vital for normal cardiac function. Dysfunction of the PQC system underlies 
accelerated aging of the heart and development of cardiac diseases, which are the 
most common cause of death worldwide.11,48,49 Interestingly, various cardiac diseases 
feature a phenotypic change of cardiomyocytes described as ‘cardiac hibernation’, as 
it resembles morphological key features of the heart of torpid hibernators. However, 
in contrast to natural hibernating animals, which do not show signs of degradation of 
myofilaments (myolysis),50 human cardiac hibernation is characterized by substantial 
myolysis.51-53 In fact, hibernating animals are resistant to developing arrhythmias and 
lethal cardiac arrest.3-6 So apparently, hibernating animals can regulate their PQC 
system in response to cellular stress to ensure timely clearance of aberrant proteins. 
This is in contrast to humans and animals with cardiac conditions, in which not only 
aberrant proteins but also healthy cardiac proteins are cleared, leading to myolysis. 
Particularly, in our study, we found that autophagy represents the major degradation 
pathway which becomes activated during AE. Several cardiac diseases, such as atrial 
fibrillation,54 hypertensive heart disease,55 heart failure56,57 and myocardial ischemia/
reperfusion,58 show extensive activation of autophagy, which appears detrimental 
for cardiomyocytes in these conditions. Understanding how exactly hibernators 
regulate the activation of the PQC system in relation to cellular stress, especially 
regarding initiation and level of autophagy, may hold promise to further understand the 
‘hibernation’ of cardiomyocytes in human heart diseases.

Current limitations
One major limitation of this study is the variability of the results, which presumably 
lies with the small number of animals per group included. Increasing the number of 
animals per group should minimize this variability. Another limitation is the inability 
of using the correct control for the phosphorylated mTOR and eIF2α proteins levels. 
In this study, the phosphorylated protein levels are corrected for GAPDH, instead of 
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unphosphorylated mTOR or eIF2α levels. This is due to the limited cross-reactivity 
of the antibodies with these hamster proteins. Finally, the autophagic flux could not 
be measured, as the animals were not treated with an autophagy inhibitor such as 
bafilomycin A1.
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SUPPLEMENTAL FIGURES

Figure S1 Ubiquitination levels of specific proteins. Quantified data of ubiquitination levels of proteins with 
specific sizes normalized for basal protein levels (GAPDH). A) 70kDa, B) 50kDa, C) 45kDa and D) 24kDa. 
**P<0.01.

Figure S2 Lysine-acetylation levels of specific proteins. Quantified data 
of lysine-acetylation levels of proteins with specific sizes normalized for 
basal protein levels (GAPDH). A) 75kDa, B) 60kDa, C) 45kDa, D) 40kDa, 
E) 30kDa, F) 16kDa and G) 14kDa. *P<0.05.
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Figure S3 Sumoylation (SUMO1) levels of 
specific proteins. Quantified data of SUMO1 
sumoylation levels of proteins with specific sizes 
normalized for basal protein levels (GAPDH). A) 
110kDa, B) 70kDa, C) 55kDa, D) 45kDa, E) 35kDa, 
F) 30kDa and G) 22kDa. *P<0.05, **P<0.01.

Figure S4 Sumoylation (SUMO2-3) levels of specific 
proteins. Quantified data of SUMO2-3 sumoylation 
levels of proteins with specific sizes normalized for 
basal protein levels (GAPDH). A) 200kDa, B) 100kDa, 
C) 75kDa, D) 70kDa, E) 55kDa, F) 45kDa, G) 40kDa, H) 
37kDa, I) 35kDa and J) 24kDa. *P<0.05, **P<0.01.
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ABSTRACT
Derailment of proteostasis, the homeostasis of production, function and breakdown 
of proteins, contributes importantly to the self-perpetuating nature of atrial fibrillation 
(AF), the most common heart-rhythm disorder in man. Autophagy plays a key role in 
proteostasis by degrading protein aggregates and aberrant proteins and damaged 
or old organelles. Here, we report that tachycardia, induced by rapid pacing in 
cardiomyocytes, Drosophila and dogs, activates autophagy as an event downstream 
of endoplasmic reticulum (ER) stress. Blocking ER stress by the chemical chaperone 
4-phenyl butyrate prevents activation of autophagy and forestalls cardiomyocyte 
damage, contractile dysfunction and AF progression in these models, both in vitro and 
in vivo. Moreover, overexpression of the ER chaperone-protein HSPA5 or treatment with 
inhibitors of autophagy (bafilomycin A1, pepstatin A) confirms involvement of the ER 
stress-induced autophagy pathway in derailing cardiomyocyte function. Atrial cells 
from patients with persistent AF also show induction of ER stress and activation of 
autophagy, which correlates with markers of cardiomyocyte damage (cardiac troponins, 
α-tubulin and myolysis). Together, these results identify ER stress-induced autophagy 
as a major pathway in the progression of AF and demonstrate the therapeutic action of 
a currently marketed inhibitor of ER stress, 4-phenyl butyrate.
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INTRODUCTION
Atrial fibrillation (AF) is the most common persistent clinical tachyarrhythmia, provoked 
by increased atrial activation rate due to the existence of re-entry circuits.1 Not only 
do many patients suffer from clinical symptoms, including palpitations, fatigue 
and weakness, AF also puts patients at considerable risk for cardiac morbidity and 
mortality and often necessitates life-long anticoagulant therapy.1 Once the arrhythmia 
occurs, sinus rhythm reversion and maintenance becomes progressively more difficult. 
Central to this self-perpetuating nature of AF is the remodeling of cardiomyocytes as 
a consequence of the increased atrial activation rate, resulting in disturbances of 
electrophysiology and contraction.2 Therapeutic strategies that limit cardiomyocyte 
remodeling would improve the success of cardioversion, but are currently unavailable.1 
To identify druggable targets, recent research is increasingly directed at uncovering the 
underlying molecular mechanisms that are key to cardiac remodeling. 
Derailment of proteostasis, i.e. the homeostasis of protein production, function and 
breakdown, contributes importantly to cardiomyocyte remodeling and predisposes 
to AF in experimental models and AF patients.3-6 Amongst the recently identified 
factors contributing to derailment of proteostasis in AF are the activation of proteases 
and degradation of contractile and structural proteins, including cardiac troponins 
and α-tubulin, resulting in breakdown of the microtubule network and structural 
remodeling.3,4,7 The importance of proper proteostasis is also unveiled by the attenuation 
of cardiomyocyte remodeling and dysfunction via the induction of heat shock proteins, 
whose chaperone function serves correct folding of proteins and preservation of 
contractile proteins.8,9 
Macroautophagy (hereafter ‘autophagy’) is critically involved in maintaining 
proteostasis.10 Autophagy is an evolutionarily conserved protein degradation pathway 
that removes damaged or expired proteins and organelles by sequestration in 
autophagosomes and subsequent lysosomal degradation.10,11 Recent work suggests 
that the autophagy–lysosome pathway plays a major role in the cardiac stress 
response.12 Autophagy is widely involved as a cell-stress pathway, whose excessive 
activation may trigger cardiac remodeling in response to degradation of essential 
proteins and organelles. Activation of autophagy in the heart is implicated in cardiac 
remodeling in mitral regurgitation13,14 and cardiac hypertrophy.15 
Here, we report that activation of autophagy by upstream endoplasmic reticulum 
(ER) stress constitutes an important mechanism of cardiac remodeling in rapidly 
paced cardiomyocytes, Drosophila and dogs, and in atrial biopsies from AF patients. 
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We provide data to show that blocking ER stress, by the chemical chaperone 4-phenyl 
butyrate, inhibits activation of autophagy, and thereby precludes electrical and 
contractile dysfunction in both in vitro and in vivo AF models. Thus, our study points to 
a novel therapeutic option to attenuate cardiac remodeling in AF, by use of the currently 
marketed inhibitor of ER stress, 4-phenyl butyrate. 

MATERIALS AND METHODS
HL-1 atrial cardiomyocyte cell culture, transfections and 
constructs 
HL-1 atrial cardiomyocytes, derived from adult mouse atria, were obtained from 
Dr. William Claycomb (Louisiana State University, New Orleans, USA).16 The 
cardiomyocytes were maintained in complete Claycomb Medium (Sigma, The 
Netherlands) supplemented with 10% FBS (PAA Laboratories GmbH, Austria), 100 U/
ml penicillin (GE Healthcare, The Netherlands), 100 μg/ml streptomycin (GE Healthcare, 
The Netherlands), 4 mM L-glutamine (Gibco, The Netherlands), 0.3 mM L-ascorbic acid 
(Sigma, The Netherlands) and 100 μM norepinephrine (Sigma, The Netherlands). HL-1 
cardiomyocytes were cultured on cell culture plastics or on glass coverslips coated 
with 0.02% gelatin (Sigma, The Netherlands) in a humidified atmosphere of 5% CO2 
at 37°C. Where indicated, HL-1 cardiomyocytes were transiently transfected with the 
LC3B-GFP (kind gift of Prof. T. Johansen),17 HSPA5 (kind gift of Prof. H. Kampinga) or 
pcDNA3.1+ (empty) plasmid, by the use of Lipofectamin 2000 (Life Technologies, The 
Netherlands). 

Tachypacing of HL-1 cardiomyocytes and calcium transient 
measurements
HL-1 cardiomyocytes were subjected to tachypacing as described before.3 In short, 
HL-1 cardiomyocytes were subjected to 1Hz (normal pacing) or 6Hz (tachypacing), 40V 
and 20ms pulses, for a duration of maximal 8 hours via the C-Pace100TM-culture pacer 
(IonOptix Corporation, The Netherlands). To measure calcium transients (CaT), HL-1 
cardiomyocytes were incubated for 30 min with 2 µM of the Ca2+-sensitive Fluo-4-AM 
dye (Invitrogen, The Netherlands), followed by 3 times washing with DMEM (Gibco, 
The Netherlands). Fluo-4 loaded cardiomyocytes were excited by a 488 nm laser 
with emission at 500-550 nm and were visually recorded with a 40x-objective, using 
a Solamere-Nipkow-Confocal-Live-Cell-Imaging system (based on a Leica DM IRE2 
inverted microscope). The live recording of CaT in HL-1 cardiomyocytes was performed 
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at 1Hz stimulation at 37°C. Live recordings were further processed by use of the software 
ImageJ (National Institutes of Health, USA). The relative value of fluorescent signals 
between experiments 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. Mean values and SEM from each experimental condition were based on 
7 consecutive CaT in at least 50 cardiomyocytes. 

Drosophila stocks, tachypacing and heart wall contraction assays
For all experiments w1118 strains were used. All flies were maintained at 25°C on 
standard medium. After fertilization, adult flies were removed and drugs were added 
to the medium containing fly embryos. Drosophilas were treated with 4-phenyl butyrate 
(4PBA, 100 mM), pepstatin A (100 µM) or bafilomycin A1 (100 nM). Controls were 
treated with the vehicle 2% DMSO. After 2 days, prepupae were selected for tachypacing, 
as previously described.3  Groups of at least 5 pupae were subjected to tachypacing 
(5Hz for 20 minutes, 20V and 5ms pulses) with a C-Pace100TM-culture pacer (IonOptix 
Corporation, The Netherlands). Before and after tachypacing, movies of spontaneous 
heart wall contractions in whole pupae were recorded for 30 seconds. Heart wall 
contractions were analyzed with IonOptix software.

Drug treatment 
Pepstatin A, bafilomycin A1 and 4PBA were purchased from Sigma (The Netherlands) 
and dissolved according to manufacturer’s instructions. HL-1 cardiomyocytes were 
treated with 4PBA (10 mM) 8 hours prior to pacing. Pepstatin A (10 µM) and bafilomycin 
A1 (10 nM) were added 30 minutes prior to normal or tachypacing. 

Antibodies and reagents 
Antibodies were purchased from the following vendors: rabbit monoclonal anti-
phospho-Akt (Ser473, #4060), rabbit monoclonal anti-Akt (#4691), rabbit polyclonal 
anti-LC3B (#2775), rabbit polyclonal anti-SQSTM1/p62 (#5114), rabbit polyclonal anti-
phospho-eIF2α (Ser51, #9721), rabbit monoclonal anti-phospho-S6 Ribosomal Protein 
(Ser235/236, #4858), mouse monoclonal anti-S6 Ribosomal Protein (#2317), rabbit 
polyclonal anti-phospho-mTOR (Ser2448, #2971), rabbit polyclonal anti-phospho-
mTOR (Ser2481, #2974), rabbit monoclonal anti-mTOR (#2983, all Cell Signaling 
Technology, The Netherlands), mouse monoclonal anti-eIF2α (ab5369, Abcam, UK), 
mouse monoclonal anti-HSPA5 (ab21685, Abcam, UK), mouse monoclonal anti-β-actin 
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(# sc47778, Santa Cruz Biotechnology,  USA) and mouse monoclonal anti-GAPDH 
(#10R-G109a, Fitzgerald, USA). Horseradish peroxidase-conjugated anti-mouse or anti-
rabbit (Dako, Denmark) were used as secondary antibodies.

Western blot analysis
Western blot analysis was performed as previously described.3 Briefly, equal amounts of 
total protein in SDS-PAGE sample buffer were separated on SDS-PAGE 4-20% PreciseTM 
Protein gels (Thermo Scientific, The Netherlands). After transfer to nitrocellulose 
membranes (Stratagene, The Netherlands), membranes were incubated with primary 
antibodies, followed by incubation with horseradish peroxidase-conjugated secondary 
antibodies. Signals were detected by the Western Lightning Ultra (PerkinElmer, USA) 
method and quantified by densitometry via the software Gene Gnome, Gene tools 
(Syngene, Cambridge, UK). 

Quantitative RT-PCR
Total RNA was isolated from HL-1 cardiomyocytes utilizing the nucleospin RNA 
isolation kit (Machery-nagel, The Netherlands). First-strand cDNA was generated by 
M-MLV reverse transcriptase (Promega, The Netherlands) and random hexamer primers 
(Promega, The Netherlands). Relative changes in transcription level were determined 
using the CFX384 Real-time system C1000 Thermocycler (Bio-Rad, The Netherlands) 
in combination with SYBR green ROX-mix (Westburg, The Netherlands). Calculations 
were performed using the comparative CT method according to User Bulletin 2 (Applied 
Biosystems, The Netherlands). Fold inductions were adjusted for GAPDH levels.
Primer pairs used included: ATF4 fw: GTCCGTTACAGCAACACTGC and rv: 
CCACCATGGCGTATTAGAGG, ATF6 fw: AAGAGAAGCCTGTCACTG and rv: 
GGCTGGTAGTGTCTGAAT, CHOP fw: GACCAGGTTCTGCTTTCAGG and rv: 
CAGCGACAGAGCCAGAATAA, HSPA5 fw: ATCTTTGGTTGCTTGTCGCT and rv: 
ATGAAGGAGACTGCTGAGGC, ATG12 fw: CTCCACAGCCCATTTCTTTG and rv: 
AACTCCCGGAGACACCAAG and GAPDH fw: CATCAAGAAGGTGGTGAAGC and rv: 
ACCACCCTGTTGCTGTAG. PCR efficiencies for all primer pairs were between 90-110%.

Immunofluorescent staining and confocal analysis 
HL-1 cardiomyocytes were untransfected or transiently transfected with GFP-LC3B for 
48 hours and paced at 1Hz (normal pacing) or 6Hz (tachypacing), followed by fixation 
with 4% formaldehyde (Klinipath, The Netherlands) for 15 minutes at room temperature, 
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washing three times with phosphate buffered saline (PBS), permeabilized and blocked 
with 0.3% triton-X100 and 5% FBS in PBS (1h room temperature). Endogenous LC3B 
was visualized by the anti-LC3B antibody and a secondary Alexa-488 labeled anti-rabbit 
antibody (Invitrogen, The Netherlands) and endogenous myosin heavy chain (MHC) 
was visualized by the anti-MHC antibody (kind gift of Prof. J. Van der Velden) and a 
secondary FITC labeled anti-rabbit antibody (Southern Biotech, USA). Endogenous 
LC3B, GFP-LC3B puncta, indicative of autophagosomes, and MHC were visualized by 
confocal microscopy (Leica TCS SP8) and captured at 125x magnification. The number 
of puncta was counted manually from at least two independent experiments using 
imagePro. Mean values and SEM from each experimental condition were based on 
at least 20 cardiomyocytes in case of transfection and at least 200 in case of drug 
treatment.

Dog in vivo model for AF
Dogs were anesthetized with acepromazine (0.07 mg/kg i.m.), ketamine (5.3 mg/
kg i.v.), diazepam (0.25 mg/kg, i.v.) and isoflurane (1.5%), intubated and ventilated. 
One bipolar pacing lead was fixed into the right atrial (RA) appendage via the left 
jugular vein under fluoroscopic guidance. The tip was connected to a programmable 
pacemaker (Star Medical, Japan). Results in 7 atrial tachypaced dogs with Na-PBA 
were compared with 7 tachypaced dogs without treatment and 7 non-paced control 
dogs. Na-PBA (Scandinavian Formulas USA, obtained via EM-Partners AB, Sweden) 
was given orally (300 mg/kg per day), starting 3 days before and continuing throughout 
atrial tachypacing. For ATP and ATP + Na-PBA groups, the pacemakers were turned 
on 24 hours after surgery to stimulate the RA at 600 bpm for 7 successive days. The 
ECG was checked daily to ensure AF during pacing. At the end of the study, all dogs 
were anesthetized with morphine (2mg/kg s.c.) and α-chloralose (120 mg/kg i.v. bolus 
followed by 29.25 mg/kg/hr i.v. infusion), intubated and ventilated. Body temperature 
was maintained at 37°C. After midline sternotomy, the pericardium was opened and 
2 bipolar electrodes were fixed to the RA appendage (one for pacing, one for signal 
recording). For AF induction, the RA was paced at 50Hz for 10 seconds. A total of 
5-10 AF episodes were recorded to calculate the mean AF duration in each dog. An 
AF episode >10 minutes was considered sustained, and the electrophysiological study 
was terminated. Cardioversion was avoided to prevent tissue damage, which precludes 
further cellular and molecular studies. 
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Atrial cardiomyocyte isolation
After electrophysiological study, the heart was excised and immersed in oxygen-
saturated Tyrode solution: 136 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 0.33 
mM NaH2PO4, 5 mM HEPES and 10 mM dextrose, pH 7.35 by NaOH. The left atrium 
(LA) was isolated from the heart with intact blood supply. The left circumflex coronary 
artery was cannulated and perfused with Ca2+ (1.8 mM) followed by Ca2+-free Tyrode-
solution perfusion for 10 minutes. All leaking branches were ligated. The tissue 
was then perfused with Ca2+-free Tyrode-solution containing 150 U/mL collagenase 
(Worthington, type II) and 0.1% bovine serum albumin (BSA) for 60 minutes. Digested 
LA tissue was harvested and carefully stirred. Isolated cells were centrifuged (500 rpm, 
3 minutes) to separate cardiomyocytes from fibroblasts. Cardiomyocytes were stored 
in Tyrode-solution containing 200 μmol/L Ca2+ for Ca2+-imaging studies. 

Cardiomyocyte Ca2+ imaging and cellular contractility 
assessment
Isolated cardiomyocytes were stimulated at 1Hz and all measurements were performed 
at 35±2°C. Cell-Ca2+ recording was obtained as previously described with the use of 
Indo-1 AM.3,8 Cells were exposed to UV light (wavelength 340 nm) and the exposure was 
controlled with an electronic shutter to minimize photo bleaching. Emitted light was 
reflected into a spectral separator, passed through parallel filters at 400 and 500 nm 
(±10 nm), detected by matched photomultiplier tubes and electronically filtered at 60Hz. 
Background fluorescence was removed by adjusting the 400 and 500 nm channels to 0 
over an empty field of view near the cell. Fluorescence signal ratios (R) were recorded 
and converted to [Ca2+]i following the equation developed by Grynkiewicz et al.:18 [Ca2+]
i = Kdβ [(R - Rmin)/(Rmax- R)] where β is the ratio of the 500 nm signals at very low 
and saturating [Ca2+]i. Intracellular Kd for Indo-1 was 844 nm. Cell and sarcomere 
contractility was detected by automatic edge-detection and 5 successive beats were 
averaged for each measurement.

Cell Electrophysiology Recordings
Borosilicate glass electrodes (Sutter Instruments, USA) filled with pipette solution 
were connected to a patch-clamp amplifier (Axopatch 200A, Axon Instruments, 
USA). Electrodes had tip resistances of 2-4 MΩ. For perforated-patch recording, 
nystatin-free intracellular solution was placed in the tip of the pipette by capillary 
action (~30 seconds), then pipettes were back-filled with nystatin-containing (600 

6
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μg/mL) pipette solution. Data were sampled at 5kHz and filtered at 1kHz. Whole cell 
currents are expressed as densities (pA/pF). Junction potentials between bath and 
pipette solutions averaged 10.5 mV and were corrected for APs only. Tyrode’s solution 
contained: 136 mM NaCl, 1.8 mM CaCl2, 5.4 mM KCl, 1 mM MgCl2, 0.33 mM NaH2PO4, 
10 mM dextrose and 5 mM HEPES, titrated to pH 7.3 with NaOH. The pipette solution 
for AP-recording contained: 0.1 mM GTP, 110 mM potassium-aspartate, 20 mM KCl, 1 
mM MgCl2, 5 mM MgATP, 10 mM HEPES, 5 mM sodium-phosphocreatine and 0.005 
mM EGTA (pH 7.4, KOH). The extracellular solution for Ca2+-current (ICa) measurement 
contained: 136 mM tetraethylammonium-chloride, 5.4 mM CsCl, 1 mM MgCl2, 2 mM 
CaCl2, 0.33 mM NaH2PO4, 10 mM dextrose and 5 mM HEPES (pH 7.4, CsOH).  Niflumic 
acid (50 μM) was added to inhibit Ca2+ dependent Cl current, and 2 mM 4-aminopyridine 
to suppress Ito. The pipette solution for ICa-recording contained 120 mM CsCl, 20 mM 
tetraethylammonium-chloride, 1 mM MgCl2, 10 mM EGTA, 5 mM Mg-ATP, 10 mM HEPES 
and 0.1 mM Li-GTP (pH 7.4, CsOH).

