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Antioxidants are substances that can prevent damage to cells caused by free radicals. Production of reactive

oxygen species and the presence of oxidative stress play an important role in cardiac arrhythmias.

antioxidants atrial fibrillation ventricular arrhythmia vitamin C vitamin E

| 1. Introduction

Oxidative stress (OS) is involved in the pathogenesis of cardiovascular diseases, such as hypertension, heart
failure, atherosclerosis and ischaemia/reperfusion injury (IRI) RIZEIABIE Reactive oxygen species (ROS)
production is also associated with cardiac arrhythmias [BIE. So far, scientific studies have mainly focused on the
role of OS in atrial fibrillation (AF). Little is known about the role of ROS and OS in the development of ventricular
fibrillation (VF), ventricular tachycardia (VT) or other ventricular arrhythmias (VAs). VT and VF are the most
common life-threatening arrhythmias leading to sudden cardiac arrest [29. The use of antioxidants could contribute
to better treatment of cardiac arrhythmias. A significant group of patients are people with heart failure (HF) and left
ventricle ejection fraction (LVEF) <35% with implanted cardiac resynchronisation therapy devices with defibrillators
(CRT-D) or implantable cardioverter-defibrillators (ICDs). ICDs are used for primary and secondary prevention in
patients with HF. In these patients, OS is a critical pathophysiological pathway in the development and progression
of HF B and possibly arrhythmias. The exact role of OS in arrhythmia development in these patients is
complicated, since the intervention of the ICD also influences ROS production. Electric shocks can cause cellular
myocardium damage and abnormalities in OS and calcium regulation, and can stimulate pro-inflammatory factors,

which can paradoxically promote reinduction of VAs 121,

| 2. Antioxidants in Arrhythmia Treatment
2.1. Vitamins C and E in Atrial Fibrillation and Other Supraventricular Arrhythmias

Vitamin E exerts important antiarrhythmic, antioxidant and cardioprotective effects by inhibiting epinephrine-
induced lipid peroxidation. This observation may be of particular importance in patients treated in intensive care
units with high doses of catecholamines, or in patients with catecholaminergic polymorphic ventricular tachycardia
(CPVT).

Antioxidants can reduce OS in inflammation or cardiac ischaemia after surgery, which is one of the POAF

development mechanisms. Mirhoseini et al. presented antioxidant supplementation and atrial arrhythmias in
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critically ill trauma patients, representing a very diverse group 3. AF is the most common arrhythmia and is
independently associated with higher mortality in trauma patients 4. One of the studies used a high dose of an
antioxidant (vitamin C—21000 mg orally, per tube or intravenously every 8 h, vitamin E—1000 units orally or per
tube every 8 h and selenium—200 mcg orally, per tube or intravenously, daily for 7 days in total) during a two-week
hospitalisation or before discharge, and showed the differences between the antioxidant and control groups. No
differences were found in the hospital mortality rates, but the use of antioxidants was associated with a longer
expected survival time 131, Antioxidants may have antiarrhythmic effects, but they also reduce the inflammatory
reaction severity, an important arrhythmogenic factor often found in injuries and polytrauma. Vitamin C decreases
the spontaneous activity of the pulmonary vein and attenuates the arrhythmogenic effects of H,O, in rabbits due to
the intensification of ectopic beats 131, This effect is related to the increase in Ca?* release and can be important
when performing ablation procedures. The meta-analysis of 15 clinical trials with 1738 subjects indicated that
antioxidants, such as ascorbic acid, a-tocopherol, N-acetylcysteine and a mix of omega-3 polyunsaturated fatty
acid (PUFA) + ascorbic acid + tocopherol, reduced POAF (21% vs. 34% in the control group) incidence after
coronary artery bypass grafting (CABG) or valve replacement 18, A meta-analysis of 11 randomised controlled
trials with 3137 patients revealed that the use of n-3 PUFA without antioxidants did not reduce the incidence of
POAF compared with the control group. However, the combination therapy with vitamins C and E decreased the
incidence of POAF by 68% 171,

2.2. Vitamins C and E in Ventricular Arrhythmias

Ventricular arrhythmias generated in the reperfusion phase may be life-threatening, and their treatment with
standard antiarrhythmic drugs is also not entirely safe. Vitamins C and E may improve safety in patients with AMI
or congenital or acquired long QT syndrome. The use of antioxidants or ROS-scavengers with drugs that prolong

QT may be a promising therapeutic option in reducing the risk of side effects.

