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Electrical storm (ES), defined as 3 or more ventricular 
tachycardia or fibrillation (VT/VF) episodes within a 
24-h period, is a major clinical problem with substantial 
morbidity and mortality in implantable cardioverter-
defibrillator (ICD) patients with heart failure (HF) and 
reduced left ventricular ejection fraction. The currently used 
therapy for ES is empiric, typically involving suppression 
with antiarrhythmic agents (e.g., amiodarone, sotalol and 
β-blockers), catheter ablation or a combination of both. 
However, the therapeutic and particularly prognostic value 
of these treatment options needs to be determined. The 
article by Chatzidou et al. published in J Am Coll Cardiol 
2018 is the first double-blind randomized controlled trial 
(RCT), in which 60 ICD patients with ES developed within 
24 h from admission were enrolled and the efficacy of 
amiodarone combined with a non-selective versus a selective 
β-blocker was compared (1). Non-selective β-adrenoceptor 
blockade with propranolol was more efficient and effective 
at an earlier time point than selective β1-adrenoceptor 
blockade with metoprolol for acute suppression of ES. The 
study demonstrates not only that amiodarone plus β-blocker 
therapy is the cornerstone pharmacological treatment 
of ES, but also provides important information on 
β-blocker selection in the management of ES. The possible 
mechanisms by which the β2-adrenoceptor blockade with 
propranolol might contribute to the better outcome were 
discussed by Chen and Doytchinova in an accompanying 
editorial in the same issue of J Am Coll Cardiol (2). 

While ICDs can be life-saving, ICD shocks are associated 

with an increase in mortality and with worsening HF. ES 
patients receiving multiple shocks for repeated VT/VF have 
more serious consequences than those with isolated VT/
VF unrelated to ES. It remains unclear, however, whether 
shocks play a causal role or whether this correlation is 
due solely to the underlying disease. Chatzidou et al. 
showed that ICD shocks were significantly lower in the 
propranolol group during an observation period of 48 h (1).  
It would be important to investigate whether the early 
termination of ES and shock reduction by propranolol plus 
amiodarone impacts the outcome beyond the acute period. 
In this editorial, we discuss the aspects of shock-associated 
mortality by reviewing the recently-published clinical 
and experimental studies and consider the possibility of a 
mechanism-based therapeutic strategy to reduce the risk of 
death. 

Currently used therapies and mortality

Modern ICD programming to treat VT without shocks 
and to avoid unnecessary shocks and recent advance in 
mapping technologies and catheter ablation techniques to 
treat VT lead to a substantial reduction in inappropriate 
and/or appropriate ICD interventions, but this did not in 
a consistent mortality benefit. Programming with longer 
detection intervals and/or higher detection rates results 
in a large reduction in mortality in patients with ICDs for 
primary prevention (3), but is less beneficial for patients 
who already had VT/VF (4,5). Prognostic advantage of 
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catheter ablation was reported in a large-scaled RCT 
VANISH study (6), in which there was a clear difference 
in the composite primary outcome of death, VT storm, 
or appropriate ICD shock between the catheter ablation 
group and the escalation of antiarrhythmic drugs therapy 
group. Nevertheless, the Kaplan-Meier curve of death rate 
was almost identical between the two groups, suggesting 
that the superiority of catheter ablation is rather minimal. 
Moreover, a meta-analysis of RCTs to compare effectiveness 
of antiarrhythmic drugs versus catheter ablation for 
preventing VT in ICD patients showed that although a 
significant reduction in appropriate ICD shocks for VT/VF 
was comparable, neither antiarrhythmic drugs nor catheter 
ablation was associated with a decrease in mortality (7). 
These clinical findings suggest that shock reduction is not 
necessarily connected to a mortality benefit and thus the 
adverse outcome after ICD shocks is more closely related 
to the natural progression of the failing heart rather than to 
the harmful effects of the shocks. Also, optimization of HF 
regimes with proven mortality-protection is recommended 
in ICD patients, especially with ES. However, the 
high prevalence of β-blockers, angiotensin converting-
enzyme inhibitors or angiotensin-II-receptor blockers, 
mineralocorticoid-receptor antagonists and loop diuretics 
in ES patients does not alter the poor outcomes (8).  

Mechanistic and therapeutic considerations

Clearly, development of novel therapeutic approaches is 
required and desirable to reduce the risk of death associated 
with shocked VT/VF, but lack of understanding of the 
underlying mechanisms strongly limits the success of ICD 
patient management.