Patient material
Prior to surgery, one investigator assessed patient characteristics (Table 1) as described 
before.7 All patients were euthyroid and had normal left ventricular function. Coumarin 
therapy was interrupted 3 days before surgery. Right and left atrial appendages (RAA 
and LAAs, respectively) were obtained from all patients. After excision, the atrial 
appendages were immediately snap frozen in liquid nitrogen and stored at -85ºC. The 
study conforms to the principles of the Declaration of Helsinki. The institutional review 
board approved the study and patients gave written informed consent.

Statistical analysis
Results are expressed as mean ± SEM of at least three independent experiments. 
Multiple-group comparisons were done with one-way ANOVA with a Bonferroni 
correction. Correlation was determined using the Spearman correlation test. All 
P-values were two-sided. A value of P≤0.05 was considered statistically significant. 
SPSS version 20 was used for all statistical evaluations.

RESULTS
Tachypacing of cardiomyocytes induces autophagy 
To explore whether tachypacing induces autophagy, selective autophagy markers 
were tested, including p62 and LC3B. P62 is sequestrated to autophagosomes during 
autophagy and degraded upon fusion with the lysosome; its levels are inversely 
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Table 1 Demographic and clinical characteristics of patients with paroxysmal AF (PAF), patients with 
persistent AF (PeAF) and control patients in sinus rhythm (SR).

SR PAF PeAF
N
RAA (n)
LAA (n)
Age (years)
Duration of AF (median, range (months))

6
6
4
56±8
-

6
6
6
51±7
-

7
6
5
61±10
14.6 (8-56)

Underlying heart disease (n)
CAD/MVI 6 7 7
New York Health Association for exercise tolerance
I
II

3
3

5
2

3
4

Echocardiography
Left atrial diameter (parasternal)
Left ventricular end-diastolic diameter (mm)
Left ventricular end-systolic diameter (mm)

42±3
50±4
34±4

42±4
52±3
38±3

48±4
52±3
34±5

Values are represented as mean ± SEM or number of patients. CAD: coronary artery disease, MVI: mitral valve 
insufficiency.

proportional to activation of autophagy.19,20 LC3B-II is a protein produced from LC3B-I 
upon activation of autophagy and is also incorporated into autophagosomes: LC3B-
II levels are proportional to the number of autophagosomes.19,20 Tachypacing of HL-1 
atrial cardiomyocytes activates autophagy, as demonstrated by a time-dependent 
decrease in the expression of p62, and increase in LC3B-II (Figure 1A-C). Tachypacing 
also induces a clear redistribution of LC3B into discrete perinuclear puncta in both 
untransfected cardiomyocytes and LC3B-GFP transfected cardiomyocytes (Figure 
1D-F), supporting autophagosome formation.21 Next, we determined the autophagic 
flux, to discriminate between the induction of autophagy and decreased degradation 
of autophagosomes, by blocking autophagosome-lysosome fusion with bafilomycin 
A1 (BAF, Figure 1G and H).22 BAF pretreatment further increases LC3B-II levels of 
tachypaced cardiomyocytes (Figure 1G and H and S1), indicating that tachypacing 
activates autophagy in HL-1 atrial cardiomyocytes.

ER stress activates autophagy in cardiomyocyte model and 
patients with AF
To investigate upstream pathways activating autophagy, we first examined the 
mammalian target of rapamycin (mTOR). mTOR assembles into two complexes, 
mTOR complex 1 (mTORC1) and complex 2 (mTORC2), and both complexes become 
activated by mTOR phosphorylation, although at different sites, after which they 
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Figure 1 Tachypacing induces autophagosome formation and activation of autophagy. A) Representative 
Western blot of tachypacing-induced autophagy markers p62, LC3B-I and LC3B-II and loading control GAPDH. 
HL-1 cardiomyocytes were normal paced (NP) or tachypaced (TP) for the duration as indicated. B) Quantified 
data showing a significant reduction in p62 levels after 6 hours of TP. C) Quantified data showing a significant 
increase in LC3B-II levels after 2 hours of TP. D) Confocal images of tachypaced HL-1 cardiomyocytes, 
for the period as indicated, transfected with LC3B-GFP plasmid. E) Confocal images of tachypaced HL-1 
cardiomyocytes for the period as indicated. Endogenous LC3B was visualized by immunostaining. 
Green puncta indicate autophagosomes. F) Quantified data showing accumulation of LC3B-GFP puncta/
cardiomyocyte during TP, normalized for normal paced (NP). G) Representative Western blot of HL-1 
cardiomyocytes NP versus TP for the duration as indicated, in the presence or absence of bafilomyocin A1 
(BAF). H) Quantification of the autophagic flux by determining the difference in LC3B-II levels in the presence 
versus absence of bafilomycin A1 (BAF). *P≤0.05, **P≤0.01, ***P≤0.001 versus NP.
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attenuate autophagy.23,24 To test whether tachypacing-induced autophagy results from 
the inhibition of mTOR signaling, we determined total mTOR, phosphorylation of mTOR 
at S2448 for mTORC1, S2481 for mTORC2 and their respective downstream targets 
ribosomal protein S6 (S6RP) and Akt (Figure 2A-D). Tachypacing does not affect 
phosphorylation of mTOR at S2448 or S2481, nor phosphorylation of the mTORC1 
downstream effector S6RP at S235-236. However, tachypacing significantly increases 
phosphorylation of Akt at S473 (Figure 2D). Given the increased Akt phosphorylation, 
we next examined involvement of endoplasmic reticulum (ER) stress signaling in 
tachypacing-induced autophagy, as Akt S473 phosphorylation is observed in ER 
stress25 and ER stress is an important regulator of autophagy.11,26 A role of ER stress 
was suggested by the finding that tachypacing strongly increases phosphorylation of 
its downstream marker eIF2α (Figure 3A and B) and induces transcription of genes 
activated by ER stress, i.e. ATF4, ATF6, CHOP, HSPA5 and ATG12 (Figure 3C). In addition, 
tachypacing gradually induced protein levels of HSPA5 (Figure S2), an endogenous ER 
chaperone-protein induced by ER stress.11

To extend our findings to human AF, we examined ER stress and autophagy in right and 
left atrial appendages (RAA and LAA, respectively) of patients with paroxysmal (PAF) 
and persistent AF (PeAF), along with control patients in sinus rhythm (SR). Patients 
with PeAF showed an accumulation of autophagosomes and the presence of myolysis 
(degradation of sarcomeres) upon electron microscopic examination, which is absent 
in SR patients (Figure 4A-D). ER stress and autophagy are further evidenced in LAA of 
patients with PeAF by decreased levels of HSPA5 and p62 and a trend towards enhanced 
LC3B-II induction (Figure S3) compared to SR (Figure 4E-G). As observed before,3,27,28 
remodeling was less pronounced in right atrium, as the expression levels of HSPA5 and 
p62 were similar in RAA of patients with PAF, PeAF and SR, indicating that the activation 
of autophagy is absent. Previously, we reported on structural remodeling, involving 
degradation of contractile proteins, in these patients.4,7 Involvement of autophagy in 
structural remodeling and AF progression is substantiated by the correlation of p62 
expression with cardiac troponin (cTnI and cTnT) and α-tubulin expression in PeAF, 
PAF and SR patients (Figure 4H-J) and inverse correlation with the amount of myolysis 
(Figure 4K). Levels of p62 also correlated with HSPA5 levels (Figure 4L), suggesting 
that an ER stress response is strongly associated with autophagy and AF progression.
Taken together, these results denote ER stress-mediated activation of autophagy in 
a tachypaced cardiomyocyte model as well as in left atrial tissue of patients with 
persistent AF. The correlation of autophagy markers with degradation of contractile 
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proteins and the amount of structural remodeling suggests a biologically relevant 
contribution of this pathway to AF-induced derailment of cardiomyocyte proteostasis 
and disease progression.

Inhibition of ER stress-induced autophagy protects from cardiac 
remodeling
The orphan drug, 4-phenyl butyrate (4PBA), in clinical use to treat urea cycle 
disorders,29-31 has recently been recognized as an inhibitor of ER stress by virtue of its 
chemical chaperone properties.32,33 To explore its potential as a therapeutic agent in 
AF, we examined its properties in tachypaced cardiomyocytes, Drosophila and a dog 
model of AF. 
In tachypaced HL-1 cardiomyocytes, 4PBA limits ER stress and prevents activation 
of autophagy, as demonstrated by a normalization of phospho-eIF2α, attenuation of 
p62 breakdown and LC3B processing (Figure 5A and B). 4PBA treatment prevents 

Figure 2 Tachypacing-induced autophagy does not involve mTORC signaling. Top panels represent 
Western blots of proteins within the mTORC signaling and lower panels reveal quantified data of the ratio 
phosphorylated proteins normalized for basal protein levels. A) Phospho-mTOR 2448S (mTORC1), B) 
Phospho-mTOR 2481S (mTORC2), C) Phospho-S6RP 235-236S (downstream of mTORC1) and D) Phospho-
Akt 473S (downstream of mTORC2 and ER stress) in response to tachypacing (TP) for the duration as 
indicated compared to normal paced (NP). **P≤0.01, ***P≤0.001 versus NP.
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Figure 3 Tachypacing augments levels of ER stress markers and autophagy gene ATG12. A) Representative 
Western blot of phospho-eIF2α 51S, an ER stress marker, and basal eIF2α and GAPDH levels in response to 
tachypacing (TP) for the indicated duration or normal pacing (NP). B) Quantified data of the ratio phospho-
eIF2α 51S normalized for basal eIF2α protein levels. C) Quantitative real time PCR of ER stress markers ATF4, 
ATF6, CHOP and HSPA5 and the autophagy related gene ATG12 in response to tachypacing for the indicated 
duration relative to normal pacing (NP). **P≤0.01, ***P≤0.001 versus NP.

tachypacing-induced accumulation of the contractile protein myosin heavy chain (MHC) 
in perinuclear puncta in HL-1 cardiomyocytes (Figure 5C and D). The protective 4PBA 
effects are mediated via upstream inhibition of autophagy, as downstream inhibition 
of autophagy by pepstatin A (lysosomal cathepsin D/E inhibitor) or BAF (lysosomal 
fusion inhibitor) attenuated p62 degradation, but did not affect upstream ER stress, 
LC3B processing and the formation of perinuclear MHC puncta upon tachypacing 
(Figure 5A-D). Next, we determined whether 4PBA also blocks tachypacing-induced 
contractile dysfunction. Pretreatment with 4PBA completely attenuated the loss 
of calcium transients (CaT) in 8h tachypaced cardiomyocytes (Figure 5E and F and 
S4). The action of 4PBA is mediated by blocking ER stress-mediated activation of 
autophagy, as similar effects on CaT were observed in cardiomyocytes overexpressing 
the endogenous ER chaperone-protein HSPA5 (Figure 5G and H) or preincubated with 

66



130

Chapter 6

Figure 4 Patients with persistent AF show markers of ER stress and autophagy. A) Electron microscopic image 
of left atrial appendage of a patient with persistent atrial fibrillation (PeAF), arrows indicate the presence of 
autophagosomes with a perinuclear (N) localization. B) Image of left atrial appendage of a patient with PeAF 
at a higher magnification, showing the presence of autophagosomes. C) Image of left atrial appendage 
of a patient in sinus rhythm (SR), showing normal sarcomere structures and absence of perinuclear 
autophagosomes. D) Image of left atrial appendage of patient in SR, showing normal sarcomere structures 
and absence of perinuclear autophagosomes at a higher magnification. E) Representative Western blot of 
the autophagy marker p62 and ER stress marker HSPA5 in right (RAA) and left atrial appendages (LAA) of 
patients in paroxysmal (PAF) and persistent AF (PeAF) versus SR. F) and G) Quantified data of autophagy 
marker p62 and ER stress marker HSPA5 in right (RAA) and left atrial appendages (LAA) of patients with 
paroxysmal AF (PAF), persistent (PeAF) and control patients in sinus rhythm (SR). *P≤0.05 versus SR. 
H-L) Significant correlations between levels of the autophagy marker p62 and markers of cardiomyocyte 
structural remodeling in patients with paroxysmal (PAF) and persistent (PeAF) and sinus rhythm (SR). H) 
Cardiac troponin T (cTnT), I) cardiac troponin I (cTnI), J) α-tubulin (tub), K) myolysis and L) HSPA5.

pepstatin A and BAF for 30 minutes prior to pacing (Figure 5E and F). Pepstatin A and 
BAF effects are not conveyed via indirect modulation of ER stress, as neither of the 
drugs influenced HSPA5 expression levels, as suggested before (Figure S5).34 
To extend these findings to a multicellular experimental animal model for tachypacing-
induced contractile dysfunction, similar experiments were conducted in Drosophila.3,35 
Comparable to findings in tachypaced HL-1 cardiomyocytes, inhibition of ER stress 
(4PBA) and autophagy (BAF) attenuates tachypacing-induced dysfunction in heart wall 
contractions in Drosophila (Figure 5I and J), while pepstatin A is not protective and toxic 
at the concentrations applied. 
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Figure 5 Inhibition of ER stress and autophagy protects against tachypacing-induced contractile dysfunction 
in HL-1 cardiomyocytes and Drosophila melanogaster. A) Representative Western blot of ER stress marker 
(eIF2α-P51S) and autophagy markers (LC3B and p62) in HL-1 cardiomyocytes pre-treated with DMSO (control) 
or the autophagy modulators pepstatin A (PepA) or bafilomycin A1 (BAF) or 4PBA. B) Quantified data showing 
that HL-1 cardiomyocytes treated with 4PBA reveal attenuation of tachypacing-induced increase in eIF2α-
P51S, LC3B-II induction and reduction in p62. Pepstatin A and bafilomycin A1 inhibit lysosomal cathepsin 
D/E and lysosomal fusion, respectively, and therefore result in an induction of LC3B-II levels and attenuation 
of p62 reduction without effecting upstream eIF2α-P51S levels. C) Confocal images of normal (NP) and 
8h tachypaced (TP) HL-1 cardiomyocytes stained for myosin heavy chain (MHC) with DMSO (Control), or 
4PBA, bafilomycin A1 (BAF) or pepstatin A (PepA) pretreatment. D) Quantified data showing the number of 
puncta for the conditions as indicated. 4PBA pretreatment protects against the formation of perinuclear 
puncta. E) Representative CaT of HL-1 cardiomyocytes after normal pacing (NP) or tachypacing (TP). HL-1 
cardiomyocytes were pre-treated with the autophagy modulators PepA or BAF or 4PBA, followed by normal 
or tachypacing and measurement of CaT. F) Quantified CaT amplitude of NP and TP HL-1 cardiomyocytes, 
each from groups as indicated. G) Representative CaT of HL-1 cardiomyocytes transfected with empty 
plasmid (Control) or ER chaperone HSPA5, followed by NP or TP. H) Quantified CaT amplitude of NP and 
TP HL-1 cardiomyocytes transiently transfected with empty plasmid or HSPA5. I) Representative heart wall 
contractions of Drosophila monitored before TP and after TP with DMSO (Control) or PepA, BAF or 4PBA 
pretreatment. J) Quantified data showing heart wall contraction rates each from groups as indicated. White 
bars represent normal paced (NP in HL-1 cardiomyocytes) or spontaneous heart rate (SR in Drosophila) and 
black bars represent tachypaced HL-1 cardiomyocytes or Drosophila. N=9 to 15 prepupae for each group. 
*P≤0.05, **P≤0.01, ***P≤0.001 vs control NP or SR, #P≤0.05, ##P≤0.01, ### P≤0.001 vs control TP.
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Figure 6 Na-PBA protects against atrial remodeling in a dog model for AF. Atrial tachypacing (ATP) induces 
atrial remodeling, measured as A) shortening of action potential duration (ADP90), B) reduced adaptation of 
the effective refractory period (ERP) at different basic cycle lengths (BCL), C) reduced L-type Ca2+ current (ICaL) 
and D) increased diastolic calcium levels in cardiomyocytes (n= 15-40 cardiomyocytes). E) Representative 
calcium transient (CaT) and cell shortening (CS) tracers for the conditions as indicated. Furthermore, ATP 
results in F) loss of CaT amplitude, G) loss of contractility and H) increased duration of induced AF. All ATP-
induced atrial remodeling endpoints were significantly attenuated by Na-PBA treatment. I) Top panels shows 
representative Western blot, below quantified data revealing a significant reduction in p62 levels in ATP, which 
was not significantly reduced by Na-PBA treatment compared to control dogs. J) Representative Western 
blot of LC3B-I/II in groups as indicated. ATP causes significant induction in LC3B-II/I ratio which was not 
changed in case of Na-PBA treatment. K) Representative Western blot of HSPA5 showing a trend (P=0.058) 
in induction of HSPA5, which was not altered in Na-PBA treated group. *P<0.05, **P≤0.01, ***P≤0.001 versus 
C, #P<0.05, ##P≤0.01, ###P≤0.001 versus ATP.
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Finally, to obtain proof that 4PBA has a beneficial action for an extended time period 
in a large animal model for AF, dogs subjected to 7 days of atrial tachypacing to 
induce AF-associated atrial remodeling were treated with the orally-administered 
sodium-salt PBA (Na-PBA, 300 mg/kg per day). Na-PBA treatment protects not only 
from tachypacing-induced electrical changes, including shortening of action potential 
duration, effective refractory period and reductions in L-type Ca2+ channel current 
(Figure 6A-C), but also prevents tachypacing-induced abnormalities in Ca2+ handling 
and associated hypocontractility of isolated atrial cardiomyocytes (Figure 6D-G). 
The Na-PBA-induced attenuation of adverse electrical and contractile remodeling is 
associated with a reduction in vulnerability to induce AF by tachypacing (Figure 6H). 
Finally, Na-PBA reduces markers of ER stress and autophagy in left atrial tissue of 
tachypaced dogs, as demonstrated by reductions in LC3B-II levels and the increase in 
p62 levels compared to non-treated tachypaced dogs (Figure 6I and J). ATP resulted 
in an upward trend in HSPA5 levels and in the presence of Na-PBA no statistically 
significant changes were seen (Figure 6K). In addition, HDAC activity levels were not 
altered by Na-PBA treatment, as has been suggested before (Figure S6).36

Thus, the inhibition of autophagy protects against tachypacing-induced cardiac 
remodeling and inhibition of upstream ER stress is sufficient to block activation of 
autophagy and maintain proper cardiomyocyte function (Figure 7). Findings from a 
clinically relevant dog model for AF indicate that 4PBA protects the heart against AF, 
making 4PBA an interesting drug candidate to treat clinical AF.