Interesting conclusions have been reached concerning patients with chronic Chagas disease, who have a higher
prevalence of PVCs caused by increased oxidative stress (18, Forty-one patients received antioxidants, such as
vitamins C (500 mg/day) and E (800 Ul/day), for six months. A 24-hour Holter monitoring device was used to detect
arrhythmias. The prevalence of PVCs (incidents) in patients with advanced heart disease was 5391 before
antioxidant supplementation vs. 1185 after supplementation. The reduction in PVCs was accompanied by a
decrease in serum markers of oxidative stress. The activities of SOD, GPx, and glutathione reductase were
decreased in all patients in whom vitamins C and E were used (&, Rarely, frequent PVCs can lead to chaotic,
dangerous heart rhythms and possibly sudden cardiac death, and therefore require treatment. Therefore, a new
and safe therapy for reducing oxidative stress is highly desirable. It appears that antioxidant therapy could benefit
the treatment of sudden cardiac arrest in the VT/VF mechanism.

The above data from studies in animal models and patients of the cardiology departments indicate that the use of
natural antioxidants, e.g., vitamin C or E, may benefit patients with supraventricular and ventricular arrhythmias
(Figure 1). Using antioxidants contained among other nutrients in food, could be a simple and safe method of

preventing or reducing the risk of developing, for instance, the most commonly treated arrhythmia (AF) in patients
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after cardiac surgery or of the recurrence of arrhythmias after cardioversion. Post-operative arrhythmias represent
a significant source of morbidity and mortality. Better therapies are essential for patients taking antiarrhythmic
drugs, which show only moderate antiarrhythmic efficacy, with a concurrent risk of proarrhythmia and adverse

organ effects. Patients on a PUFA-rich diet can also benefit.

[ Low molecular weight antioxidants — Vitamin C and E ]
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Figure 1. The main effects of vitamins C and E on cardiac arrhythmias.

2.3. Resveratrol and Atrial Fibrillation

As AF is the most common arrhythmia, much research has focused on the use of antioxidants in AF. A study on
rabbit hearts demonstrated that RSV and piceatannol (a derivative of RSV) reduce AF incidence after
administration of acetylcholine and isoproterenol 22, Thus, RSV and vitamins C and E can improve the outcomes
of patients with supraventricular and ventricular arrhythmias, including those in a critical condition, with risk factors

and with diseases resulting in myocardial remodelling and structural changes.

Conversely, human studies looking at wine (alcohol) consumption as a source of RSV produce conflicting results. A
large cohort study of 79,019 Swedish men and women indicated that consuming >14 drinks per week of wine was
associated with an increased risk of AF [29 These findings indirectly call into question theories on the
antiarrhythmic effects of resveratrol in humans. However, it should be remembered that the conflicting studies were
designed differently, and it is often impossible to unequivocally compare the doses of alcohol and/or RSV
consumed. The effect of RVS may be different when used alone, e.g., as an extract, from when it is present in an
alcoholic drink. More clinical trials of RSV supplementation are needed, but the initial results are promising.
Grapes, especially their skins, and blackberries and blackcurrants are the main RSV sources. The use of RSV

and/or the Mediterranean diet as supportive therapy may positively influence the outcome of AF treatment.