Electrical shocks-induced cardiac damage is considered 
as a strong contributor to poor outcomes. Defibrillation 
shocks transiently deteriorate the heart, causing mild 
elevation of serum cardiac troponin-I and a decrease in 
the myocardial lactate extraction rate by mitochondria, 
along with pathological and ultrastructural changes. Many 
of these alterations likely result from the disruption of 
cell membranes by electroporation due to the electrical 
shocks (9). This phenomenon is reversible within seconds 
in general, but there is experimental evidence that a 
single clinically relevant defibrillation shock induces 
electroporation with delayed recovery of membrane 
integrity at a region near the right ventricular (RV) 
electrode, the area ~4% of the whole ventricles (10). 
However, the cellular consequences of electroporation, the 

extent and spatial distribution of irreversible electroporation 
that may have long-term adverse effects and the effects of 
exposure to multiple shocks remain unknown. In addition, 
whether shocks induce any electroporation of mitochondria 
and sarcoplasmic reticulum (SR) is also unclear. 

An ICD shock apparently activates the sympathetic 
nervous system which is reflected by the transient (~10 
minutes) three-fold increase in systemic catecholamine 
levels just after an ICD shock for induced VF (11). Whether 
adrenergic emergence has long-term adverse effects to 
the heart is unknown. The occurrence of ICD shocks is 
associated with reductions in mental well-being and physical 
function and increases in depression and anxiety, the 
disorders that might be associated with chronic sympathetic 
activation (12). 

The global ischemia during VF causes myocardial 
depression after defibrillation. Reactive oxygen species 
(ROS) formation and cytosolic Ca2+-overload which cause 
cardiac stunning due to ischemia/reperfusion likely also 
contribute to post-defibrillation cardiac stunning (13). 
However, electromechanical dissociation, the most serious 
complication in defibrillation testing in the clinical practice, 
often occurs in anesthetized patients with oxygenation. 
These observations suggest that excess cytosolic Ca2+ during 
VF may have important consequences for contractile 
function, independent of ischemia/reperfusion.  

The potential  mechanisms of shocked VT/VF-
associated worsening HF are illustrated in Figure 1. 
Mitochondrial dysregulation, abnormal Ca2+-handling (SR 
ryanodine receptor dysfunction and SR ATPase Ca2+-pump 
depression) and cytosolic Ca2+-overload are hallmarks of the 
pathophysiology of HF. There is experimental and clinical 
evidence that defibrillation shocks cause structural and 
functional changes in mitochondria (14-16) and functional 
depression of SR Ca2+-pump (17). Serum levels of sFas, 
a biomarker of apoptosis, were highly elevated 24 h after 
defibrillation test in some patients at ICD implantation (14).  
Mitochondrial swelling, loss of membrane integrity, and 
mitochondrial crest disruption were observed in dogs 
with multiple low energy endocardial countershocks (15). 
Impaired complex activities and respiration and ROS were 
detected in rats with VF cardiac arrest resuscitation (16).  
Excess ROS directly leads to redox modification of 
ryanodine receptor and SR Ca2+-pump, causing an increase 
in diastolic Ca2+-leak and a decrease in the Ca2+-uptake (18). 
The resulting cytosolic Ca2+-overload causes mitochondrial 
Ca2+-dysregulation (19). Electrical shocks have a potential 
to exacerbate HF via the mitochondoria-SR-Ca2+ positive 
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feedback loop. Shocked VT/VF-related elements, including 
electroporation, adrenergic emergence and arrhythmic 
burden, occur transiently, but may serve as a trigger for 
the loop acceleration. In an experimental model of ES 
created by inducing chronic complete atrioventricular (AV) 
block in ICD-implanted rabbits, which recapitulates the 
QT prolongation, the repetitive occurrence of Torsades-
de-Pointes arrhythmias and the frequent induction VF 
episodes, we could show that VF storm causes Ca2+/
calmodulin-dependent protein kinase II (CaMKII) 
activation by increasing intracellular Ca2+ and promoting 
ROS generation (20,21). The ES-related fast activation 
rate, the chronic adrenergic stimulation and enhanced 
ROS generation cause persistent CaMKII activation (22). 
The auto-phosphorylated and oxidized forms (p- and 
ox-CaMKII) with persistently-elevated enzyme activity 
phosphorylate multiple protein targets for excitation-
contraction coupling, cell survival and transcription factors 
driving hypertrophic and inflammatory gene expression. 
The CaMKII-overactivity is connected to a variety of 
cardiac diseases including HF, myocardial infarction, 
ischemia/reperfusion and cardiac arrhythmias. Indeed, VF 
storm rabbits have striking upregulation of both p- and ox-
CaMKII, suggesting excess ROS production and elevated 

Ca2+ levels (20,21). 
Mitochondria-targeted ant ioxidants  and ATP-

competitive CaMKII inhibitors are highlighted as novel 
agents for HF. A mitochondria-targeted antioxidant 
(MitoTEMPO) prevents sudden cardiac death and reverses 
proteome remodeling by mitochondrial ROS scavenging in 
a guinea pig model of non-ischemic HF (23). Novel ATP-
competitive selective CaMKII inhibitors (GS-680 and 
AS105) improve contractility in human failing hearts and 
SR dysfunction in murine failing cardiomyocytes (24,25). 
Future clinical trials assessing the efficacy of such treatment 
approaches for death prevention in ICD patients are needed 
to test and validate these putative therapeutic hypotheses.  
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