DISCUSSION
Atrial fibrillation is the most frequent human arrhythmia, displaying an accelerating 
nature because of progressive remodeling of cardiomyocytes. Current therapies are 
symptomatic and aim for rate control but do not prevent expansion of the arrhythmogenic 
substrate.1 As a consequence, most patients eventually develop permanent AF, 
which substantially increases cardiac morbidity and mortality and warrants life-long 
anticoagulant therapy. Despite extensive investigation of the molecular substrate of 
cardiac remodeling in AF, no effective therapy is available to date. Recently, we proposed 
that disruption of protein homeostasis contributes importantly to cardiomyocyte 
remodeling in AF.3-6 Here, we show in patient atrial tissue and several experimental AF 
models that AF features an early induction of ER stress, of which effects on cardiac 
remodeling are mainly conveyed by downstream activation of autophagy. Furthermore, 
we demonstrate as a “proof-of-concept” that inhibition of ER stress by the orphan drug 
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4PBA effectively prevents cardiac remodeling in cardiomyocytes, Drosophila and dog. 
The results thus disclose novel druggable targets to limit cardiac remodeling in AF, 
and propose that 4PBA may emerge as the first effective compound to attenuate AF 
progression and increase the success rate of cardioversion. 
While it is recognized that the increased atrial activation rate constitutes a major 
driving force for cardiac remodeling in AF,1 upstream molecular events have been 
poorly identified. The current data from patients and various models allow for the 
construction of a comprehensive model featuring ER stress as its most upstream 
event (Figure 7). Most likely, ER stress results from calcium overload and activation 
of calmodulin-dependent kinase37 in response to the high activation rate.6 During 
ER stress, HSPA5 dissociates from stress sensors (ATF6, IRE1, PERK) in the ER and 
recognizes and binds misfolded proteins by their externalized hydrophobic regions. 
This results in the activation of the unfolded protein response (UPR).38 The UPR induces 
the phosphorylation of eIF2α at S51, which inhibits protein translation and initiates 
selective expression of stress-responsive transcripts, including ATF4 and ATF6.10 In 
turn, ATF4 and ATF6 signaling induces CHOP, autophagy gene ATG12, LC3B and HSPA5 
expression, thus activating autophagy by stimulating induction and elongation of 
autophagosomes.38. In the current study we found increased HSPA5 expression in HL-1 
cardiomyocytes but decreased HSPA5 expression in PeAF patients. The discrepancy 
between these findings may lie in possible exhaustion of HSPA5 during disease 
progression in PeAF patients. Finally, during prolonged ER stress, phosphorylated 
eIF2α replenishes cellular supplies of ATG12, CHOP and LC3B, allowing for sustained 
and excessive autophagic flux.26,39-41 Ultimately, autophagy leads to well documented 
features of cardiac remodeling, including hypertrophy, fibrosis and myolysis.13,42,43

In addition to the observed changes in expression and posttranslational modifications 
of proteins discussed above, specific interventions also support ER stress-induced 
autophagy in AF. The protection from cardiac dysfunction by inhibitors of autophagy, 
suggests this route to represent a key effector pathway in tachypacing-induced cardiac 
remodeling. Indeed, our experiments indicate that autophagy represents the main 
effector pathway of ER stress, as autophagy inhibitors precluded remodeling without 
affecting the ER stress response. In agreement, inhibition of ER stress with the chemical 
chaperone 4PBA or by selective overexpression of HSPA5 suppressed both autophagy 
and cardiac remodeling. The key role of autophagy in cardiac remodeling, as identified 
in AF, is supported by other studies. Comparable to our findings, an association 
between autophagy and the presence of myolysis was reported previously in patients 
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Figure 7 Proposed model for the role of autophagy and disease progression in AF. Starting from the top, 
AF triggers ER stress in cardiomyocytes through altered Ca2+ handling, derailment in redox homeostasis 
and reduction in ER chaperone HSPA5 levels. This leads to myosin heavy chain (MHC) aggregation and the 
subsequent ER stress response activates downstream phosphorylation of eIF2α.51 In turn, this results in the 
activation of the transcription factor ATF4, which regulates the expression of autophagy genes (ATGs) and 
LC3B, causing activation of autophagy by stimulating induction and elongation of autophagosomes. A second 
consequence of the ER stress response results in activation of ATF6, which upregulates the expression of 
HSPA5 in an attempt to restore ER homeostasis. Initially, AF-induced activation of autophagy may preserve 
cardiomyocyte proteostasis; however, excessive stress-induced autophagy contributes to loss of contractile 
function and cardiac remodeling, possibly due to autophagy-induced myolysis. ER stress-induced autophagy 
appears maladaptive, as inhibition of autophagy via 4PBA, HSPA5 overexpression, pepstatin A (PepA) and 
bafilomycin A1 (BAF) prevented AF-induced loss of calcium transients.

with mitral regurgitation.13 Furthermore, an accumulation of autophagosomes was 
observed in patients who developed post-surgical AF.44

From a translational perspective, the current results identify a potential benefit of 
pharmacological inhibition of autophagy as a therapeutic strategy in clinical AF. It 
should be noted, however, that effectiveness was only established by pretreatment of 
tachypacing-induced cardiac changes in the various models. Whether this also applies 
in humans awaits further confirmation. Moreover, this strategy may only be applicable 
in specific settings, such as treatment of paroxysmal AF or to prevent post-operative 
AF induction, but may fail in advanced stages such as (longstanding) persistent AF. 
Among the available compounds, 4PBA seems highly promising, as this compound 
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is already approved for clinical use to treat urea cycle disorders,30,31,45 and available 
under the trade names Buphenyl (USA as from 1996) and Ammonaps (Europe as from 
1999). 4PBA acts as a chemical chaperone and alleviates ER stress by protecting 
from aggregation of misfolded proteins. With respect to dosing, duration of action 
and side-effects, much may be learned from outcomes of ongoing human trials with 
4PBA, which target various clinical diseases featuring protein misfolding, including 
Amyotrophic Lateral Sclerosis (NCT00107770), Huntington’s disease (NCT00212316), 
spinal muscular atrophy (NCT00528268), proteinuric nephropathies (NCT02343094) 
and cystic fibrosis (NCT00016744). Data from patients with urea cycle disorders so 
far indicate that 4PBA is safe and displays minor side-effects,29 although conventional 
dosing is high (max 20 g per day).  In addition to 4PBA, our results indicate that cardiac 
remodeling in AF may also be modulated by inhibitors of autophagy.39,46,47 However, 
treatment with autophagy inhibitors may precipitate considerable toxicity, as reported 
for bafilomycin,48 or additional detrimental effects because of disruption of normal 
cell physiology by inhibition of basal autophagy.12,14,49,50 Application of inhibitors of 
autophagy in AF and other chronic conditions thus awaits development of selective 
inhibitors targeting excessive autophagy. Because of these considerations, 4PBA 
currently represents the best candidate to explore the benefits of repression of 
autophagy in the attenuation of AF progression and improvement of cardioversion 
outcome in clinical AF. 
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SUPPLEMENTAL FIGURES

Figure S1 BAF treatment further 
increases LC3B-II levels in 
tachypaced HL-1 cardiomyocytes. 
Representative Western blot showing 
LC3B-I/II expression in normal paced 
(NP) and tachypaced (TP) HL-1 
cardiomyocytes with and without BAF 
treatment. BAF increases the LC3B-II 
levels after 8h tachypacing.

Figure S2 Tachypacing induces 
expression of the ER chaperone 
HSPA5. Top panel: representative 
Western blot showing HSPA5 and 
GAPDH expression in normal paced 
(NP) and tachypaced (TP) HL-1 
cardiomyocytes. Bottom: quantified 
data revealing significant increase 
in HSPA5 levels in tachypaced HL-1 
cardiomyocytes. *P≤0.05 vs NP.

Figure S3 LC3B-I/II levels show 
borderline significant changes in 
patients with persistent AF compared 
to control patients in sinus rhythm. 
Top panel: representative Western blot 
showing LC3B-I, LC3B-II and GAPDH 
levels in right atrial appendages (RA) 
and left atrial appendages (LA) of 
patients with persistent AF (PeAF) or 
control patients in sinus rhythm (SR). 
Lower panel: quantified data showing 
a borderline significant induction 
(P=0.06) of LC3B-II/I ratio in RA of 
patients with PeAF compared to RA 
of SR.  
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Figure S4 Pharmacological modulation 
of autophagy in normal-paced HL-1 
cardiomyocytes does not change calcium 
transients. Quantified CaT of HL-1 
cardiomyocytes pretreated with autophagy 
modulators pepstatin A or bafilomycin A1 or 
4PBA and subjected to normal pacing. CaT of 
tachypaced HL-1 cardiomyocytes are presented 
in Figure 5D.

Figure S6 4PBA has no effect on HDAC activity 
in dogs. Atrial tachypacing of dogs results in 
a borderline significant induction (P=0.06) of 
HDAC activity, which was not altered by 4PBA 
treatment.

Figure S5 Pharmacological modulation of 
autophagy in HL-1 cardiomyocytes does 
not change HSPA5 expression. Top panel: 
representative Western blot showing HSPA5 
and GAPDH levels in HL-1 cardiomyocytes 
pretreated with various autophagy modulators 
as indicated. Lower panel: quantified data 
showing no significant changes in HSPA5 levels 
for the conditions as indicated.  



Chapter 7

Cardiomyocyte mitochondrial stress and 
dysfunction in experimental Atrial Fibrillation 
is blocked by inhibition of the mitochondrial 

calcium uniporter

Marit Wiersma1, Deli Zhang1, Eva A.H. Lanters2, Femke Hoogstra-Berends1, XiaoYan Qi3, 
Yi Wan1, Thomas M. Leferink1, Ody C.M. Sibon4, Stanley Nattel3, Natasja M.S. de Groot2, 
Robert H. Henning1, Bianca J.J.M. Brundel1,5 

1Department of Clinical Pharmacy and Pharmacology, University Medical Center Groningen, 
University of Groningen, The Netherlands. 
2Department of Cardiology, Erasmus Medical Center, Rotterdam, The Netherlands
3Department of Medicine, Montreal Heart Institute and Université de Montréal, and the Department 
of Pharmacology and Therapeutics, McGill University, Montreal, Québec, Canada.
4Department of Cell Biology, University Medical Center Groningen, University of Groningen, The 
Netherlands. 
5Department of Physiology, Institute for Cardiovascular Research, VU University Medical Center, 
Amsterdam, The Netherlands.

Manuscript in preparation



Cardiomyocyte mitochondrial stress and dysfunction in experimental Atrial Fibrillation is blocked by inhibition of the 
mitochondrial calcium uniporter

143

Chapter 7

ABSTRACT
Atrial fibrillation (AF), the most common sustained clinical tachyarrhythmia, is 
characterized by electrical and structural remodeling. Derailment of proteostasis, the 
homeostasis of protein production, function and degradation, contributes significantly 
to AF-induced remodeling. Endoplasmic reticulum (ER) stress was previously found 
present in AF, which may lead to myolysis. The ER is closely linked to mitochondria and ER 
stress can result in mitochondrial stress. Importantly, mitochondrial stress is observed 
in AF pathogenesis. Here, we report that in vitro tachypacing of HL-1 cardiomyocytes 
induces mitochondrial dysfunction and fragmentation of the mitochondrial network, 
which was verified in AF patients. Partial blocking or downregulating the mitochondrial 
calcium uniporter (MCU) precludes mitochondrial dysfunction and mitochondrial 
fragmentation in tachypaced cardiomyocytes, suggesting that augmented 
mitochondrial Ca2+ influx constitutes a key pathophysiological mechanism. Blocking 
the MCU pharmacologically, by Ru360, also protects against contractile dysfunction 
in an in vivo Drosophila AF model. In addition, AF patients display increased levels of 
circulating mitochondrial DNA, indicating mitochondrial DNA may act as a biomarker 
for AF. Together, these results suggest that inhibition of the MCU may represent a 
novel therapeutic target to counteract AF-induced mitochondrial dysfunction, and that 
circulating mitochondrial DNA in serum may represent a biomarker for AF.

INTRODUCTION
Atrial fibrillation (AF) is the most common sustained clinical tachyarrhythmia and is 
associated with increased mortality and morbidity.1,2 Its incidence is age-related and 
expected to rise due to the aging population, which will increase hospitalization and 
medical costs, contributing significantly to the socioeconomic burden.3 Due to its 
progressive nature, patients undergo transition from paroxysmal AF to persistent, 
longstanding persistent and, ultimately, permanent AF.2 All AF stages are characterized 
by electrical and structural remodeling, which increases the chance of re-entry and, 
thereby, AF progression.1,2 Electrical remodeling is accomplished by reduced effective 
refractory period and action potential duration, due to aberrant function of cardiac 
ion channels, increased cytosolic calcium levels and atrial hypocontractility, but is 
often reversible.1,2 Structural remodeling, however, is irreversible and includes atrial 
hypertrophy, fibrosis and myolysis.1,4 Current therapies have limited efficacy, especially 
in the longstanding persistent and permanent AF stages, likely due to the lack of 
knowledge about the underlying molecular mechanisms of AF-related cardiac structural 



144

Chapter 7

remodeling.2 Therefore, recent research is directed at revealing the pathways leading to 
AF-induced cardiac structural remodeling in order to develop more mechanism-related 
AF therapies.
One of the mechanisms underlying AF-induced structural remodeling is derailment of 
proteostasis, i.e. the homeostasis of protein synthesis, folding, assembly, trafficking, 
function and degradation.5 Activation of proteases6-8 and histone deacetylases9 
contributes to degradation of contractile and structural proteins, resulting in 
proteostasis derailment and structural remodeling. In addition, in vitro AF initiation 
leads to increased RhoA activation, changes in structural proteins and failure to mount 
the heat shock response.10,11 In accord, induction of the heat shock response, a primary 
defense mechanism against derailment of proteostasis, attenuates cardiomyocyte 
remodeling and preserves the cardiomyocyte contractile function.10,12-14 In addition, we 
recently identified activation of macroautophagy, in response to endoplasmic reticulum 
(ER) stress, to constitute an important route involved in degradation of structural 
proteins in AF.15 As the ER is in close contact with mitochondria through so called 
mitochondria-associated membranes, which promote the exchange of metabolites, 
including lipids and Ca2+, mitochondria respond with stress to ER stress.16 Interestingly, 
there are indications that mitochondrial stress contributes to AF pathogenesis. One of 
the most direct indications comprises a study demonstrating the association between 
decreased mitochondrial respiration and expression of respiratory chain proteins and 
the incidence of post-operative AF in obese patients.17 Likewise, protein expression 
profiling in a small cohort of valvular disease patients demonstrated differential 
expression of important energy metabolism-related proteins between sinus rhythm 
and AF patients.18 Moreover, the presence of oxidative stress in in vivo models of 
AF19 and in AF patients20-22 indicates disruption of normal respiration. Despite these 
indications of aberrant mitochondrial function in AF, characterization of these changes, 
putative mechanism and contribution to AF pathogenesis has not been studied. This 
is striking, as mitochondrial ATP production is vital for cardiac contraction. Moreover, 
on a theoretical level, the relationship between mitochondrial ATP production and Ca2+ 
influx from the ER23 immediately links cellular Ca2+ overload in AF to mitochondrial 
dysfunction. Following cellular Ca2+ overload, which is toxic for the cardiomyocytes, 
excessive Ca2+ is stored in the ER and mitochondria, thereby causing an ER stress 
response and swelling and dysfunction of mitochondria, respectively.23-27 Here, we 
examined mitochondrial function in experimental models of AF remodeling and in 
AF patients. Furthermore, we determined the role of the mitochondrial Ca2+ uniporter 
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(MCU), which is responsible for mitochondrial Ca2+ uptake, in AF. As dysfunction of 
mitochondria induces release of its components from the cardiomyocytes,28-30 we also 
assessed whether mitochondrial DNA represents a biomarker for AF in patients. 

MATERIALS AND METHODS
HL-1 cardiomyocyte cell culture and tachypacing
HL-1 atrial cardiomyocytes, derived from adult mouse atria, were obtained from Dr. 
William Claycomb (Louisiana State University, New Orleans, USA)31 and were maintained 
in complete Claycomb Medium (Sigma, The Netherlands) supplemented with 10% FBS 
(PAA Laboratories GmbH, Austria), 100 U/ml penicillin (Gibco, The Netherlands), 100 µg/
ml streptomycin (Gibco, The Netherlands), 4 mM L-glutamine (Gibco, The Netherlands), 
0.3 mM L-ascorbic acid (Sigma, The Netherlands) and 100 µM norepinephrine (Sigma, 
The Netherlands). The cardiomyocytes were cultured on cell culture plastics or on 
glass coverslips coated with 0.02% gelatin (Sigma, The Netherlands) and were grown 
at 37°C in 5% CO2.
HL-1 atrial cardiomyocytes were subjected to 6Hz (tachypacing), 40V and 20ms pulses, 
for maximal 8 hours via the C-Pace100 TM-culture pacer (IonOptix Corporation, The 
Netherlands).

Transfection, drug treatment and mitochondrial calcium 
transient measurement
HL-1 cardiomyocytes were transiently transfected with pDEST40-MCU-V5-HIS 
(Addgene, USA) by the use of Lipofectamin 2000 (Life Technologies, The Netherlands). 
MCU knockdown was accomplished by transiently transfecting the cardiomyocytes 
with Mission MCU esiRNA (EMU213891, Sigma, The Netherlands) by the use of 
Lipofectamin RNAiMAX (Life Technologies, The Netherlands). Ru360 was purchased 
from Millipore (USA) and dissolved in deoxygenated water, according to manufacturer’s 
instructions. Ru360 treatment (5 µM) was started 30 minutes prior to and was continued 
during tachypacing. Mdivi-1 (Sigma, The Netherlands) and mitoTEMPO (Santa Cruz 
Biotechnology, USA) were dissolved according to manufacturer’s instructions and 
added 40 minutes and 1 hour prior to and during tachypacing, respectively.
To measure mitochondrial calcium transients (CaTmito), HL-1 cardiomyocytes were 
incubated for 30 minutes with 5 µM of the mitochondrial Ca2+-sensitive dye Rhod-2 
AM32 (Abcam, UK) at 37°C in DMEM (Gibco, The Netherlands), followed by three times 
washing with DMEM (Gibco, The Netherlands). Rhod-2 AM-loaded cardiomyocytes were 
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excited by a 600 nm laser with emission at 605 nm and CaTmito were recorded with the 
Myocyte Calcium and Contractility System (IonOptix Corporation, The Netherlands). 
The live recording of the CaTmito was performed at 1Hz stimulation (normal pacing) at 
37°C. The relative value of fluorescent signals was determined utilizing the following 
calculation: Fcal=F1/F0, where F1 is the fluorescent dye signal at any given time and 
F0 is the fluorescent signal at rest. Mean values and SEM from each experimental 
condition were based on 7 consecutive CaTmito in at least 25 cardiomyocytes.

ATP, mitochondrial membrane potential and morphology 
analysis
Cellular ATP levels were measured according to the manufacturer’s instructions of the 
ATP Bioluminescence Assay Kit CLS II (Roche, The Netherlands). In short, HL-1 atrial 
cardiomyocytes were lysed in 50 µl 1.5% TCA and 1 ml Tris-buffer (pH 8.0), supplemented 
with 1 mM NaF (Sigma, The Netherlands), according to the following protocol: ENLITEN 
ATP assay system bioluminescence detection for ATP measurement – instructions 
for the use of product FF2000 (Promega). The protein concentration was determined 
(Bio-Rad, The Netherlands). Dog and human atrial tissue were lysed in TE-saturated 
phenol, after which chloroform and demineralized water were added.33 50 µl of each 
extracted protein samples was transferred into a 96-well plate and mixed with 50 µl 
luciferase reagent (supplied) and ATP levels were bioluminescently measured using 
the SynergyH4 Hybrid Reader (BioTek, USA). 
Mitochondrial membrane potential was determined by incubating the HL-1 atrial 
cardiomyocytes with 100 nM tetramethyl rhodamine methylester (TMRM, Sigma, 
The Netherlands) in DMEM (Gibco, The Netherlands) for 30 minutes at 37°C, followed 
by washing with DMEM (Gibco, The Netherlands) and PBS. The cardiomyocytes 
were resuspended in 1% BSA in PBS and mean fluorescence intensity of 10.000 
cardiomyocytes was analyzed by the LSR-II flow cytometer (BD Biosciences, USA).  
To measure mitochondrial morphology, HL-1 cardiomyocytes were incubated with 100 
nM Mitotracker Deep Red (Life Technologies, The Netherlands) in DMEM (Gibco, The 
Netherlands) for 30 minutes at 37°C, followed by three times washing with DMEM (Gibco, 
The Netherlands). Mitotracker Deep Red-loaded cardiomyocytes were excited by a 647 
nm laser with emission at 665 nm and were visually recorded with a 63x-objective, 
using a Solamere-Nipkow-Confocal-Live-Cell-Imaging system (based on a Leica DM 
IRE2 inverted microscope). The live recording was performed at 37°C. Ten random 
fields containing at least 15 cardiomyocytes were recorded and the mitochondrial 
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morphology per cardiomyocyte was scored as tubular, intermediate or fragmented34 by 
an investigator blinded for the treatment conditions.

Protein extraction and Western blot analysis
HL-1 atrial cardiomyocytes or human tissue samples were lysed in 
radioimmunoprecipitation assay buffer and Western blot analysis was performed 
as described before.9 In short, equal amounts of protein homogenates in SDS-PAGE 
sample buffer were separated on SDS-PAGE 4-20% PreciseTM Protein gels (Thermo 
Scientific, The Netherlands) and transferred to nitrocellulose membranes (Bio-Rad, 
The Netherlands). Subsequently, membranes were incubated with primary antibodies, 
followed by incubation with secondary antibodies. Signals were detected by the 
Western Lightning Ultra (PerkinElmer, USA) method and quantified by densitometry 
(Syngene, UK). The following primary antibodies were used: anti-HSP60 (ADI-SPA-805, 
Enzo Life Sciences, USA), anti-TOM20 (MCA4300Z, Bio-Rad, The Netherlands), anti-
MCU (14997S, Cell Signaling Technology, The Netherlands), OXPHOS Antibody Cocktail 
(MS604, Abcam, UK) and anti-GAPDH (10R-G109a, Fitzgerald, USA). Horseradish 
peroxidase-conjugated anti-mouse or anti-rabbit (Dako, Denmark) were used as 
secondary antibodies, depending on the species origin of the primary antibody. 

Quantitative RT-PCR
Total RNA was isolated from HL-1 atrial cardiomyocytes using the Nucleospin RNA 
isolation kit (Machery-nagel, The Netherlands). First strand cDNA was generated 
by M-MLV reverse transcriptase (Promega, The Netherlands) and random hexamers 
primers (Promega, The Netherlands). Subsequently, the cDNA was used as a template 
for quantitative real-time PCR. Relative changes in transcription level were determined 
utilizing the CFX384 Real-time system C1000 Thermocycler (Bio-Rad, The Netherlands) 
in combination with SYBR green ROX-mix (Westburg, The Netherlands). mRNA levels 
were expressed in relative units on the basis of a standard curve (serial dilutions of 
a calibrator cDNA mixture). Fold inductions were adjusted for GAPDH and the PCR 
efficiencies for all primers were between 90-110%. Primer pairs used are the following: 
HSP60 fw: TGACTTTGCAACAGTGACCC and rv: GCTGTAGCTGTTACAATGGGG, HSP10 
fw: CTCCAACTTTCACACTGACAGG and rv: GCCGAAACTGTAACCAAAGG, MCU fw: 
ACTGTTCTGGGGACAGGATG and rv: ACCTCTGCAAGGCACCTAGA and GAPDH fw: 
CATCAAGAAGGTGGTGAAGC and rv: ACCACCCTGTT-GCTGTAG.
Total DNA was isolated from HL-1 cardiomyocytes, Claycomb medium from cultured 
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HL-1 cardiomyocyte plates or patient serum utilizing the Nucleospin Tissue kit (Machery-
nagel, The Netherlands), according to manufacturer’s instructions. Isolated DNA was 
used to determine mitochondrial DNA levels utilizing the CFX384 Real-time system 
C1000 Thermocycler (Bio-Rad, The Netherlands) in combination with SYBR green ROX-
mix (Westburg, The Netherlands). Mitochondrial DNA levels were adjusted for nuclear 
DNA levels,35 and analyzed using the ΔCT method. Primer pairs used are the following: 
mouse ND1 fw: AAACTATGTTCTCCGCCCCAA and rv: TGGAGTCAGTGCATTTTGGC, 
mouse COX1 fw: GCCCCAGATATAGCATTCCC and rv: GTTCATCCTGTTCC-TGCTCC, 
mouse 18S rRNA fw: TAGAGGGACAAGTGG-CGTTC and rv: CGCTGAGCCAGTCAGTGT, 
human ND1 fw: ATACCCATGGCCAACCTCCT and rv: GGGCCTTTGCGTAGTTGTAT, human 
COX3 fw: ATGACCCACCAA-TCACATGC and rv: ATCACATGGCTAGGCCGGAG and human 
18S rRNA fw: AGAAACGGCTACCACATCCA and rv: CCCTCCAATGGATCCTCGTT.