2.4. Resveratrol and Ventricular Arrhythmias

Beneficial antiarrhythmic effects of RSV were demonstrated more than 20 years ago in animal studies, among
others. Male Sprague—-Dawley rats (200-300 g) underwent myocardial ischaemia by occlusion of the left
descending coronary artery and were infused with a bolus of resveratrol’s different doses 15 min before coronary

occlusion 21, Pretreatment with RSV did not affect ischaemia-induced arrhythmias (100% of the rats had VT) and
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mortality (33% with RSV vs. 38% without RSV). Instead, a drastic reduction in mortality and in the incidence and
duration of VT/VF during the reperfusion phase in animals infused with RSV was observed. Using the highest dose
(2.3 x 107° g/kg), no animal had VF, 20% had VT, and the mortality was 0% [21l. A study of diabetic rats treated with
RSV (5 mg/kg/day, intraperitoneally) revealed a decreased frequency and duration of VT/VF and a lowered
incidence of other arrhythmia types in the ischaemia—reperfusion model. After 6 min of left coronary artery
occlusion and 6 min of reperfusion, there were no rats with VT/VF, and the survival rate was 100% compared to
25.5% VF and 62.5% VT in the control group [22. Menezes-Rodriguez et al. indicated that in an animal study with
10 min of cardiac ischaemia (occlusion of the left anterior descending coronary artery) and 75 min of recirculation,
RSV (1 mg/kg/day, administered orally) significantly reduced the incidence of atrioventricular (AV) block and
lethality 23], Incidence of VAs in the RSV group was 10% lower than in the control group (70% vs. 80%), and
mortality was 37.5% lower (25.0% vs. 62.5%). AV block was much less common in the RSV group 231 In a model
with isolated hearts perfused using the Langendorff technique and with 30 min of global ischaemia and 120 min of
reperfusion, the RSV also showed a beneficial effect [24l. VF incidence was significantly lower in the RSV group
compared to control (median 2.5 vs. 11.5). The incidence of single arrhythmias was reduced from 121 to 36
(median of incidence). CAT, SOD and GPx activity, MDA concentration and nitrite level were significantly higher in
the RSV group 241, Another rat study (an ischaemia—reperfusion model) used dealcoholised Malbec wine (1.1 mg/L
RSV) and ethanolic RSV solution (0.5 mL/L) 23, Heart perfusion with Malbec wine prevented the onset of
reperfusion arrhythmias. However, it did not reduce them after the onset, as in the control group. The hearts with
arrhythmias that were perfused with RSV recovered sinus rhythm in less than 1 min. Interestingly, the study
pointed out that Malbec wine prevented action potential shortening and RSV preserved the resting potential during
ischaemia. Overall, arrhythmia in the control group occurred in approximately 90% of cases. In the group with wine
and RES, it occurred in about 50% of cases [22, In rats, RSV significantly increased the doses of aconitine and
ouabain required to induce PVCs, VT and VF 28], |t also showed a protective effect on coronary ligation-induced rat
arrhythmia and shortened the duration of arrhythmias. Affecting ion channels, RSV decreased ICa current,

selectively increased IKs and had no effect on IKr 28], This action may explain the antiarrhythmic effect.

The above-mentioned studies clearly indicate the possibility of using RSV to treat SVAs, VAs and ischaemia—
reperfusion induced arrhythmias (Figure 2). Molecular mechanisms underlying IRl injury in striated muscles
involve the production of high levels of ROS. Patients undergoing revascularisation procedures may benefit from

reducing the risk of life-threatening arrhythmias or shortening of the arrhythmia in the reperfusion phase.
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Figure 2. The main effects of resveratrol on cardiac arrhythmias. The effects may also depend on the simultaneous

consumption of alcohol.