Measurement of mitochondrial oxygen consumption rate (OCR)
Mitochondrial OCR was measured utilizing the XF24 extracellular flux analyzer 
(Seahorse Bioscience, USA). After tachypacing, HL-1 cardiomyocytes were trypsinized 
and 8 x 104 cardiomyocytes were replated in triplicate in 0.02% gelatin-coated XF 24-
well cell culture microplates (Seahorse Bioscience, USA) and incubated at 37°C and 5% 
CO2 for 24 hours. Full Claycomb medium was removed and replaced by assay medium 
(Seahorse Bioscience, USA) supplemented with 10 mM D(+)-glucosemonohydrate 
(Sigma, The Netherlands), 1 mM sodium pyruvate (Sigma, The Netherlands) and 2 mM 
glutamine (Gibco, The Netherlands), adjusted to pH 7.4 and incubated 1 hour at 37°C 
in a CO2-free incubator. The calibration cartridge was loaded with 1 µM oligomycin 
(port A), 300 nM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, port B) 
and 1 µM rotenone plus 1 µM antimycin A (port C) in assay medium. After the assay, 
cardiomyocytes in each well were lysed in radioimmunoprecipitation assay buffer and 
protein concentration was determined (Bio-Rad, The Netherlands), which was used to 
calibrate the OCR data.

Drosophila heart wall contraction measurement
Drosophila melanogaster heart wall contraction measurements were performed with the 
w1118 strains (Genetic Services Inc, USA), which were maintained at 25°C on standard 
medium. Adult Drosophilas were removed after fertilization and the medium, containing 
the fly embryos, was supplied with Ru360 (20, 50 and 100 µM), freshly dissolved in 
demineralized water. Controls were subjected to demineralized water only. After at least 



Cardiomyocyte mitochondrial stress and dysfunction in experimental Atrial Fibrillation is blocked by inhibition of the 
mitochondrial calcium uniporter

149

Chapter 7

48 hours, prepupae were selected as described before.14 In short, groups of at least 5 
transparent prepupae were selected at entry of the immobile phase and were placed 
on a 1% agarose gel in PBS. The prepupae were subjected to tachypacing (5Hz for 20 
minutes, 20V and 5ms pulses) with a C-Pace100TM-culture pacer (IonOptix Corporation, 
The Netherlands). Before and after tachypacing, the heart wall contractions in whole 
prepupae were measured for a period of 30 seconds and analyzed with the Myocyte 
Calcium and Contractility System (IonOptix Corporation, The Netherlands).

Table 1 Demographic and clinical characteristics of patients with AF and control patients in 
SR, used for Western blot analysis of atrial appendages. 

SR (N=8) AF (N=11)
Gender

Male (N, %)
Female (N, %)

Age (mean±SD)

5 (63)
3 (37)
69±9

7 (64)
4 (36)
68±10

Underlying heart disease (N, %)
CAD
VHD
ASD
Aorta
CAD+CHD
Surgical MAZE

8 (100)
6 (55)
1 (9)
1 (9)
2 (18)
1 (9)

Type AF (N, %)
Paroxysmal
Paroxysmal + AT
Persistent
LS Persistent
Permanent

8 (73)
1 (9)
1 (9)
0 (0)
1 (9)

Months since diagnosis (median (range))
LA diameter, mm (median (range)) 39 (33-44) (n=3)

69 (1-150)
42 (35-74) (n=7)

LVF (N, %)
Normal
Mild impairment
Moderate impairment
Severe impairment

5 (63)
0 (0)
2 (25)
1 (13)

10 (91)
1 (9)
0 (0)
0 (0)

NYHA classification (N, %)
I
II
III
IV

0 (0)
4 (50)
3 (37)
1 (13)

4 (36)
5 (46)
2 (18)
0 (0)

CAD: coronary artery disease, VHD: valvular heart disease, ASD: atrial septal defect, Aorta: 
aneurysm aorta ascendens, CHD: congenital heart defect, AT: atrial tachycardia, LS: longstanding, 
LA: left atrium, LVF: left ventricular function, NYHA: New York Health Association for exercise 
tolerance
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Patient material
Before surgery, one investigator assessed patient characteristics (Table 1 and 2) as 
described before.8 Right and left atrial appendages (RAA and LAA, respectively) were 
obtained from patients with AF and control patients in sinus rhythm (SR) as described 
in the Halt and Reverse study (MEC 2014-393).36 Both AF and SR patients groups 
suffered from underlying heart disease. After excision, the atrial appendages were 
immediately snap-frozen in liquid nitrogen and stored at -80 ºC. The study conforms 
to the principles of the Declaration of Helsinki. The institutional review board approved 
the study and patient gave written informed consent.

Canine in vivo AF model
The dog left atrial tissue used for ATP measurement was obtained from experiments 
performed at the Montreal Heart Institute according to the guidelines for animal 

Table 2 Demographic and clinical characteristics of patients with AF and control patients in 
SR, used for mitochondrial DNA analysis in serum.

SR (N=12) AF (N=10)
Gender

Male (N, %)
Female (N, %)

Age (mean±SD)

9 (75)
3 (25)
69±10

6 (60)
4 (40)
61±12

Underlying heart disease (N, %)
CAD
VHD
CAD+VHD
CHD+VHD

8 (67)
2 (17)
2 (17)
0 (0)

0 (0)
4 (40)
0 (0)
1 (10)

Type AF (N, %)
Paroxysmal
Persistent
LS Persistent
Permanent

1 (10)
9 (90)
0 (0)
0 (0)

Months since diagnosis (median (range))
LA dilatation (>45mm, %) 1 (8)

76 (3-133)
3 (30)

LVF (N, %)
Normal
Mild impairment
Moderate impairment
Severe impairment

11 (92))
1 (8)
0 (0)
0 (0)

5 (50)
3 (30)
1 (10)
1 (10)

NYHA classification (N, %)
I
II
III
IV

1 (8)
10 (83)
1 (8)
0 (0)

4 (40)
5 (50)
1 (10)
0 (0)

 CAD: coronary artery disease, VHD: valvular heart disease, CHD: congenital heart defect, LS: 
longstanding, LA: left atrium, LVF: left ventricular function, NYHA: New York Health Association 
for exercise tolerance
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handling of the National Institutes of Health and approved by the Animal Research 
Ethics Committee of the Montreal Heart Institute. Two dog groups were included from 
a previous conducted study,15 non-paced control (C) and 7 days atrial tachypaced (TP) 
dogs, and consisted of 7 mongrel dogs (28 to 38 kg) per group. For ATP analysis, left 
atrial tissue was snap-frozen and stored at -80°C.

Statistical analysis
Results are expressed as mean ± SEM of at least two independent experiments. 
Multiple-group comparisons were obtained by a one-way ANOVA with a Bonferroni 
correction. Individual group-mean differences were evaluated with a Student’s t-test. 
All P-values were two-sided. A value of P≤0.05 was considered statistically significant. 
SPSS version 22 was used for all statistical evaluations.

RESULTS
Tachypacing induces mitochondrial stress and dysfunction 
To examine the influence of tachypacing on mitochondrial function, we first determined 
cellular ATP levels in tachypaced HL-1 cardiomyocytes. Tachypacing for 2h induced a 
large decrease in cellular ATP levels, which gradually reduced further upon extended 
pacing (Figure 1A). As the decrease in cellular ATP may have been caused by excessive 
consumption and/or impaired production, we next examined mitochondrial respiration. 
To that end, oxygen consumption was measured in whole cardiomyocytes under 
basal conditions and after addition of oligomycin to inhibit ATP synthesis, FCCP to 
determine the maximal respiratory capacity and rotenone/antimycin A to determine 
non-mitochondrial respiration (Figure 1B; 1, 33, 56 and 96 minutes, respectively). 
Tachypacing for 2h initially increased basal oxygen consumption rate and spare 
respiratory capacity. However, tachypacing beyond 2h progressively decreased 
the basal oxygen consumption rate and very markedly inhibited spare respiratory 
capacity (Figure 1B), which accounts for a less adequate response to cellular stress or 
increased cardiac workload.37 However, protein expression of complex I, II, III and V of 
the respiratory chain did not change during tachypacing (Figure 1C), indicating that the 
decreased respiration during tachypacing is not due to diminished respiratory chain 
protein expression. Together, these results demonstrate that tachypacing induces 
mitochondrial dysfunction, likely leading to a progressive impairment of ATP synthesis.
Cytosolic Ca2+ overload constitutes the most obvious mechanism underlying the 
tachypaced-induced mitochondrial dysfunction. Ca2+ overload in both cytosol and ER, 
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Figure 1 Tachypacing induces mitochondrial dysfunction. A) Quantified data showing reduced cellular ATP 
levels during tachypacing. B) The oxygen consumption rate (OCR) showing the mitochondrial respiration. 
1-33 minutes: basal respiration, 33-56 minutes: addition of oligomycin to inhibit ATP synthesis, 56-96 minutes: 
addition of FCCP for the maximal respiratory capacity, 96-119 minutes: addition of rotenone and antimycin A 
for the non-mitochondrial respiration. C) Top panel represent Western blot of respiratory chain complexes I, II, 
III and V. Lower panels reveal quantified data of the respiratory chain complexes normalized for basal GAPDH 
protein level. D) Quantified data showing mitochondrial calcium transients (CaTmito) during tachypacing. E) 
Representative CaTmito of HL-1 cardiomyocytes after normal pacing (NP) or tachypacing (TP). F) Quantified 
data showing mitochondrial membrane potential during tachypacing. *P≤0.05, **P≤0.01, ***P≤0.001 versus 
NP, #P≤0.05, ##P≤0.01 versus 2hTP.
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as encountered in tachypacing and AF, will result in Ca2+ buffering by mitochondria.38,39 
The subsequent excessive mitochondrial Ca2+ buffering leads to mitochondrial 
Ca2+ overload, and consequently mitochondrial swelling, dysfunction24 and reduced 
mitochondrial Ca2+ uptake. Reduced mitochondrial Ca2+ uptake may be a trigger for AF, 
as it encounters for enhanced cytosolic Ca2+ levels. Thus, we examined mitochondrial 
calcium transients (CaTmito) during normal pacing at 1Hz and during a time course of 
tachypacing. Tachypacing beyond 2h significantly reduced CaTmito, mainly characterized 
by the reduction in amplitude (Figure 1D and E). Both the mitochondrial respiration and 
Ca2+ influx are dependent on the mitochondrial membrane potential (ΔΨmito),

38 therefore 
we measured ΔΨmito by the fluorescent probe TMRM, which is readily sequestered in 
polarized mitochondria. Tachypacing strongly and progressively reduced ΔΨmito as 
from 2h onwards (Figure 1F). Next, we examined the morphology of the mitochondrial 
network, as dysfunction of respiratory chain complexes is accompanied by network 
fragmentation, either as a cause40,41 or as a consequence.42 Indeed, tachypacing 
as early as 2h induced a transition from a tubular to a fragmented mitochondrial 
network (Figure 2A and B). Fragmentation of the network was progressive over time, 
as evidenced by the time-dependent decrease and the time-dependent increase in a 
tubular and fragmented mitochondrial network, respectively.
In addition, we examined whether tachypacing also induces mitochondrial stress by 
measuring levels of mitochondrial chaperones upregulated upon mitochondrial stress. 
Tachypacing resulted in a significant and progressive upregulation of mRNA of both 
HSP60 and HSP10 (Figure 2C and D). Finally, we examined whether tachypacing affected 
the number of mitochondria by measuring the amount of mitochondrial DNA (mtDNA) 
and TOM20 levels. Both cellular mtDNA and TOM20 levels showed no changes upon 
tachypacing (Figure 2E and F), suggesting that the number of mitochondria did not 
change upon tachypacing. Therefore, the mitochondrial dysfunction upon tachypacing 
is not due to a decreased number of mitochondria. Together, these data demonstrate 
tachypacing to progressively impair mitochondrial function of cultured cardiomyocytes, 
characterized by a very early reduction in cellular ATP, loss of ΔΨmito and fragmentation 
of the mitochondrial network, followed by dysfunction of the respiratory chain, impaired 
mitochondrial Ca2+ handling and induction of mitochondrial stress chaperones.

A mitochondrial Ca2+ uniporter inhibitor protects from 
tachypacing-induced mitochondrial stress and dysfunction
The findings reveal that tachypacing induces impaired mitochondrial function. 
To uncover by which mechanism mitochondria are impaired, the effects of three 
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compounds targeting mitochondrial function on a different level, i.e. mdivi-1, a chemical 
mitochondrial fragmentation inhibitor,43 mitoTEMPO, a mitochondrial antioxidant44 
and Ru360, an inhibitor of the MCU,45 were explored. The effect of these compounds 
to counteract tachypacing-induced loss of CaTmito was examined after 6 hours of 
pacing, when the CaTmito are significantly reduced (Figure 1D and E). Both mdivi-1 and 
mitoTEMPO did not protect against tachypacing-induced CaTmito reduction (Figure 3A 
and B) at any concentration applied (Figure S1A and B). Interestingly, mdivi-1 treatment 
showed opposite effects as reported previously,43,46 as it did not induce mitochondrial 

Figure 2 Tachypacing induces mitochondrial network fragmentation and stress. A) Quantified data showing 
the transition of the mitochondrial network from tubular to fragmented during tachypacing. B) Representative 
confocal images of tachypaced HL-1 cardiomyocytes of the mitochondrial network morphology, for the 
period as indicated. Quantitative real-time PCR of mitochondrial stress markers C) HSP60 and D) HSP10 in 
response to tachypacing for the indicated duration. E) Quantified data showing no changes in mitochondrial 
DNA during tachypacing. F) Top panel represent Western blot and lower panel reveal quantified data of 
TOM20 normalized for basal GAPDH protein level. *P≤0.05, ***P≤0.001 versus NP.
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network formation, but rather concentration-dependently promoted mitochondrial 
fragmentation (Figure 3C and D). However, Ru360 significantly and concentration-
dependently protected against CaTmito reduction, induced by tachypacing (Figure 3A and 
S1C). Next, we explored whether Ru360 treatment also ameliorated mitochondrial stress 
and dysfunction. Ru360 treatment normalized transcription levels of HSP60 and HSP10, 
cellular ATP levels and CaTmito to non-treated control levels (Figure 4A-E). Interestingly, 
Ru360 treatment even enhanced cellular ATP levels and CaTmito significantly in normal-
paced cardiomyocytes (Figure 4C-E). Furthermore, Ru360 treatment protected the 
mitochondrial network from tachypacing-induced fragmentation (Figure 4F and S2). 
These results strongly suggest that inhibition of the MCU-mediated Ca2+ influx into 
the mitochondria protects against mitochondrial stress and dysfunction and preserves 
cellular function in tachypaced cardiomyocytes.

The MCU mediates tachypacing-induced mitochondrial changes
To determine whether tachypacing-induced mitochondrial changes are specifically 
mediated by the MCU, we first examined its protein and mRNA levels. Tachypacing 
did not affect protein expression of MCU, but significantly reduced MCU mRNA (Figure 

Figure 3 Ru360, but not mdivi-1 or mitoTEMPO protects against tachypacing-induced CaTmito loss. A) 
Representative CaTmito of HL-1 cardiomyocytes after normal paced (NP) and tachypaced (TP), each from 
groups as indicated. B) Quantified CaTmito amplitude of NP and TP HL-1 cardiomyocytes either non-treated 
or treated with 50 µM mdivi-1, 10 µM mitoTEMPO or 5 µM Ru360.  C) Quantified data showing the transition 
of the mitochondrial network from tubular to fragmented after NP or 6 hours tachypacing (TP) either non-
treated or treated with 10 µM, 50 µM or 100 µM mdivi-1. D) Representative confocal images of tachypaced 
HL-1 cardiomyocytes of the mitochondrial network morphology, each from groups as indicated. ***P≤0.001 
versus NP, ###P≤0.001 versus 6hTP C.
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5A and B). Next, we manipulated MCU levels by overexpression and siRNA treatment. 
Overexpression of MCU did not affect tachypacing-induced loss of CaTmito (Figure 5C and 
D, S3A). In contrast, reducing MCU expression by 20% protected against tachypacing-
induced CaTmito loss, without affecting CaTmito in normal-paced cardiomyocytes (MCU 

Figure 4 Inhibition of the MCU protects against mitochondrial stress and dysfunction. Quantified data showing 
protection of Ru360 treatment on A) HSP60 and B) HSP10 transcription, C) cellular ATP levels and D) CaTmito 
after normal pacing (NP) or tachypacing (TP). Black bars represent non-treated HL-1 cardiomyocytes; white 
bars represent Ru360-treated cardiomyocytes. E) Representative CaTmito of HL-1 cardiomyocytes after NP or 
TP with (Ru360) or without (Control) treatment. F) Representative confocal images of HL-1 cardiomyocytes 
of the mitochondrial network morphology, showing preservation of the mitochondrial network formation 
with Ru360 treatment during TP compared to TP without treatment (Control). *P≤0.05, **P≤0.01, ***P≤0.001 
versus NP C no treatment (black bar), #P≤0.05, ##P≤0.01, ###P≤0.001, &P≤0.05, &&P≤0.01, &&&P≤0.001 
versus NP C Ru360 (white bar).
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siRNA low, Figure 5E and F, S3B and C). Interestingly, an approximate 60% reduction 
of MCU expression lowered CaTmito in normal-paced cardiomyocytes and conferred 
no protection in tachypaced cardiomyocytes (MCU siRNA high, Figure 5E and F, S3B 
and C). These results suggest that a small reduction in MCU, not affecting normal 

Figure 5 Mitochondrial changes are due to the MCU. A) Top panel represent Western blot of MCU and GAPDH 
and lower panel reveals quantified date of MCU normalized for basal GAPDH levels. B) Quantitative real-time 
PCR of MCU in response to tachypacing (TP) for the indicated duration relative to normal pacing (NP). C) 
Representative CaTmito of NP or TP HL-1 cardiomyocytes either non-transfected or transiently transfected 
with MCU, generating MCU overexpression (OE). D) Quantified CaTmito amplitude of NP and 6 hour TP HL-1 
cardiomyocytes either non-transfected (C) or transfected with MCU. E) Quantified CaTmito amplitude of NP 
and 6 hour TP HL-1 cardiomyocytes either non-transfected (C) or transfected with MCU siRNA with 60% 
or 20% reduced MCU expression (high and low, respectively). F) Representative CaTmito of NP or TP HL-1 
cardiomyocytes either non-transfected or transiently transfected with MCU siRNA. G) Quantified data showing 
heart wall contraction rates each from groups as indicated. White bars represent normal paced (NP in HL-1 
cardiomyocytes) or spontaneous heart rate (SR in Drosophila) and black bars represent tachypaced HL-1 
cardiomyocytes or Drosophila. *P≤0.05, **P≤0.01, ***P≤0.001 versus control NP or SR, #P≤0.05, ###P≤0.001 
versus control TP. 
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mitochondrial Ca2+ handling, is beneficial to counteract tachypacing effects. However, 
a larger reduction of MCU levels seems detrimental, likely due to an impairment of 
physiological mitochondrial Ca2+ influx, which is already observed under baseline 
conditions. To confirm the importance of the MCU, the effect of Ru360 was explored 
in tachypaced Drosophila melanogaster.9,14 Comparable to findings in tachypaced 
HL-1 cardiomyocytes, Ru360 conferred a dose-dependent protection against 
tachypacing-induced decrease of heart wall contraction in Drosophila (Figure 5G and 
S4). The optimal concentration of Ru360 needed, 50 µM in Drosophila as opposed to 
5 µM in HL-1 cardiomyocytes, corresponds well with previous experiments in which 
concentrations needed to confer protection in Drosophila are generally 10x higher than 
in HL-1 cardiomyocytes.14 jadklf

Markers of mitochondrial dysfunction are present in AF patients 
and a dog model of AF
To extend our findings to human AF, we examined mitochondrial dysfunction in left and 
right atrial appendages (LAA and RAA, respectively) in patients with AF and control 

Figure 6 AF patients show mitochondrial dysfunction. A) Image of left atrial appendage of a patient in sinus 
rhythm (SR), showing normal sarcomere structures and mitochondrial localization along the sarcomeres, 
as indicated by the black arrows. B) Electron microscopic image of left atrial appendage of a patient with 
persistent atrial fibrillation (PeAF), showing myolysis and dispersed mitochondria as indicated by the black 
arrows. C) Cellular ATP levels in patients in SR and AF. D) Representative Western blot of the mitochondrial 
markers as indicated in right atrial appendages (RAA) of control patients in sinus rhythm and left (LAA) and 
RAA of AF patients. Quantified data of mitochondrial markers E) HSP60, F) TOM20 and G) MCU in RAA of SR 
patients and LAA and RAA of AF patients. *P≤0.05 versus SR RAA, #P≤0.05, ##P≤0.01 versus AF LAA.
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patients in sinus rhythm (SR). Upon electron microscopic examination, patients in SR 
show mitochondrial localization along the entire length of the sarcomeres. In contrast, 
in AF patients the mitochondria are fragmented and dispersed and sarcomeres are 
degraded (myolysis), the latter being absent in SR patients (Figure 6A and B). Besides 
divergent distribution of mitochondria, cellular ATP levels are also significantly lower in 
AF patients (Figure 6C). Mitochondrial dysfunction is further evidenced in AF patients 
by increased protein expression of HSP60 and MCU in LAA, while there is no change in 
expression of TOM20 (Figure 6D-G). Changes in expression were only present in LAA, 
as observed before,9,47,48 as the expression of HSP60 and MCU in RAA is similar to SR. 
To extend these findings, we measured cellular ATP levels in a canine model for AF, in 
which dogs were subjected to 7 days of tachypacing to induce AF-associated atrial 
remodeling. Similar to tachypaced cardiomyocytes and AF patients, cellular ATP levels 
in tachypaced dogs were significantly reduced (Figure S5). These results suggest that 
mitochondrial dysfunction is not only found in an in vitro model of AF, but is also present 
in an in vivo model of AF and in AF patients.

Mitochondrial DNA as a possible biomarker for AF
Mitochondrial dysfunction can lead to the release of mtDNA into the medium of cultured 
cardiomyocytes or in the circulation of patients, where it acts as a damage associated 
molecular pattern.28,29 Thus, circulating mtDNA in serum may be used as a biomarker 
in AF, as already shown for several diseases, including cancer,49,50 acetaminophen 
hepatotoxicity51 and myocardial infarction.52 In addition, cancer progression is 
associated with the level of circulating mtDNA in serum.50 Thus, we examined the 
potential of circulating mtDNA in serum as a biomarker for AF. First we measured 
DNA of 2 mitochondrially encoded genes, cytochrome c oxidase subunit 1 (COX1) and 
NADH dehydrogenase subunit 1 (ND1), in the medium of tachypaced cardiomyocytes. 
Tachypacing increased the levels of both COX1 and ND1 in the medium, albeit with a 
large variation (Figure 7A and B). Next, levels of COX3 (cytochrome c oxidase subunit 3) 
and ND1 DNA were determined in serum of patients in SR or AF. Expression of both COX3 
and ND1 showed a trend towards increase in AF patients (P<0.06, Figure 7C), which 
probably originates from the limited number of AF patients included (n=10 persons). 
Although circulating mtDNA in serum increases with age,53 the age of patients in SR 
or AF was similar (Table 2). Thus, measuring circulating mtDNA in serum may be a 
promising biomarker for AF, which can be elucidated by testing a larger cohort. ajf
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DISCUSSION
In the current study, we show tachypacing to induce substantial mitochondrial 
dysfunction, including failure of respiration, most likely resulting from enhanced Ca2+ 
influx through the MCU, consequently impairing mitochondrial calcium transients. Our 
data also demonstrate that tachypacing induces mitochondrial stress, as exemplified 
by increased transcription of the mitochondrial stress chaperones HSP60 and HSP10 
and fragmentation of the mitochondrial network (Figure 8). Moreover, mitochondrial 
changes, including decreased cellular ATP levels and increased HSP60 expression, 
are present in AF patients, which also show myolysis and fragmented and dispersed 
mitochondrial localization. Likewise, cellular ATP levels are decreased in a canine 
in vivo model of AF. Treatment with Ru360, an inhibitor of the MCU, or modest MCU 
downregulation restored these detrimental mitochondrial changes upon tachypacing. 
Furthermore, Ru360 treatment protected against contractile dysfunction in a Drosophila 
model for AF. In addition, our data indicates that circulating mitochondrial DNA in 
serum may be a potential biomarker of AF. Together, these results suggest inhibition of 
the MCU as a novel therapeutic target in AF-induced mitochondrial dysfunction and the 
potential of circulating mitochondrial DNA in serum as a biomarker for AF.

MCU-mediated mitochondrial stress and dysfunction in AF
Our data indicate that mitochondrial stress and dysfunction in an in vitro model of AF 
is due to MCU-mediated Ca2+ influx. The MCU regulates the Ca2+ influx through the 
inner mitochondrial membrane and is important for maintenance of the mitochondrial 
Ca2+ homeostasis, which, in turn, is essential for cellular physiology.54 The MCU is 
part of the mitochondrial calcium uniporter complex, consisting of MCU, which is the 

Figure 7 Mitochondrial DNA is a potential biomarker for AF. Quantitative real-time PCR of the mitochondrial-
transcribed A) cytochrome c oxidase subunit 1 (COX1) and B) NADH dehydrogenase subunit 1 (ND1) genes 
in HL-1 cardiomyocyte culture medium in response to tachypacing (TP) for the indicated duration relative to 
normal pacing (NP). C) Quantitative real-time PCR of the mitochondrial-transcribed cytochrome c oxidase 
subunit 3 (COX3) and ND1 genes in serum of SR and AF patients.
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pore-forming unit, MCUb, a negative regulator, MICU1, MICU2 and MCUR1, all required 
for MCU-mediated Ca2+ uptake and EMRE, a mediator between MCU and MICU.54 The 
MCU is specifically blocked by Ru360,45 which protected against tachypacing-induced 
mitochondrial stress and dysfunction in the current study, most likely by attenuation of 
mitochondrial Ca2+ overload. Such view is consistent with observations on the key role 
of MCU in heart failure55 and findings that Ru360 protects against ischemia-reperfusion 
injury in vitro56 and in vivo.57 Moreover, in addition to inhibition of Ca2+ influx, Ru360 may 
also stimulate mitochondrial Ca2+ efflux, as observed for ruthenium red.58,59; jf
The optimal treatment dose of Ru360 used in this study, 5 µM, does not confer a 
complete block of the MCU. A complete block is accomplished by treatment with 10 
µM Ru360, a concentration that was without protective effects in the current study. 
Similarly, we found MCU siRNA treatment reducing MCU expression by 20% protected 
cardiomyocytes against tachypacing-induced CaTmito loss, in contrast to a reduction 
of 60%, which showed no protection. The latter is in agreement with other studies,60 
in which a large reduction in MCU expression to 20% of normal revealed no protective 
effects. Together, these data suggest that modestly decreasing MCU functionality 
inhibits mitochondrial Ca2+ overload and its detrimental effects, but preserves adequate 
MCU functioning during cellular stress, such as tachycardia.
Indeed, experiments in MCU-/- mice support that complete or almost complete 
downregulation of MCU has detrimental effects. Although MCU-/- mice were protected 7

Figure 8 Time-course of mitochondrial dysfunction in tachypaced HL-1 cardiomyocytes. Tachypacing 
causes an early decline in cellular ATP levels and mitochondrial membrane potential (ΔΨmito) and increase in 
HSP10 levels. Subsequently, mitochondrial calcium transients (CaTmito) and finally mitochondrial respiration 
declines, the mitochondrial network becomes fragmented and the mRNA levels of the mitochondrial stress 
chaperone HSP60 increases.
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against ischemia-reperfusion injury,61 they were unable to respond to an increased 
cardiac workload and showed elevated cytosolic Ca2+ levels, a phenomena also 
observed in mice expressing a dominant-negative MCU.61-63 This is in accordance 
with a study showing increased cytosolic Ca2+ oscillations in MCU siRNA-transfected 
cardiomyocytes.64 Cytosolic Ca2+ levels influences mitochondrial morphology65 and 
cytosolic Ca2+ overload leads to mitochondrial fragmentation.57,66 Mitochondrial 
fragmentation leads to dysfunction of the respiratory chain complexes42 and, thus, 
results in decreased ATP production.67 This decrease may result in opening of the 
sarcolemmal KATP channels, which reduces the length of the effective refractory 
period and shortens action potential duration, thereby promoting development of 
arrhythmias,68,69 such as AF.

Mitochondrial dysfunction and its implication in cardiac diseases
Multiple cardiac diseases, including heart failure, myocardial infarction, ischemic 
heart disease, dilated cardiomyopathy, diabetic cardiomyopathy and hypertension-
induced cardiomyopathy, are associated with mitochondrial dysfunction, such as 
reduced mitochondrial respiration, membrane potential and cellular ATP levels and 
aberrant mitochondrial morphology.70-74 Aberrant mitochondrial morphology includes 
mitochondrial fragmentation and swelling, disorganized and/or dismantled cristae, 
smaller mitochondria and/or reduced amount of mitochondria.72 Both the mitochondrial 
fragmentation75 and destroyed cristae76 result in impairment of respiration, which 
compromise ATP production and, consequently, cardiac contraction. In addition, 
MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) 
patients with the m.3243A>G mutation in MT-TL1, a mitochondrial leucine transfer RNA 
gene, have a high risk of cardiac death.77

As mitochondria comprise approximately 30%78 of the cardiomyocyte volume and 
account for 90%79 of the provided cardiac contraction energy, mitochondrial dysfunction 
is detrimental for the heart. This is exemplified by the vast amount of cardiac diseases 
caused or worsened by mitochondrial dysfunction. In this study, we show that 
mitochondrial dysfunction also underlies AF progression. 

Mitochondrial DNA as a potential biomarker in AF
Our study suggests a potential role of circulating mitochondrial DNA in serum as a 
biomarker for AF as the expression of two measured mitochondrial genes, COX3 and 
ND1, is induced in serum of AF patients compared to age-related SR patients. Although 
the upregulation is borderline significant, it is based on only 10 patients and inclusion 
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of more patients in various stages of AF, both before and after treatment and/or 
surgery, will give a better appreciation of the potency of serum mitochondrial DNA as 
a biomarker for AF.
Interestingly, the potential of circulating mitochondrial DNA in serum as a biomarker 
has been evaluated in a variety of diseases, including cancer, viral infections, 
neurodegenerative and cardiac diseases. In several cancers, including bladder, lung 
and breast cancer, circulating mitochondrial DNA in serum is elevated and can, in 
some cases, be associated with disease stage or progression.49,50,80,81 Mitochondrial 
DNA in serum in HIV-infected persons was elevated and could predict the presence 
of lipodystrophy.82 Reduced circulating mitochondrial DNA in cerebral spinal fluid 
was found in patients with Parkinson’s disease.83 Cardiac disorders, such as acute 
myocardial infarction52,84 and diabetes-induced coronary heart disease,85 were also 
associated with elevated mitochondrial DNA in serum. Moreover, increased plasma 
mitochondrial DNA levels associates with increased mortality risk in patients in the 
intensive care unit.86

As mitochondrial DNA acts as a damage-associated molecular pattern,28,29 increased 
levels might lead to inflammatory responses, organ injury29,87 and increased mortality.88 
Importantly, release of mitochondrial DNA is primarily used to restore homeostasis, but 
prolonged exposure leads to detrimental changes.89 As circulating mitochondrial DNA 
increases with age,53 the increased risk of inflammation might lead to (age-related) 
diseases, including cardiac diseases such as heart failure and AF.90-92 This makes 
circulating mitochondrial DNA in serum an interesting biomarker.

Future directions
As this manuscript is still in preparation, multiple experiments are yet to be 
implemented. The effect of Ru360 on mitochondrial dysfunction has mostly been 
elucidated. However, the effect of Ru360 treatment on cellular cardiomyocytes stress 
and cardiomyocyte contractile function is still to be determined. Furthermore, although 
MCU siRNA treatment attenuates tachypacing-induced CaTmito loss, the effect on other 
parameters of mitochondrial dysfunction, including cellular ATP levels, respiration, 
mitochondrial network morphology and mitochondrial stress should be determined.
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SUPPLEMENTAL FIGURES

Figure S1 Concentration-dependent effects of mdivi-1, mitoTEMPO and Ru360 on CaTmito. Quantified CaTmito 
amplitude of normal paced (NP C) and 6 hour tachypaced (TP) HL-1 cardiomyocytes either non-treated (C) or 
treated with different concentrations of A) mdivi-1, B) mitoTEMPO and C) Ru360. **P≤0.01, ***P≤0.001 versus 
NP C, #P≤0.05, ##P≤0.01 versus 6hTP C.

Figure S2 Ru360 preserves the mitochondrial morphology. Quantified data showing the preservation of the 
mitochondrial network during tachypacing with Ru360 treatment.

Figure S3 Overexpression of MCU in normal-paced HL-1 cardiomyocytes does not change CaTmito, while 
downregulating MCU does. A) Quantified CaTmito of HL-1 cardiomyocytes transfected with MCU and subjected 
to normal pacing. B) Quantitative real-time PCR of MCU expression showing a high and a low MCU mRNA 
reduction (40% and 20%, respectively). C) Quantified CaTmito of HL-1 cardiomyocytes transfected with MCU 
siRNA and subjected to normal pacing. ***P≤0.001 versus C, ###P≤0.001 versus MCU siRNA high.
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Figure S4 Ru360 protects against Drosophila 
heart wall contractile dysfunction. A) 
Representative heart wall contractions of 
Drosophila monitored before TP (SR) and after 
TP with demineralized water (Control) or Ru360 
pretreatment (20 µM, 50 µM or 100 µM). B) 
Quantified heart wall contractions of Drosophila 
monitored before TP (SR) with demineralized 
water (Control) or Ru360 pretreatment (20 µM, 
50 µM or 100 µM).

Figure S5 Reduced ATP levels in an AF in vivo 
model. 7 days atrial tachypaced dogs (TP) show 
significantly reduced ATP levels compared to 
control, non-paced (C) dogs. **P≤0.01 versus C.
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SUMMARY
Atrial fibrillation (AF) is the most common sustained clinical tachyarrhythmia, which 
is associated with increased mortality and morbidity.1,2 Its incidence is age-related 
and expected to rise due to the aging population.3,4 AF is characterized by electrical 
and structural remodeling, especially degradation of sarcomeres (myolysis) in left and 
right atria, which are not only a consequence of AF, but also create a trigger for this 
arrhythmia.1,2,5-7 Although electrical remodeling is reversible, structural remodeling is 
not, which limits the efficacy of current therapies.1,2,8-10 Thus, the need for mechanism-
related AF therapies directs current research to uncover the underlying mechanisms of 
AF-induced structural remodeling.
Derailment of proteostasis, i.e. the homeostasis of protein synthesis, folding, assembly, 
trafficking, function and degradation,11 plays a key role in AF pathogenesis.1,12-14 
Previous research demonstrated activation of proteases and histone deacetylases to 
contribute to degradation of contractile and structural proteins.15-18 Moreover, induction 
of the heat shock response (HSR) proved protective against AF-induced remodeling 
and contractile dysfunction.19-22 Nevertheless, the precise molecular mechanisms 
underlying derailment of proteostasis in AF are not yet identified.

In this thesis, we explored the role of stress-responsive and protein degradation 
pathways of the proteostasis network in AF-induced derailment of protein homeostasis 
and their implications as druggable target. Previously, genetic and/or pharmacological 
boosting of heat shock proteins (HSPs) was found to protect against AF pathogenesis 
in experimental models for AF.19-22 Furthermore, AF-induced RhoA activation contributes 
to contractile dysfunction, which is abrogated by HSPB8 overexpression.19 Therefore, we 
elucidated the role of RhoA in HSP expression in chapter 3. We show that RhoA activation 
suppresses the heat shock response (HSR) by impairing the binding of heat shock factor 
1 (HSF1) to the hse promotor sequence within hsp genes. Inhibition of RhoA counteracts 
this effect and thus maintains proper mounting of a HSR upon stress. In chapter 4 we 
applied a kinase array to identify key kinases involved in tachypacing-induced cardiac 
remodeling by comparing non-paced dogs, atrial tachypaced dogs and atrial tachypaced 
dogs treated with the cardioprotective HSP-inducer geranylgeranylacetone (GGA). While 
tachypacing changed activity of 50 kinases, GGA treatment precluded such changes in 
40 (80%) of these. Verification of two key kinases, CDK4 and Akt, by pharmacological 
and/or genetic inhibition protected against AF-induced contractile dysfunction in the 
tachypaced HL-1 cardiomyocyte model. The results of this kinase array analysis signify 
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that 1) GGA treatment alleviates the majority of changes in cardiac kinase activity in AF 
and 2) it may be used to uncover druggable targets underlying AF pathogenesis. Next, 
in chapter 5 we examined the stress-responsive pathways of the proteostasis network 
in the heart of an in vivo natural hibernator, the Syrian hamster. Cardiomyocytes of 
cardiac diseases, including AF, are often denoted as ‘hibernating’, as their key features 
resemble those of cardiomyocytes of natural hibernators.23-25 Nevertheless, myolysis, 
which is present in AF and other cardiac diseases, cannot be found in cardiomyocytes 
of natural hibernators.10,23-25 More interesting is the fact that natural hibernators do not 
develop arrhythmias, although they are under severe stress,26-29 which implies them 
to have a well-timed regulation of their stress-responsive pathways. We show that 
the stress-responsive pathways in Syrian hamsters are activated during transition 
from torpor to arousal. In particular, during the transition from torpor to arousal, the 
endoplasmic reticulum (ER) unfolded protein response (UPRER), autophagy and protein 
ubiquitination are increased and protein sumoylation is decreased. This suggests 
that cellular stress is successfully cleared in the 1.5 hour transition time, which likely 
precludes detrimental effects of the huge increase in cardiac function. Understanding 
how these natural hibernators successfully regulate their stress-responsive pathways 
in relation to cellular stress might lead to identification of key pathways underlying 
‘cardiac hibernation’ encountered in cardiac diseases. The activation of a stress-
responsive pathway and, subsequently, a protein degradation pathway of the 
proteostasis network in AF was shown in chapter 6. Here, we show that tachypacing 
induces activation of the UPRER, which subsequently results in autophagy activation. In 
an experimental model for AF as well as in clinical AF, activation of autophagy correlates 
with myolysis. Inhibition of the UPRER and, consequently, autophagy by the chemical 
chaperone and FDA approved drug 4-phenyl butyrate (4PBA) protected against AF-
induced remodeling and contractile dysfunction in in vitro HL-1 cardiomyocytes and 
in vivo tachypaced Drosophila melanogaster and a canine model for AF. These findings 
imply that 4PBA comprises a novel therapeutic intervention for treatment of clinical 
AF. Finally, in chapter 7 we explored mitochondrial function in an experimental AF 
model, as the ER and mitochondrial function are linked to each other and ER stress 
often leads to mitochondrial stress.30 We show tachypacing to induce mitochondrial 
stress and mitochondrial dysfunction, as exemplified by the increased transcription 
of the mitochondrial stress chaperones HSP60 and HSP10, fragmentation of the 
mitochondrial network and reduction of cellular ATP levels, mitochondrial membrane 
potential, mitochondrial calcium transients and maximal respiratory capacity. Features 



Summary, Discussion and Future perspectives

175

Chapter 8

of mitochondrial dysfunction, including dispersed mitochondrial localization, decreased 
cellular ATP levels and increased HSP60 expression, were also observed in AF patients. 
Aberrant Ca2+ influx through the mitochondrial calcium uniporter (MCU) seemingly 
underlies mitochondrial dysfunction in HL-1 atrial cardiomyocytes, as inhibition of 
the MCU by Ru360 and downregulation of its expression by siRNA protect against 
mitochondrial dysfunction during tachypacing. In addition, data from a small group 
of AF patients indicates the potential of circulating mitochondrial DNA in serum as a 
biomarker for AF. These findings suggest that maintenance of mitochondrial function 
by inhibition of the MCU comprises a novel therapeutic option in AF and circulating 
mitochondrial DNA in serum as a potential biomarker for AF.

Figure 1 AF-induced derailment of cardiomyocyte proteostasis. AF is characterized by cellular Ca2+ overload, 
which leads to cardiomyocyte stress and, subsequently, to derailment of proteostasis. Pathways leading 
to induction of protein degradation, posttranslational modifications and changes in structural proteins and 
gene expression are implicated in the derailment of proteostasis. Components of these pathways are also 
able to activate each other. The derailment of proteostasis leads to irreversible structural remodeling, which 
is preceded by reversible electrical remodeling (creating a substrate for AF), and results consequently in 
contractile dysfunction. The UPRER, mitochondrial dysfunction, autophagy, kinome changes and RhoA 
activation represent key modulators of structural remodeling due to their role in proteostasis derailment. The 
indicated drugs of these modulators are able to prevent the AF-induced changes and are, therefore, novel 
therapeutic targets.
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In summary, data presented in this thesis indicate that the activation of the stress-
responsive and protein degradation pathways of the proteostasis network contributes 
to derailment of proteostasis and AF pathogenesis. We identified several novel 
therapeutic targets, which preserved cardiac proteostasis in the models used. 
Consequently, these targets may be exploited to prevent AF substrate formation and 
pathogenesis in patients. An overview of the stress-responsive and protein degradation 
pathways involved in AF-induced derailment of proteostasis and possible novel 
therapeutic targets is depicted in Figure 1.

DISCUSSION
AF is an age-related disease and due to the aging population its incidence is expected 
to rise, which will increase hospitalization and medical costs, contributing significantly 
to the socioeconomic burden.3,4 In 2010, the prevalence of AF was 2.7-6.1 million and 
6.5-12.3 million in the USA and the EU, respectively, and this prevalence is expected 
to rise, due to the aging population, to 5.6-12 million and 13.6-23.7 million in 2050 in 
the USA and the EU, respectively.3 Importantly, aging is accompanied by a decline in 
function of the stress-responsive and protein degradation pathways of the proteostasis 
network,31 making cardiomyocytes susceptible for cellular damage, which aggravates 
the development of age-related cardiac diseases, such as AF.

A healthy proteostasis is the keystone of a healthy heart
Cardiovascular diseases (CVDs) are the main cause of death worldwide and in the EU 
CVDs account for 47% of all disease-related deaths yearly. Its incidence is age-related, 
with 3 per 1000 and 74 per 1000 persons affected in the age groups of 35-44 and 85-94 
years, respectively. CVDs are present in 33% of the adult population in the USA; over 50% 
of this CVD population is older than 60 years of age. Moreover, CVDs account for a high 
socioeconomic burden; its medical costs outnumber those of any other disease, as 
CVDs are the most common cause for hospitalizations especially in the elderly. As the 
population is aging, projections foresee a steep increase in the incidence, prevalence 
and medical costs of CVDs (from $565 billion in 2015 to $1 trillion in 2030).3,32 In view 
of global aging, it is ever more important to develop adequate strategies to counteract 
aging-related effects to arrest this trend.
Recent findings indicate that a healthy protein homeostasis (proteostasis) plays 
a key role in safeguarding the proper functioning of the heart by maintaining proper 
cell function through adequate synthesis, folding, assembly, trafficking, function and 
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degradation of proteins.11,33 A proper proteostasis is especially warranted in post-
mitotic cells, such as cardiomyocytes, which have limited regenerative capacity. 
Similarly to various neurodegenerative diseases, including Parkinson’s, Huntington’s 
and Alzheimer’s disease,34-38 derailed proteostasis also underlies CVDs as shown for 
cardiomyopathies,39,40 heart failure,41-43 metabolic syndrome-related cardiac disease44,45 
and atrial fibrillation.18-22,46-49 Accordingly, an optimal function of proteostasis is required 
to maintain a healthy heart. 
Proteostasis is maintained by a regulated network of molecular chaperones, stress-
responsive pathways and protein degradation pathways. In healthy conditions, this 
network shows a basal activation that is induced upon cellular stress, including CVD. 
To respond to cellular stress, cells may deploy three main stress-responsive pathways: 
the heat shock response (HSR), the mitochondrial unfolded protein response (UPRmito) 
and the endoplasmic reticulum (ER) unfolded protein response (UPRER) as well as two 
main degradation pathways: the ubiquitin-proteasome system and macroautophagy 
(hereafter ‘autophagy’). As the name implies, each of the stress-responsive pathways is 
activated upon stress in a specific cellular compartment. Nevertheless, these pathways 
may also be activated and act in parallel upon severe cellular stress.11,33 
When these stress-responsive pathways and/or protein degradation pathways are 
dysregulated, proteostasis becomes derailed, which is observed in multiple cardiac 
diseases. For example, heart failure features the activation of the UPRER

42,43 and 
UPRmito

41 and the reduced activity of the HSR,50 UPS and autophagy.51,52 Similarly, 
cardiomyopathies are associated with increased UPRER activation39,40 and reduced UPS 
and autophagic activity.51,53 Furthermore, metabolic syndrome-related cardiac disease 
shows reduced autophagy44 and mitochondrial function.45 In contrast, activation of 
degradation pathways is increased and the HSR gets exhausted in (longstanding) 
persistent atrial fibrillation.15-17,20,21 The common dominator of derailed proteostasis in 
various – mostly age-related – cardiac diseases suggests that proper proteostasis 
maintenance is an important aspect of cardiac aging.           

Proteostasis declines during aging
Experimental findings reveal that during aging, the gradual failure of stress-
responsive and degradation pathways impair the proteostasis network resulting in 
the accumulation of cellular damage over time (Figure 2A).31 The importance of the 
factor time in bringing about the failure of proteostasis explains why the incidence of 
diseases, such as neurodegenerative and cardiovascular diseases, increases with age.
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Figure 2 Aging reduces proteostatic function and increases risk for cardiac diseases. A)  During aging, the 
function of the pathways of the proteostasis network declines. Consequently, protein aggregation and risk 
for cardiac disease development increases. B) Cardiac aging is associated with electrical and structural 
changes in the heart and a decline in the function of proteostatic pathways. This decline results in increased 
cellular stress. Due to a diminished stress response of the proteostatic pathway, cellular stress is detrimental 
for aged hearts and leads to development of cardiac diseases.
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Increased proteotoxicity during aging
The relation between aging and proteostasis has been extensively studied in several 
model systems, particularly in Caenorhabditis elegans and Drosophila melanogaster. 
During aging in C. elegans, various proteins tend to aggregate and become proteotoxic, 
including proteins engaged in protein homeostasis and quality control, such as the 
proteasome, ribosomes and molecular chaperones, including HSP70 and HSP90.54 
Moreover, many of these aging-related aggregate-prone proteins are included in 
amyloid plaques, neurofibrillary tangles and Lewy bodies in Alzheimer’s disease and 
aggregates in amyotrophic lateral sclerosis.54 Furthermore, aging affects the proteome 
of C. elegans by an upregulation of proteins involved in the UPS, oxidative stress 
defense and DNA replication and repair and downregulation of ER, mitochondrial 
and ribosomal proteins.55 The decline in ribosomal proteins corresponds with age-
related diminishing of protein synthesis rate.56 Aged D. melanogaster show increased 
carbonylated and ubiquitinated proteins and a decline in proteasome function.57 
Similar changes have been documented in mammals, as aged mice show differential 
expression of mitochondrial proteins,58-60 proteins involved in defense against oxidative 
stress58 and chaperones or proteins involved in the stress-response.59 In addition, aging 
of ex vivo human dermal fibroblasts also displays reduced expression of chaperone, 
proteosomal, ribosomal and mitochondrial proteins.61 Together, the findings from 
experimental studies indicate aging to prompt proteotoxicity, likely because of a 
hampered functioning of the proteostasis network.

Derailment of proteostasis network during aging
During aging, the function of the stress-responsive and protein degradation pathways 
of the proteostasis network declines. Aging thus attenuates the HSR,62,63 UPRER

63-65 
and UPRmito

62,66 upon cellular stress. The expression of multiple mitochondrial proteins, 
including chaperones and components of the electron transport chain, is reduced during 
aging62,66 and mitochondrial function66 and morphology67 are changed. In case of the 
UPRER, aging attenuates HSPA5 induction and eIF2α phosphorylation, while GADD34 
and CHOP expression are enhanced.63,64 Similar to the stress-responsive pathways, 
aging impairs both protein degradation pathways, i.e. the UPS and autophagy, by 
affecting expression and/or activation.68-72 Experimental findings reveal aging to be 
accompanied by expression of the low-activity 20S proteasomes, in contrast to the high-
activity 26S proteasomes, which are mostly found in young animals.69 This divergence 
could possibly be explained by the dependency of the 26S proteasome assembly on 
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ATP, the latter being decreased during aging.69 Furthermore, aging attenuates the 
proper mounting of an autophagy response, which could have rescued, or delayed 
the effects of the age-related dysfunctionality of the UPS.73,74 Loss of autophagy also 
generally leads to increased ROS levels as the degradation of damaged, old or otherwise 
dysfunctional mitochondria is impaired. These dysfunctional mitochondria generate 
high levels of ROS, in turn promoting proteotoxic stress and accelerating detrimental 
effects on the cell.68 In addition, aging modulates mTOR activity, and depending on the 
species, gender and organ studied, mTOR activity is either up- or downregulated.75-77 As 
mTOR is an important negative regulator of autophagy, aberrant activity may attenuate 
autophagy during aging. Thus, aging affects the proper function of all stress-responsive 
and protein degradation pathways at various levels, thereby progressively disturbing 
the proteostasis network.

Proteostasis and longevity
While aging induces a gradual dysfunction of stress-response and protein degradation 
pathways, these pathways seem fortified in long-lived species.78,79 Thus, a higher 
expression of several chaperones, including HSP60 in mitochondria, HSPA5 and 
GRP94 in ER and HSP70 in cytosol, correlates with enhanced lifespan.78,79 Furthermore, 
long-lived species show enhanced autophagic and proteosomal function compared to 
short-lived species. Moreover, long-lived species appear to excessively enhance their 
proteotoxic defense in comparison to short-lived species, by inducing high levels of 
HSP and substantial activation of autophagic and proteosomal clearance.79 These 
observations suggest that long-lived species deploy their intrinsic defense mechanisms 
to the maximum to protect from age-related derailment of proteostasis.
Similar to long-lived species, boosting components of the proteostatic network prolong 
life of short-lived species. This is exemplified by the notion that both C. elegans80,81 and 
D. melanogaster82,83 have a longer lifespan when HSPs are overexpressed. Conversely, 
HSF1 knockdown reduces life span and features proteins that more promptly 
aggregate.55,84 Moreover, overexpression of mitochondrial chaperones HSPA981 and 
HSP2282 or PGC1α increases lifespan and mitochondrial function or mitochondrial 
biogenesis in aged C. elegans or D. melanogaster,85 respectively. Furthermore, enhancing 
UPRER function to counteract the age-related decline in UPRER activity by overexpression 
of XBP1s, also resulted in an increased life span in C. elegans.86 Similar to the stress-
responsive pathways, enhancement of protein degradation pathways also promotes 
longevity, as shown by overexpression of proteasome subunits71,87 and induction of 
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autophagy.68,88,89 Moreover, inhibition of mTOR increases lifespan in mice and C. elegans, 
possibly conveyed via induction of autophagy.90,91 Thus, experimental evidence reveals 
that aging diminishes the function of both the stress-responsive and the degradation 
pathways of the proteostasis network. This may result in progressive derailment of 
proteostasis, accumulation of cellular damage and, ultimately, age-related diseases, 
such as CVD. Importantly, experimental evidence suggests that boosting components 
of these pathways rescues the proteostasis network from aging effects and promotes 
longevity.

Cardiac proteostasis in the elderly
Age-related changes in the proteostasis network are also present in cardiomyocytes. 
The expression of heat shock proteins is reduced in aged cardiomyocytes,92 which 
may be due to an upregulation of Rho expression92 as activation of Rho prevents 
the mounting of HSR by attenuation of HSF1 binding to the promotor region of hsp 
genes.93 Cardiac mitochondrial function also decreases during aging, due to a variety 
of mitochondrial changes, including loss of cristae, destruction of inner membranes, 
swelling, decreased expression of mitochondrial proteins and loss of ATP production.92,94 
In turn, mitochondrial changes impair maintenance of a proper proton gradient and 
functional respiratory chain, which contributes to increased ROS production.94,95 
Subsequently, increased amount of ROS in aged cardiomyocytes leads to excess 
protein damage94 and a less effective stress response. Importantly, ROS stimulates the 
lysosomal formation of lipofuscin aggregates,95,96 consisting of aggregated liposomal 
proteins and lipids, which effectively impair autophagy by preventing fusion of 
lysosomes to autophagosomes. Consequently, aging-related impairment of autophagy 
promotes accumulation of dysfunctional mitochondria, representing the major part of 
the extralysosomal waste in aged cardiomyocytes.95,97 Dysfunctional mitochondria are 
known to produce increased amount of ROS, thereby triggering a vicious circle of high 
ROS production and the subsequent low stress response. In addition, accumulation 
of dysfunctional mitochondria and aberrant proteins results in functional loss in 
cardiomyocytes.96 Moreover, impaired autophagy affects the UPS, as damaged or 
aged proteasomes are degraded by autophagy.96 In accord with the prominent role 
of autophagy, ATG5 knockout mice display both increased polyubiquitination and 
attenuated mitochondrial function.97 
The impaired stress-responsive and protein degradation pathways make aged 
cardiomyocytes susceptible to cellular damage. As cardiomyocytes are post-mitotic 
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cells, and are therefore not constantly replaced by proliferation, the whole heart is 
highly susceptible to protein damage. During normal aging, the structure and function 
of the heart changes (Figure 2B), resulting in a decline of diastolic function in rest and 
systolic function during exercise, impairment of Ca2+ homeostasis, cardiac hypertrophy 
and fibrosis.94 Cardiac hypertrophy originates from changes in ion channels and Ca2+ 
homeostasis, and fibrosis during aging, which puts additional strain on the remaining 
cardiomyocytes to match cardiac demands.98,99 Interestingly, stimulation of autophagy 
in the aged heart decreases hypertrophy, improves contractile function, reduces protein 
damage and restores Ca2+ homeostasis.100 Conversely, impairment of autophagy 
predisposes the heart to early dilated cardiomyopathy development.97 Although 
cardiac aging is related to reduced activation of autophagy, most CVDs, including heart 
failure, myocardial infarction and atrial fibrillation, are related to excessive activation of 
autophagy (Table 1). Interestingly, reduced activity of autophagy is observed in CVDs 
caused by overexpression of (mutant) proteins, including dilated and desmin-related 
cardiomyopathy. These studies showed that (mutant) protein expression results in 
protein aggregates which are toxic for the cardiomyocytes. Protein aggregates are 
cleared by autophagy but chronic overexpression results in exhaustion of the autophagy 
machinery, ultimately resulting in accumulation of protein aggregates and loss of 
cardiomyocyte function. These observations indicate that in case of proteotoxicity, 
activators of autophagy may be beneficial, whereas other CVDs likely benefit from 
inhibitors of autophagy.

Table 1 Autophagy in several cardiac disease models
cardiac disease model autophagy
Heart failure Mouse101 #

Hypertension Mouse102-104

Pig102,103 
Rat102-104

$
#
#

Mitral regurgitation Human105

Human106
#
#

Diabetic cardiomyopathy Human107

Mouse108
#
#

Myocardial infarct Rat109

Mouse110

Mouse111

#
#
$

Desmin-related cardiomyopathy Mouse112 $

Atrial fibrillation

Postoperative atrial fibrillation

Dog113

Human113

Human106

Human114

#
#
#
$

Dilated cardiomyopathy Mouse115

Human116
$
$
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Accumulating evidence reveals cardiac diseases to accelerate aging-induced 
derailment of proteostasis94 and atrial fibrillation (AF) is an excellent example of the 
adverse effects of cardiac aging on disease development. AF is the most common age-
related clinical tachyarrhythmia, characterized by electrical and structural remodeling 
and atrial contractile dysfunction.5 Derailment of proteostasis is associated with the AF-
related structural remodeling and, thereby, may create a substrate for both initiation and 
progression of AF.10,14 The HSR gets exhausted in patients with (longstanding) persistent 
AF, and induction of HSP expression was found to protect against AF progression.19-22 
Furthermore, AF is associated with aberrant phosphatase and kinase activities.46-49 As 
several components of the proteostasis network, including components of the UPRER 
(IRE1 and PERK), are regulated by these posttranslational modifications, the aberrant 
function may affect them.117 In addition, changes in phosphorylation-increased 
deacetylation of structural proteins by histone deacetylase 6 (HDAC6) contributes to 
reduced contractile function, structural remodeling and AF progression.18 Together, 
these findings suggest that proteostasis derailment is an important feature in the 
initiation and progression of AF, which may explain its prevalence increasing with age. 

Therapeutic targets to attenuate cardiac aging and disease
Fortifying proteostasis may prevent the detrimental changes associated with aging 
and cardiac diseases, in line with observations of extended lifespan in model systems 
that overexpress components of the proteostasis network. Thus, (pharmacological) 
boosting of the proteostasis network may represent an appealing strategy to prevent 
and/or treat cardiac diseases, including AF, cardiomyopathies and heart failure. 

Lifestyle interventions
Sustained caloric restriction (without restriction of vitamins and micronutrients) is 
found to increase lifespan in various experimental model systems from yeast to mice118 
and decreases the risk of cardiac diseases, by improving contractile function and 
declining cardiac hypertrophy and cardiomyopathy in rodents and monkeys.100,119-122 
Autophagy induction is commonly believed to constitute an important effector of 
caloric restriction.123,124 However, sustained caloric restriction is not feasible for most 
humans.100 Except caloric restriction, exercise also reduces the risk of CVDs and has 
been proposed to slow cardiac aging. Exercise reduces cardiac fibrosis and hypertrophy 
and improves diastolic function, contractile function and Ca2+ homeostasis.122,125 
Moreover, exercise has a positive effect on HSP expression, mitochondrial function and, 
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indirectly, proteasome function.125 Interestingly, exercise induces autophagy in mice 
cardiac muscle.126 In addition, voluntary exercise in a desmin-related cardiomyopathy 
mouse model showed reduced protein aggregation and reduced disease progression.127 
This indicates that regular exercise may be able to improve cardiac outcome in aging 
and cardiac disease progression.

Pharmacological interventions
Boosting the HSR
Pharmacological induction of HSP expression has beneficial effects in several 
cardiac diseases.20,21,128-130 Geranylgeranylacetone (GGA) is an HSP inducer, used in 
Japan as anti-ulcer drug since 1984 without reported serious side effects,131 and is 
therefore currently the most promising compound to boost the HSR. GGA treatment in 
experimental models of cardiac disease attenuated structural damage and improved 
function of the heart.20,21,128,129 In vitro, GGA protected against contractile dysfunction and 
cardiomyocyte damage by attenuation of sarcomere damage.20,21 In vivo, GGA protected 
against desmin-related cardiomyopathy by attenuation of fibrosis, which may be due 
to increased aggregate clearance by GGA-induced augmented HSPB1 expression.128 In 
addition, in vivo GGA treatment reduced inducibility of AF in heart failure132 and atrial 
ischemia.133 Another HSP inducer, BGP-15, was found to protect against contractile 
dysfunction in a D. melanogaster model for AF and no serious side-effects were reported 
in a phase II clinical study for insulin resistance.134,135 Importantly, recent research found 
BGP-15 to protect from heart failure and AF in in vivo mice models.136 Thus, both GGA 
and BGP-15 show promising cardioprotective effects probably by boosting the HSR 
(Table 2). As GGA is already on the market for decades, it features a favorable safety 
profile, while this is currently still unknown for BGP15.

Autophagy induction to counteract aging and proteotoxicity
As autophagy shows reduced activation during aging and overexpression of (mutant) 
proteins, induction of autophagy may represent an interesting strategy to attenuate 
CVD onset and progression. Interestingly, rapamycin treatment induces similar effects 
as caloric restriction in mice.94 Rapamycin is an inhibitor of the nutrient-sensing mTOR, 
and its administration thus resulting in the activation of autophagy.94,100 The inhibition of 
mTOR activity increases lifespan in vivo,137 even in old mice,138 as rapamycin treatment 
resulted in induced voluntary exercise, reduced cardiac inflammation and hypertrophy, 
enhanced ejection fraction, and also in increased mitochondrial function.139 Moreover, 
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rapamycin treatment protected in vitro against Hutchinson-Gilford and Werner 
progeria syndromes, both accelerated aging disorders.140,141 In addition to clinical 
studies in which rapamycin is used to treat cancer142 and auto-immune disease143 
(Table 2), experimental evidence suggests rapamycin mitigates progression of heart 
failure.144 Moreover, rapamycin-treatment attenuated contractile dysfunction and 
cardiac hypertrophy in aged mice with reversal of diastolic dysfunction and age-
related cardiac proteomic changes.100 In addition, rapamycin treatment prevented 
diabetic cardiomyopathy in mice.145 Although rapamycin is an FDA approved drug, 
caution is needed as rapamycin may exert serious side effects, including suppression 
of the immune system,146 dermatological changes,146 lung toxicity147 and increased 
risk of diabetes development.148 Due to these adverse effects, multiple derivatives of 
rapamycin have been developed. Unfortunately, these derivatives do not only inhibit 
mTOR activity, but also increase Akt activity, which can drive cancer development.146

Inhibition of autophagy to counteract CVDs
Various CVDs show excessive activation of autophagy (Table 1). Therefore, inhibition 
of autophagy may represent an interesting target for treatment of CVDs, which are not 
caused by the overexpression of a (mutant) protein. However, inhibitors of autophagy, 
such as bafilomycin, cause cellular toxicity.149 Thus, direct inhibition of autophagy 
may currently not be feasible. However, indirect inhibition of autophagy, by targeting 
upstream activation pathways may be applicable. One of the pathways implicated in 
cardiac disease and autophagy activation is the UPRER.

Inhibition of UPRER

As the ER is the cellular compartment where most proteins (at least one-third) are 
synthesized and folded,33,150 this compartment is highly susceptible for proteotoxic 
stress. Reinforcing the UPRER with 4-phenyl butyrate (4PBA) in experimental models 
protects from progression of multiple diseases, including obesity, diabetes, cancer, 
cystic fibrosis and neurodegenerative disorders.151 Importantly, 4PBA is already an 
FDA approved drug to treat urea cycle disorders,152,153 with no reported serious side 
effects.154 Interestingly, 4PBA has several modes of action; it is an ammonia scavenger, 
a weak histone deacetylase inhibitor and a chemical chaperone.151 At the moment, 
4PBA is in clinical trials for several disorders related to proteotoxicity, including 
amyotrophic lateral sclerosis (NCT00107770), Huntington’s disease (NCT00212316), 
spinal muscular atrophy (NCT00528268), proteinuric nephropathies (NCT02343094) 
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and cystic fibrosis (NCT00590538)  (Table 2). Results of these studies may inform us 
about possible effectiveness of 4PBA in respect to cardiac diseases.

Enhancement of mitochondrial function
Pharmacological enhancement of mitochondrial function does also have beneficial 
effects on proteostasis both in aging and cardiac diseases. Several compounds 
have been tested in mice models, such as addition of endogenous antioxidants (SOD, 
catalase and GPx) and synthetic antioxidants (Mn (III) porphyrin, Mn (III) salen, EUK-8 

Table 2 Drugs with potential benefit in preventing age-related cardiac diseases and proteostatic loss, 
which are currently in clinical trials for human application

Drug Target Phase Indication
Identifier 
(clinicaltrials.
gov)

GGA
Teprenone

HSP induction IV Gastric ulcers
Gastritis
Gastric lesion

NCT01190657
NCT01547559
NCT01397448

BGP-15 HSP induction II Diabetes Mellitus NCT01069965

Rapamycin
Sirolimus 
Temsirolimus 
Everolimus

Autophagy 
inducer

II
II
I/II

I
I
II
II
III

Tuberous Sclerosis
Kidney transplantation
Autoimmune blood 
diseases
Leukemia
Sarcoma
SLE
Breast cancer
Liver transplantation

NCT01526356
NCT01014234
NCT00392951

NCT00780104
NCT00450320
NCT00779194
NCT01698918
NCT01150097

4PBA
Buphenyl

ER stress 
inhibitor

I/II
II
II/III
IV
II/III
I
II
I/II
I
II
II
I/II
II/III

Cystic Fibrosis
Pulmonary Tuberculosis
Maple Syrup Urine Disease
Diabetes
Urea Cycle Disorders
Lymphoma
HIV
ALS
Parkinson’s Disease
Brain Tumor
Huntington’s disease
Spinal muscular atrophy
Proteinuric nephropathies

NCT00590538
NCT01580007
NCT01529060
NCT00533559
NCT00947544
NCT00002909
NCT01702974
NCT00107770
NCT02046434
NCT00006450
NCT00212316
NCT00528268
NCT02343094

Szeto-Schiller 
peptides 
Bendavia 
Ocuvia

Mitochondrial 
function inducer

I/II
II
II

I
I/II
I/II

Atherosclerosis
Reperfusion injury
Skeletal muscle 
dysfunction elderly
Congestive heart failure
Mitochondrial myopathy
Diabetic macular edema/
age-related macular 
degeneration

NCT01755858
NCT01572909
NCT02245620

NCT02388464
NCT02367014
NCT02314299



Summary, Discussion and Future perspectives

187

Chapter 8

and EUK-34).122 Although genetic overexpression of catalase in old mice mitochondria 
resulted in longer life span and a decreased risk for cardiac disease development,155 the 
endogenous antioxidants are not practical therapeutics due to their fast degradation 
and their potential to provoke inflammatory responses.122 The synthetic antioxidants 
show potential in protection against cardiac disease, however, the notion that they are 
non-targeted synthetic oxidants makes them less applicable.122 Targeted mitochondrial 
antioxidants, such as coenzyme Q (mitoQ) and plastoquinone (SkQ1) also increase 
mitochondrial function in in vivo rodent heart failure models. Nevertheless, these 
antioxidants also have a downside, as the window between antioxidant and pro-
oxidant is quite narrow and their uptake is dependent on the mitochondrial membrane 
potential, which is often decreased in cardiac disease.122 Promising compounds for 
increasing mitochondrial function are the Szeto-Schiller peptides (Table 2). The uptake 
of these peptides in the mitochondria is not dependent on the mitochondrial membrane 
potential. Furthermore, Szeto-Schiller peptides have antioxidant properties, promote 
ATP production through increasing mitochondrial respiration, reduce mitochondrial 
swelling and inhibit the loss of cristae.94,122 In case of the heart, these peptides are able 
to increase diastolic function, prevent cardiac hypertrophy and could protect against 
ischemia reperfusion injury without pretreatment.94,122 Importantly, the Szeto-Schiller 
peptides were shown to have protective effects in heart failure122 and arrhythmias.156

Interconnections between the derailed stress-responsive and 
protein degradation pathways
As cellular stress can activate multiple stress-responsive pathways in parallel, due to 
cross-talk of these pathways, it is plausible that derailment of one stress-responsive 
pathway leads to derailment of the other pathways. In this thesis, we show AF to be 
associated with induction of the UPRER and autophagy, due to ER stress, and induction 
of the UPRmito and mitochondrial dysfunction. In addition, we found that AF-induced 
activation of RhoA19 inhibits the induction of the HSR. This increased activity of RhoA 
in AF, by induction of F-actin stress fibers, contributes to contractile dysfunction.19 The 
autophagic pathway can degrade RhoA, thereby reducing the expression of F-actin 
stress fibers157 and the RhoA-mediated inhibition of the HSR. Induction of the HSR 
is important during cellular stress, as HSF1 induces transcription of the autophagy-
related gene 7 (ATG7),158 ER stress-related chaperones,159 mitochondrial respiration 
proteins159 and mitochondrial chaperones, including HSP60 and HSP10,160 thereby 
promoting cell survival (Figure 3).
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Previous research identified calpain to degrade structural proteins in AF, leading to 
myolysis.17 Increased activation of calpain, as in AF, stimulates autophagy,161 induces 
the UPRER

162,163
 and activates Akt (Figure 3).164 This thesis shows enhanced activation 

of Akt during ER stress and in the kinome array in tachypaced dog atrial tissue, both 
showing detrimental effects. Akt is a pro-survival protein involved in a variety of cell 
signaling pathways. Phosphorylation and, thus, activation of Akt protects the heart 
against ischemia-reperfusion injury, due to protection of the mitochondrial network. 
However, chronic activation of Akt causes cardiac hypertrophy, which may (partly) be 
due to mitochondrial dysfunction and inhibition of respiration.165,166 In turn, decreased 
mitochondrial respiration activates Akt,167 initiating a vicious circle. Furthermore, 
enhanced Akt activity reduces Ca2+ flux from the ER,168 thus decreasing the Ca2+ 
concentration in mitochondria, which attenuates mitochondrial dysfunction and 
programmed cell death (Figure 3).168 However, it also produces cytosolic Ca2+ overload, 
which is a trigger for AF.169,170 In addition to decreased ER flux, tachypacing-induced 
cytosolic Ca2+ overload may also result from increased mitochondrial fission, i.e. 
fragmentation of the mitochondrial network.171 The increased mitochondrial fission we 
observed during tachypacing may therefore be an additional trigger for AF.

Figure 3 Interconnection between stress-responsive and protein degradation pathways, which are derailed in 
AF. RhoA inhibits activation of the HSR, but can be degraded by autophagy, thereby reducing the inhibition of 
the HSR. HSF1 induces transcription of autophagy-related genes (ATG7), ER chaperones and mitochondrial 
chaperones and respiration proteins. Calpain activation induces autophagy, the UPRER and activates Akt. 
Akt attenuates programmed cell death by reducing Ca2+ from the ER and protects mitochondrial network 
formation and is activated by decreased mitochondrial respiration.
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The mitochondria-associated membranes
In view of the results described in this thesis, the connection between the ER and the 
mitochondria, accomplished by the mitochondria-associated membranes (MAMs) is 
an emerging and highly interesting study subject in AF. The functions of the MAMs 
are versatile and include Ca2+ transport between the ER and mitochondria, stimulation 
of mitochondrial ATP synthesis, exchange of stress signals between the ER and 
mitochondria and the initiation and progression of autophagy.
The MAMs are formed by the connection of specific proteins on the membranes of the 
ER and mitochondria. Voltage-dependent anion channels (VDACs) on the mitochondrial 
membrane connect with inositol 1,4,5-triphosphate receptors (IP3Rs) on the ER 
membrane and the chaperone GRP75 strengthens this connection. Another connection 
is between mitofusin 2 (Mfn2) on the ER, which makes a homotypic or heterotypic 
connection with Mfn2 or Mfn1, respectively, on the mitochondrial membrane. Moreover, 
B-cell receptor-associated protein 31 (Bap31) on the ER connects with Fission-1 
homolog (Fis1) on the mitochondria (Figure 4). The MAM regulates several important 
functions, such as lipid and Ca2+ exchange between the two organelles. Especially 
the Ca2+ exchange is important, as this regulates mitochondrial respiration, buffers 
excessive cytoplasmic and ER Ca2+ and dysfunction can lead to impaired cell function 
and finally programmed cell death. The importance of the above mentioned proteins in 
MAM formation is exemplified by the notion that knockdown of Mfn2 not only reduces 
the amount of protein in the MAMs and Ca2+ exchange, but also affects mitochondrial 
fusion, respiration and membrane potential.172-176 On the other hand, overexpression of 
Fis1, increasing MAM formation, increases Ca2+ exchange to the mitochondria.174,175 
In addition to MAM formation, Mfn2 also contributes to mitochondrial respiration 
and fusion events, ER stress (increased levels of Mfn2 upon ER stress and Mfn2 
deficiency causing ER stress) and induction of ER stress-related autophagy (Figure 
4).172,175,176 Moreover, Mfn2 interacts with PERK at the MAMs,175 the latter inducing 
CHOP expression during ER stress,11,33,117,150 which, in turn, promotes mitochondrial Ca2+ 
overload.175 Due to the versatile role of Mfn2, it would be interesting to determine the 
role of this protein in AF pathogenesis. Studies on other cardiac disorders, such as 
heart failure and cardiac ischemia-reperfusion injury, show that aberrant expression of 
Mfn2 influences disease pathogenesis by altering the activation of the programmed 
cell death and autophagic pathways, leading to cardiac hypertrophy.177-180

The ER is able to store a large amount of Ca2+ and the mitochondria are Ca2+ buffering 
organelles and both contribute significantly to cellular Ca2+ homeostasis, mainly 
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through the presence of Ca2+ binding proteins. One of these Ca2+ binding proteins, and 
abundantly present in the ER, is HSPA5. The binding of Ca2+ to HSPA5 regulates its 
chaperone activity. In addition to its chaperone properties, HSPA5 has been implicated 
in the regulation of the Ca2+ flux from the ER to the mitochondria.181 Moreover, HSPA5 
may translocate form the ER to the mitochondria during ER stress,182 thereby preserving 
mitochondrial function.183 However, HSPA5 function is dependent on mitochondrial 
respiration, as it is an ATPase.184 Therefore, severe ER stress, which depletes the ATP 
in the ER lumen, signals to the mitochondria to stimulate mitochondrial respiration.184 
In addition, ER stress also activates a mitochondrial-protection mechanism. The 
transcription factor ATF4, induced during ER stress, activates transcription of Parkin, 
which preserves mitochondrial network morphology and respiration.185-187 In this thesis, 
we showed that overexpression of HSPA5 or treatment with 4PBA protected against 
contractile dysfunction in experimental models of AF. This protective effect may be 
caused by the preservation of mitochondrial function and respiration, thereby protecting 
against ATP depletion. Consequently, normal ATP production by mitochondria ensures 
functioning of ATP-dependent chaperones, such as HSPA5, which may relieve ER 
stress. 

The sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) mediates Ca2+ influx 
into the ER lumen. An increase in cytosolic Ca2+ stimulates SERCA activity, thereby 
increasing Ca2+ uptake in the ER.184 A cytosolic Ca2+ overload, as in AF, can therefore lead 
to an ER Ca2+ overload, and impaired protein folding, thus stimulating the mitochondria 

Figure 4 The mitochondria-associated membranes (MAMs). The MAMs are formed by proteins in the 
membranes of the ER and the mitochondria. VDAC connects with IP3R and GRP75 strengthens this 
connection. The VDAC-IP3R connection is necessary for the Ca2+ flux to the mitochondria. The MCU on 
the IMM regulates the Ca2+ flux from VDAC to the mitochondrial matrix. The connection of Bap31 and 
Fis1 regulates the activation of the mitochondrial programmed cell death pathway. Mfn2 forms homo- or 
heterotypic connections with Mfn2 or Mfn1, respectively and Mfn2 is important for mitochondrial fusion and 
respiration, ER stress and autophagy induction. Furthermore, the ER and the mitochondria are sensitive to 
each other’s stress through the MAMs. Moreover, the MAMs are implicated to be the site where the formation 
of the autophagosomes occurs, as ATG14 and ATG5 are present at the MAMs at autophagy initiation.
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to buffer Ca2+. The Ca2+ flux from the ER to the mitochondria is mediated by the IP3Rs,184 
which are important channels for the Ca2+ flux as reducing IP3R activity attenuated 
mitochondrial respiration.188 Mitochondrial Ca2+ must cross two membranes, the outer 
mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM), to end 
up in the mitochondrial matrix, where it stimulates mitochondrial respiration.184 Ca2+ 
transport over the OMM is facilitated by VDACs, which is permeable to ions and small 
molecules and connects with IP3Rs.175,184 Transport across the IMM is facilitated by the 
MCU, which is impermeable and transfers Ca2+ into the mitochondrial matrix against 
a steep electrochemical gradient (Figure 4).184 In AF, SERCA expression is decreased 
and IP3R expression is increased,189-194 which may lead to depletion of ER Ca2+ into the 
mitochondria, resulting in mitochondrial Ca2+ overload. We showed in this thesis that 
a modest inhibition of the MCU protects against tachypacing-induced mitochondrial 
dysfunction. However, the involvement of VDAC in AF-induced mitochondrial 
dysfunction is not yet known, but aberrant functioning of VDAC plays a role in cardiac 
ischemia-reperfusion195,196 and desmin-related cardiomyopathy.197

Next to Ca2+ transfer, the MAMs are also implicated to play a role in autophagy. It has 
been suggested that the formation of autophagosomes occurs at the MAMs, evidenced 
by the presence of ATG14 and ATG5 at these sites during autophagy activation (Figure 
4).172,198,199 The induction of autophagy is Ca2+ dependent, as reduced Ca2+ signaling 
by the IP3R and reduction of cytosolic Ca2+ activated188 or inhibited200 autophagy, 
respectively. As we found increased activation of autophagy in experimental models 
of AF and AF patients, this might suggest that the amount of MAMs is increased in 
AF, resulting not only in increased autophagy, but also in increased mitochondrial Ca2+ 
uptake.
The close contact between the mitochondria and the ER makes these two organelles 
responsive to each other’s stress (Figure 4).30,185 Dysfunctional mitochondrial 
respiration causes protein damage,201 which, in turn, causes ER stress and activation 
of the UPRER. Early during ER stress, the amount of MAMs increases, stimulating Ca2+ 
transfer to the mitochondria and, subsequently, ATP production needed for HSPA5 
chaperone activity. However, chronic ER stress results in depletion of ER Ca2+ and in 
mitochondrial Ca2+ overload, the latter resulting in reduced mitochondrial respiration 
and, consequently, ATP production.30 In addition, ER stress increases autophagosome 
formation and impairment of autophagy increases the likelihood to develop ER stress.202 
Moreover, also HSPA5 has been implicated in autophagy, as loss of HSPA5 suppresses 
autophagosome formation.203
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Thus, although the MAMs have versatile functions that regulate normal physiological 
function of the ER and the mitochondria, because of this the MAMs can also be 
involved in the pathophysiology of diseases. In the case of AF, the related ER stress 
may increase the amount of MAMs, leading to autophagy activation and mitochondrial 
Ca2+ overload, resulting in myolysis and reduced mitochondrial respiration.

Mitochondrial DNA as biomarker
In this thesis, we show that AF induces ER stress and autophagy and reduces p62 
expression. Induction of ER stress leads to transcription of mitochondrial DNA 
(mtDNA)204 and mtDNA itself is also able to regulate ER stress and autophagy.205 
In addition, p62, which is able to translocate to mitochondria during cellular stress, 
stabilizes mtDNA.206 As mitochondria are descendants of prokaryotes, mtDNA shares 
similarities to bacterial DNA,207 and can therefore act as damage-associated pattern, 
thus promoting inflammation. mtDNA that has escaped the autolysosomes causes an 
inflammatory reaction,207 while the autophagic pathway also provokes inflammation, 
as it regulates the activation of the inflammasome.208

Accordingly, the activation of ER stress and autophagy and the reduction of p62 
expression in AF, described in this thesis, may lead to destabilization of mtDNA and 
mtDNA escape from the autophagic pathway. This may result in an inflammatory 
reaction, and inflammation has been associated with AF pathogenesis and anti-
inflammatory drugs show, to some extent, protective effects.209-211 Moreover, it may 
result in the release of mtDNA in the circulation, where it can be considered as a 
potential biomarker. Importantly, circulating mtDNA is already in use as biomarker in 
several cancers, including lung and breast cancer, and associates with cancer stage 
and progression.212-214

Cardiac hibernation
Cardiac diseases, including AF, are often characterized by so-called ‘hibernation’ 
of cardiomyocytes. Features of hearts in cardiac hibernation resemble the cardiac 
features of natural hibernators, including hypocontractility and morphological 
changes.23-25 Interestingly, natural hibernators do not show structural damage and 
do not develop arrhythmias, although they encounter severe cellular stress.23,26-29 A 
main mechanism preventing abnormal heart function in hibernators is maintenance 
of normal Ca2+ handling and increased uptake of Ca2+ in the sarcoplasmic reticulum to 
prevent cytosolic Ca2+ overload, even at very low temperatures.28,29,215 Moreover, SERCA 
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expression increases during hibernation,216 thereby preserving contractile function. 
However, in AF, which is characterized by cytosolic Ca2+ overload and contractile 
dysfunction, SERCA expression is decreased.189-192 Interestingly, a proteome assay 
showed that pathways related to cardiomyopathy pathogenesis in non-hibernators 
were downregulated during hibernation.217 Importantly, a mammalian hibernator 
showed markedly protective effects against induced myocardial ischemia during 
hibernation.218 This suggests that hibernators have intrinsic mechanisms which protect 
against development of cardiac diseases, including AF, which may be elucidated by 
examining the effects of tachypacing on natural hibernators. We have demonstrated 
that induction of the UPRER and especially autophagy might be part of these intrinsic 
mechanisms. Elucidation of the regulation of these protective mechanisms may help 
to understand how natural hibernators are protected against arrhythmias, such as AF, 
and identify mechanism-related new AF therapies.

FUTURE PERSPECTIVES
In summary, two important elements are involved in AF pathogenesis, namely the 
influence of aging and the connection of ER and mitochondria through the MAMs. 
Loss of proteostasis during aging compromises the proper functioning of 
cardiomyocytes, promoting development of cardiac diseases, including AF. In addition, 
existing cardiac disease further compromises proteostasis, thereby accelerating the 
progression of contractile dysfunction and disease. Targeting of key components of 
proteostasis may thus represent an interesting therapeutic approach to attenuate aging 
and cardiac disease onset in the elderly. Several compounds fortifying proteostasis 
are already marketed, such as GGA and 4PBA, and their clinical potential may be 
readily explored. Compounds targeting autophagy may be of high potential depending 
on outcomes of current research. However, regular exercise and caloric restriction 
throughout life may represent the easiest and cheapest intervention to boost cardiac 
proteostasis and thus slow cardiac aging, reduce the incidence of cardiac diseases 
and improve clinical outcome.
We discovered several pathways of the proteostasis network, including the HSR, UPRER, 
UPRmito and autophagy, to be involved in AF pathogenesis. Targeting these pathways 
with compounds proved to be protective in experimental models of AF. As these stress-
responsive and protein degradation pathways are interconnected and often function 
in parallel, the effectiveness of a compound targeting one specific pathway may also 
target the other pathways. In addition, the versatile functions of the MAMs and the 
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implication of some of these function in AF, such as ER stress, autophagy, Ca2+ overload 
and mitochondrial dysfunction, makes the MAMs and their specific involvement in AF 
an additional highly interesting target. Furthermore, although the compounds proved 
to protect against the induction of AF in experimental models, their effectiveness on 
electrical and structural remodeling in AF patients is unknown. As structural remodeling 
is already present in the majority of the AF patients before the start of treatment, 
elucidating whether these compounds are able to reverse AF structural remodeling is 
a necessity.
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Boezemfibrilleren is de meest voorkomende en aanhoudende ritmestoornis die gepaard 
gaat met een verhoogde kans op mortaliteit en morbiditeit.1,2 De incidentie van deze 
ritmestoornis is leeftijd gebonden en zal, naar verwachting, toenemen door de steeds 
ouder wordende populatie.3,4 Boezemfibrilleren veroorzaakt elektrische en structurele 
veranderingen, de laatste omvat met name de degradatie van sarcomeren (ook wel 
myolyse genoemd) in de linker en rechter hartboezem. Deze veranderingen zijn niet 
alleen een gevolg van, maar vormen tegelijkertijd een impuls (substraat) voor de verdere 
progressie van boezemfibrilleren.1,2,5-7 Hoewel de elektrische veranderingen reversibel 
zijn, geldt dit niet voor de structurele veranderingen. Deze structurele veranderingen 
zijn irreversibel en verminderen de effectiviteit van de huidige behandelingen.1,2,8-10 
Daarom is het van belang om de onderliggende mechanismen van de structurele 
veranderingen in boezemfibrilleren te begrijpen. Kennis over deze mechanismen kan er 
toe leiden dat we nieuwe aangrijpingspunten voor geneesmiddelen ontdekken, die in de 
toekomst gebruikt kunnen worden om patiënten met boezemfibrilleren te behandelen. 
Het huidige onderzoek richt zich daarom ook op het ontdekken van de onderliggende 
mechanismen van de structurele veranderingen in boezemfibrilleren.
Verlies van de eiwit homeostase – de synthese, vouwing, transport, functie en degradatie 
van eiwitten11 – speelt een belangrijke rol in de progressie van boezemfibrilleren.1,12-14 
Eerder onderzoek wees uit dat de activatie van proteases en histon deacetylases 
mede leidde tot de degradatie van contractiele en structurele eiwitten.15-18 De activatie 
van de heat shock response (HSR) beschermde tegen de structurele veranderingen 
en contractiele dysfunctie in boezemfibrilleren.19-22 Ondanks deze bevindingen zijn de 
daadwerkelijke moleculaire mechanismen van het verlies van de eiwit homeostase 
tijdens boezemfibrilleren niet bekend.

In dit proefschrift hebben we gekeken naar de activatie van specifieke stress routes 
en eiwit degradatie routes van het eiwit homeostase netwerk en hun rol in het 
verlies van deze eiwit homeostase in boezemfibrilleren. Daarnaast hebben we ook 
gekeken naar de implicaties van deze routes als therapeutisch eindpunt. Eerder is 
aangetoond dat de genetische en/of farmacologische inductie van heat shock eiwitten 
(HSPs) bescherming biedt tegen boezemfibrilleren in experimentele modellen.19-22 
Zo beschermt de overexpressie van HSPB8 tegen RhoA-geïnduceerde contractiele 
dysfunctie.19 Andersom is het niet bekend of RhoA activatie ook een invloed heeft op 
HSP waarden. In hoofdstuk 3 hebben we daarom de rol van RhoA op de HSP expressie 
bestudeerd. We laten zien dat RhoA activatie de HSR onderdrukt door de binding van 
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heat shock factor 1 (HSF1) aan de hse promotor in hsp genen te verminderen. De 
inhibitie van RhoA heeft een tegenovergesteld effect: de HSR is nu wel actief, zodat 
de HSP waarden toenemen in cellen. Met name als cellen al gestresst zijn, en RhoA 
nog extra wordt gestimuleerd, zet de cel de HSR uit, wat resulteert in het doodgaan 
van de cel. Boezemfibrilleren activeert RhoA, waardoor de cel-beschermende HSR 
afneemt. Dit mechanisme is mogelijk ongunstig voor de cel om zich te beschermen 
tegen stress. In hoofdstuk 4 hebben we met een kinase array belangrijke kinases 
geïdentificeerd die een rol spelen in de veranderingen in het hart die geïnduceerd zijn 
door snelle elektrische stimulatie, wat boezemfibrilleren nabootst. Hiervoor hebben 
we controle honden, elektrisch gestimuleerde honden en elektrisch gestimuleerde 
honden behandeld met de HSP inducerende stof geranylgeranylaceton (GGA) met 
elkaar vergeleken. De activiteit van 50 kinases veranderde tijdens versnelde elektrische 
activatie, en behandeling met GGA behoedde 40 kinases (80%) tegen deze verandering 
in activiteit. De rol van twee belangrijke kinases, CDK4 en Akt, is geverifieerd in het 
HL-1 hartspiercel model door middel van genetische en/of farmacologische inhibitie 
van deze kinases tijdens versnelde stimulatie. De inhibitie van zowel CDK4 als Akt 
biedt bescherming tegen contractiele dysfunctie. De resultaten van deze kinase array 
analyse laten zien dat 1) behandeling met GGA grotendeels de verandering in kinase 
activiteit in boezemfibrilleren tegengaat en 2) dat deze array gebruikt kan worden 
om therapeutische eindpunten te vinden in boezemfibrilleren. Vervolgens hebben we 
in hoofdstuk 5 gekeken naar de specifieke stress routes van het eiwit homeostase 
netwerk in het hart van een in vivo natuurlijke winterslaper, de goudhamster. De 
hartspiercellen van hartziektes, zoals boezemfibrilleren, laten een fenotype zien die 
is omschreven als zijnde ‘in winterslaap’. Dit omdat deze hartspiercellen gelijkenis 
vertonen met de hartspiercellen van natuurlijke winterslapers.23-25 De myolyse die deel 
uitmaakt van boezemfibrilleren en andere hartziekten kan echter niet teruggevonden 
worden in hartspiercellen van natuurlijke winterslapers.10,23-25 En, merkwaardig genoeg, 
ontwikkelen natuurlijke winterslapers geen ritmestoornissen, ook niet onder ernstige 
cellulaire stress.26-29 Dit suggereert dat deze natuurlijke winterslapers een goede 
regulatie hebben van hun specifieke stress routes. We laten zien dat deze routes 
geactiveerd worden in goudhamsters tijdens de overgang van torpor naar arousal. 
Tijdens deze overgang zijn met name de endoplasmatisch reticulum (ER) stress 
reactie (UPRER), autofagie and eiwit ubiquitinatie geïnduceerd en eiwit sumoylatie 
vermindert. Deze resultaten suggereren dat de cellulaire stress compleet verwijderd is 
binnen de 1,5 uur die nodig is om van torpor in arousal te gaan. Deze snelle eliminatie 
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van cellulaire stress voorkomt waarschijnlijk de schadelijke effecten van de enorm 
verhoogde hartfunctie tussen torpor en arousal. Interessant is om uit te zoeken hoe 
deze natuurlijke winterslapers precies hun specifieke stress routes reguleren, en welke 
belangrijke routes met betrekking tot cellulaire stress geactiveerd zijn en ervoor zorgen 
dat er ‘winterslaap’ ontstaat in hartspiercellen in hartziekten. De activatie van één van 
deze specifieke stress routes en vervolgens een degradatie route in boezemfibrilleren 
staat beschreven in hoofdstuk 6. We laten zien dat snelle elektrische activatie de UPRER 
activeert, wat vervolgens resulteert in de activatie van autofagie. Zowel in experimentele 
modellen als in patiënten met boezemfibrilleren correleert de activatie van autofagie met 
de hoeveelheid myolyse in het boezemweefsel. De farmacologische remming van de 
UPRER en de resulterende autofagie door de FDA goedgekeurde 4-phenyl butyrate (4PBA) 
beschermt tegen structurele veranderingen en contractiele dysfunctie in in vitro HL-1 
hartspiercellen, in vivo Drosophila melanogaster (fruitvlieg) en een in vivo hondenmodel 
voor boezemfibrilleren. Deze resultaten impliceren dat 4PBA een interessante en 
nieuwe therapeutische optie is voor de behandeling van boezemfibrilleren. Ten slotte 
beschrijven we in hoofdstuk 7 de functie van de mitochondriën in een experimenteel 
model voor boezemfibrilleren, aangezien de ER en de mitochondriën met elkaar 
verbonden zijn en ER stress vaak leidt tot mitochondriële stress.30 We laten zien dat 
snelle elektrische stimulatie mitochondriële stress en dysfunctie (verstoorde werking) 
induceert, door de verhoogde transcriptie van de mitochondriële stress chaperones 
HSP60 en HSP10, de fragmentatie van het mitochondriële netwerk en de afname van 
cellulaire ATP waarden, mitochondriaal membraan potentiaal, mitochondriële calcium 
transiënten en de maximale respiratoire capaciteit. Verschillende van deze kenmerken 
van mitochondriële dysfunctie zien wij ook in patiënten met boezemfibrilleren, zoals 
veranderde lokalisatie van mitochondriën, afname van cellulaire ATP waarden en 
verhoogde expressie van HSP60. Deze mitochondriële dysfunctie in HL-1 hartspiercellen 
is ogenschijnlijk gebaseerd op een afwijkende Ca2+ influx door de mitochondriële 
calcium uniporter (MCU), aangezien de inhibitie van de MCU door behandeling met 
Ru360 of downregulatie van de MCU door siRNA tijdens snelle elektrische stimulatie 
beschermt tegen mitochondriële dysfunctie. Verder laten resultaten van een kleine groep 
patiënten met boezemfibrilleren zien dat de waarden van circulerend mitochondriaal 
DNA in serum verhoogd zijn. Dit suggereert dat we circulerend mitochondriaal DNA 
in serum als biomarker voor boezemfibrilleren kunnen gebruiken. De bevindingen in 
dit hoofdstuk laten zien dat de inhibitie van de MCU een potentiele therapeutische 
interventie is die zorgt voor het behouden van de mitochondriële functie tijdens snelle 
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elektrische stimulatie en dat circulerend mitochondriaal DNA in serum kan dienen als 
een mogelijke biomarker voor boezemfibrilleren.

Samenvattend, de bevindingen in dit proefschrift geven aan dat de activatie van 
specifieke stress routes en eiwit degradatie routes van het eiwit homeostase netwerk 
bijdragen aan het verlies van de eiwit homeostase en pathogenese van boezemfibrilleren. 
We hebben verschillende nieuwe, potentiële therapeutische aangrijpingspunten 
gevonden die de eiwit homeostase in stand houden in de gebruikte experimentele 
modellen. Deze aangrijpingspunten kunnen gebruikt worden om substraat formatie en 
pathogenese in patiënten te voorkomen. Een overzicht van de specifieke stress routes 
en eiwit degradatie routes die betrokken zijn bij het verlies van eiwit homeostase en de 
mogelijke therapeutische interventies zijn weergegeven in Figuur 1.

Figuur 1 Boezemfibrilleren geïnduceerd verlies van de eiwit homeostase. Boezemfibrilleren gaat gepaard 
met cellulaire Ca2+ overload, wat leidt tot hartspiercel stress en vervolgens tot verlies van eiwit homeostase. 
Routes die leiden tot de inductie van eiwit degradatie, post-translationele modificaties en veranderingen in 
structurele eiwitten en gen expressie zijn betrokken bij het verlies van eiwit homeostase. Onderdelen van deze 
routes kunnen daarnaast ook elkaar activeren. Het verlies van eiwit homeostase resulteert in irreversibele 
structurele veranderingen, die vooraf worden gegaan door reversibele elektrische veranderingen (die een 
substraat creëren voor boezemfibrilleren) en vervolgens uitmonden in contractiele dysfunctie. De UPRER, 
mitochondriële dysfunctie, kinoom veranderingen en RhoA activatie vertegenwoordigen een sleutelrol in de 
structurele veranderingen door hun rol in het verlies van eiwit homeostase. De aangegeven therapeutische 
mogelijkheden bieden bescherming tegen de door boezemfibrilleren geïnduceerde veranderingen.
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Terugkijkend op de laatste 3 (of 4 jaar, als je mijn stage bij de afdeling meetelt), kan 
ik zeggen dat het een drukke en leerzame, maar ook een leuke periode is geweest. Ik 
wil iedereen dan ook graag bedanken die op enige manier heeft bijgedragen aan het 
ontstaan van dit proefschrift.

Als eerste wil ik mijn 2 promotores Rob Henning en Bianca Brundel bedanken. Bianca, 
ik heb er nooit spijt van gehad dat ik mijn laatste masterstage bij het ‘AF-groepje’ heb 
gedaan. Mijn insteek voor die stage was dat ik graag een keer met fruitvliegjes wilde 
werken. Dit heb ik dan voor een klein deel inderdaad gedaan, maar voor het overgrote 
deel was het moleculair werk dat ik deed. Blijkbaar voldeed ik goed, want aan het eind 
van mijn stage hebben we samen een PhD-voorstel geschreven voor een Topmaster 
PhD-programma. Ook al had ik geen Topmaster gevolgd, ik werd wel aangenomen door 
de beoordelingscommissie, mede doordat jij hebt geholpen met het helpen schrijven 
van dit voorstel en het voorbereiden van mijn presentatie. En na mijn PhD-tijd heb je 
me de mogelijkheid geboden, samen met Jolanda van der Velden, om mijn onderzoek 
voort te zetten en uit te breiden als post-doc in het VUmc, dank daarvoor. Zowel Bianca 
als Rob wil ik graag bedanken voor hun hulp. Ik heb veel geleerd van jullie en ik kon 
ook altijd binnenlopen als er iets was. Ook de snelle feedback op vragen of geschreven 
artikelen heb ik als zeer prettig ervaren. 

Next, I would like to thank the members of my reading committee, Prof. dr. H.H. 
Kampinga, Prof. dr. F.U. Müller and Prof. dr. A.B. Gustafsson for their time to read and 
evaluate my thesis.

Daarnaast wil ik ook graag alle (voormalige) collega’s van het ‘AF-groepje’ bedanken. 
Roelien, bedankt voor de goede begeleiding tijdens mijn stage. Ik weet nog goed dat 
ik op mijn eerste stagedag met een jetlag aankwam omdat ik net terug was uit een ver 
Aziatisch oord en de tweede dag meteen met een labdag-uitje meeging. Ook al kende ik 
niemand, jij trok me overal mee heen en maakte het erg gezellig. En dat bleef zo tijdens 
mijn hele stage-periode. Verder heb ik veel van je geleerd qua labwerk en die kennis heb 
ik goed kunnen gebruiken (en uitgebreid) tijdens mijn PhD-tijd en nu ook in mijn huidige 
post-doc positie. Femke, ook jij bedankt voor al je hulp tijdens de laatste 4 jaar. Niet 
alleen kon ik altijd bij je terecht voor een werkgerelateerde vraag of snelle bestelling, 
maar we hebben ook gezellig (met of zonder kop thee) heerlijk kunnen kletsen. Dat ga 
ik zeker missen straks in Amsterdam. Deli, I also want to thank you for your knowledge 
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and insights that you put into my research and of course also our conversations. I 
enjoyed working with you and am happy that we will continue working together. Xu and 
Denise, you are both the ‘newest’ members of our AF group, but I enjoy working with 
both of you and our conversations. I am happy that I will continue to work with you.

Mijn mede PhD-studenten wil ik ook graag bedanken voor de leuke tijd die ik heb gehad 
op en buiten werk (PhD-nights) en de kennis die we uitgewisseld hebben. Vera en 
Jojanneke, ik vond het erg leuk en gezellig om een bureau-hoekje met jullie te delen, 
waar we niet alleen kennis en ideeën of vragen hebben uitgewisseld, maar waar we ook 
zo nu en dan lekker konden kletsen. Bedankt ook voor de avonden waar we gezellig 
samen aten en/of naar de film gingen. Dat heb ik wel gemist toen jullie weggingen. Seb 
and Dalibor, thanks for being my 2 new desk-mates since Vera and Jojanneke left. Linde, 
Edwin, Mahdi and Nagesh, thank you for all the fun we had together. Edwin, bedankt 
voor het meedenken voor het ontwerp voor de omslag van mijn proefschrift. Zonder jou 
was deze niet zo creatief en mooi geweest. En bedankt ook voor de gezelligheid als we 
beide weer eens in het weekend of ’s avonds op werk aanwezig waren. Marziyeh, thank 
you also for all the fun we had together both at work and outside work. You are always 
welcome in my new home and I will surely be back in Groningen to visit you and Rick 
(and the delicious rice cake with chicken you make).

Ook wil ik graag alle analisten bedanken, (Femke), Marry, Azu, Maaike en Renske. 
Bedankt voor alle hulp en gezelligheid. Leo en Azu wil ik in het speciaal nog bedanken 
met hun hulp wanneer er weer eens iets technisch gedaan moest worden.

I would also like to thank Prof. S. Nattel, dr. Xiaoyan Qi and all the others of the Montreal 
Heart Institute who helped me during my stay in Montreal and experiments in their 
lab. Xiaoyan, thanks for picking me up from the airport when I arrived, performing the 
animal experiments for our study and helping me in the lab. Although my stay was 
shorter than expected due to shipping problems, I enjoyed staying in Montreal and 
learning how different labs work.

Furthermore, I would like to thank all the students who contributed to my projects. 
Thais, you were my first student and I was very happy with the work you did. We became 
friends and we are still regularly in contact, although you are back in Brazil. When you 
are in The Netherlands, you are always welcome at my place. Thomas and Yi, also 



216

Addendum

thanks for contributing to my project, I hope you learned a lot during your internships.

Ten slotte wil ik mijn vrienden en familie bedanken. Kim, Patty en Renée, ook al zien we 
elkaar niet veel door ons drukke werk en het niet wonen in dezelfde woonplaats, als we 
elkaar zien is het altijd gezellig.

Mama, papa en Janiek, bedankt voor alles. Jullie steun, gezelligheid en leuke vakanties 
(naar warme, verre, voornamelijk Aziatische, oorden) hebben zeker geholpen bij het 
ontstaan van dit proefschrift. Opa, ooms, tantes, neven en nichten, ook jullie bedankt 
voor alle leuke tijden samen. En dat jullie (op de één of andere manier) altijd het idee 
hadden fruitvliegjes voo mij te moeten vangen ;-P. 



Addendum

Nederlandse samenvatting
Dankwoord

Curriculum Vitae
List of publications & awards



218

Addendum

Marit Wiersma was born in Zwolle on June 16 1989. After finishing her pre-university 
education (VWO) in 2007 at the RSG Magister Alvinus in Sneek, with the profile 
Natuur & Techniek (mathematics, chemistry, physics) with biology, she started the 
bachelor Medical and Biological Laboratory at the NHL University of Applied Sciences 
in Leeuwarden. The last year of this study consisted of two internships, one at the 
department of Genetics, UMCG under supervision of Prof. Ellen Nollen where she 
worked on ‘C. elegans models of protein misfolding diseases’ and one at the department 
of Paediatrics, MCRI, Melbourne, Australia under supervision of Associate Prof. Henrik 
Dahl where she worked on ‘the genetic and molecular basis of hearing loss in children 
and adults’. After graduating in 2010, she started the master Biomedical Sciences at 
the University of Groningen. During this master, she also did two internships: one at 
the department of Membrane Cell Biology, UMCG under supervision of Dr. Wia Baron 
on ‘the role of VAMP3 and KIF1B in MBP mRNA transport’ and one at the department 
of Clinical Pharmacy, UMCG under supervision of Dr. Bianca Brundel on ‘the role of 
autophagy in atrial fibrillation’. She graduated in December 2012 and was awarded for 
a medical PhD program via a 3 year Topmaster-PhD-contract based on a personally 
written PhD proposal. She started her PhD study in January 2013 at the department 
Clinical Pharmacy and Pharmacology, UMCG under supervision of Dr. Bianca Brundel 
and Prof. Robert Henning on the role of proteostasis derailment in atrial fibrillation, 
in particular protein degradation by autophagy and mitochondrial dysfunction. During 
her PhD, she worked for 1 month in the lab of Dr. Stanley Nattel at the Montreal Heart 
Institute, Canada. In January 2016 she started a postdoc position at the department 
of Physiology at the VUmc, Amsterdam under supervision of Prof. Bianca Brundel 
and Prof. Jolanda van der Velden, where she continues her work on the role of stress-
responsive pathways in atrial fibrillation. In addition, she will use her knowledge of 
the stress-responsive pathways to expand her research to determine the role of these 
pathways in cardiomyopathies.



Addendum

Nederlandse samenvatting
Dankwoord

Curriculum Vitae
List of publications & awards



220

Addendum

LIST OF PUBLICATIONS AND AWARDS

Publications
1. Van Ham TJ, Holmberg MA, van der Goot AT, Teuling E, Garcia-Arencibia M, Kim 

H, Du D, Thijssen KL, Wiersma M, Burggraaff R, van Bergeijk P, van Rheenen J, van 
Veluw GJ, Hofstra RM, Rubinsztein DC, Nollen EA. Identification of MOAG-4/SERF 
as a regulator of age-related proteotoxicity. Cell. 2010;142(4):601-612.

2. Meijering RA, Wiersma M, van Marion DM, Zhang D, Hoogstra-Berends F, Dijkhuis 
AJ, Schmidt M, Wieland T, Kampinga HH, Henning RH, Brundel BJ. RhoA activation 
sensitizes cells to proteotoxic stimuli by abrogating the HSF1-dependent heat 
shock response. PLoS One. 2015;10(7):e0133553.

3. Van Marion DM, Lanters EA, Wiersma M, Allessie MA, Brundel BJ, de Groot NM. 
Diagnosis and therapy of atrial fibrillation: the past, the present and the future. 
JAFIB. 2015;8(2);51-60.

Manuscripts in preparation
1. Wiersma M*, Meijering RA*, Qi XY, Liu T, Hoogstra-Berends F, Sibon OC, Henning 

RH, Brundel BJ. The orphan drug 4-phenyl butyrate protects the heart against atrial 
fibrillation by blocking ER stress-induced autophagy (submitted).

2. Wiersma M, Henning RH, Brundel BJ. Derailed proteostasis as a determinant of 
cardiac aging (submitted as invited review).

3. Meijering RA*, Wiersma M*, Zhang D, Hoogstra-Berends F, Scholma J, Diks S, ter 
Elst A, Qi XY, Nattel S, Henning RH, Brundel BJ. Kinomic array analysis identifies Akt 
and CDK4 as druggable kinases limiting atrial fibrillation remodeling (submitted). 

4. Wiersma M, Beuren TM, Bouma HR, Brundel BJ, Henning RH. Beating in the cold: 
autophagy in the heart during arousal in natural hibernators.

5. Wiersma M, Zhang D, Lanters EA, Hoogstra-Berends F, Qi XY, Wan Y, Leferink 
TM, Sibon OC, Nattel S, de Groot NM, Henning RH, Brundel BJ. Cardiomyocyte 
mitochondrial stress and dysfunction in experimental atrial fibrillation is blocked 
by inhibition of the mitochondrial calcium uniporter.

* These authors contributed equally to this work



List of publications & awards

221

Addendum

Awards
1. “Impaired mitochondrial function underlies the heart disease Atrial Fibrillation”, 

Seahorse Bioscience Travel Award, 2015.
2. “Inhibition of ER stress-induced autophagy preserves proteostasis and protects 

against cardiomyocyte dysfunction in experimental and human Atrial Fibrillation”, 
2nd prize Best Oral Presentation Award, PHYSPHAR, 2014.

3. “Inhibition of ER stress-induced autophagy preserves proteostasis and protects 
against cardiomyocyte dysfunction in experimental and human Atrial Fibrillation”, 
2nd prize Poster Competition Award, Dutch German Joint Meeting on Molecular 
Cardiology, 2104.


	Title and contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	Addendum