2.5. Statins and Atrial Fibrillation

Statins are the most commonly prescribed drugs for dyslipidemia and show antioxidant activity. A meta-analysis
from 2021 indicates that statin treatment significantly increases the circulating concentrations of GPx and SOD,
suggesting an antioxidant effect of these agents 24. A few randomised trials pose that statin therapy may result in
sudden cardiac death (SCD) reduction as an effect of the antiarrhythmic properties of the drugs [28. Many
mechanisms describe the influence of statins on the levels of oxidants and antioxidants 2229, They can increase
endothelial nitric oxide synthase (eNOS) transcription and the availability of tetrahydrobiopterin (BH4) and eNOS
expression through stimulation of protein kinase B (Akt), inhibiting endothelial senescence induced by OS 1132
Statins can also affect nicotinamide adenine dinucleotide phosphate oxidases (NADPH) and stimulate antioxidant
defences 29, For example, atorvastatin increased the expression of catalase and manganese superoxide
dismutase (MnSOD) Bl Statins also reduce arrhythmic risk by lowering lipid peroxidation and affect various
molecules that play an essential role in both OS and inflammation (Figure 3). The relationship between OS and
inflammation is also very strong. OS activates different transcription factors (e.g., NF-kB) that induce the
expression of pro-inflammatory cytokines, adhesion molecules and chemokines 23, Moreover, ROS production is
typical of activated inflammatory cells. The direct and indirect associations between the inflammatory process,
cellular pathways and arrhythmia are complex. Statins can also reduce oxidized low-density lipoprotein (oxLDL),
MDA and thiobarbituric acid reactive substance (TBARS) levels and affect the activity of antioxidant enzymes—

SOD, GPx and catalase 433381, Thys, they can influence the development of arrhythmias.
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Figure 3. The main effects of statins on cardiac arrhythmias. Their antiarrhythmic activity is probably related to the

influence on oxidative stress and the bioavailability of ROS, as well as modulation of the inflammatory response.

2.6. Statins and Ventricular Arrhythmias

Unfortunately, there is a lack of research on the antioxidant effect of statins in VAs. One in vitro study analysed the
effect of oxLDL on intracellular Ca?* handling in adult rat ventricular cardiomyocytes 7. It revealed that oxLDL
could cause SR-Ca?* leak and spontaneous Ca?* sparks and could induce a pro-arrhythmogenic profile. The same
study also showed that people with well-controlled stable coronary artery disease, usually treated with statins, had
significantly lower oxLDL levels than subjects at high cardiovascular risk BZ. This indicates that the antioxidant
properties of statins may be useful in treating arrhythmias. Ma et al. 38 reported similar results, demonstrating that

atorvastatin could inhibit the ICa,L current via suppressing ROS production in neonatal rat ventricular myocytes.

Some studies demonstrate that statins decrease VAs in ICD patients. A very interesting study of 304 subjects with
ICD indicated that patients on statins had a significantly lower level of derivatives of ROS (DROMSs) (a measure of
lipid peroxides), and the DROMs and statins were strongly associated with ICD events B9, Importantly, DROMs
were the dominant predictor of the ICD event rate 39, This indicates that statins exert an antiarrhythmic effect by
influencing the oxidative status. Exciting research was published in 2016 by Chen et al. regarding the effects of
statin on arrhythmia in young, healthy persons with sleep deprivation 49, Seventy-two young, healthy participants
were recruited from the army and remained awake in the sleep laboratory for 48 h. Participants were randomised
to statin or placebo groups. Patients in the statin group were given 20 mg of atorvastatin (daily) 3 days before sleep
deprivation and for 2 days during sleep deprivation. The study assessed, inter alia, the activity or concentration of
OS parameters (SOD and MDA) and frequency of arrhythmia—premature atrial complexes (PACs) and PVCs—
simultaneously. After 48 h of sleep deprivation, the frequency of PACs and PVCs was significantly decreased in the
statin group (seven PACs/hour, and five PVCs/hour vs. fourteen PACs and nine PVCs in the control group). MDA

concentration was 2.51 nmol/mL lower in the statin group. SOD activity was also lower, but without statistical
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significance. The study concluded that a possible mechanism of the influence of statins on arrhythmias is related to
OS 49 There is a relationship between redox status and the antioxidant effect of statins, not only in life-threatening

ventricular arrhythmias but also in mild ones, including PVCs.

2.7. Other Studies with Antioxidants

In addition to the OS modulators mentioned above, other antioxidants have also been investigated. For instance, it
was shown that mitochondrial OS plays a central role in gap junction remodelling and arrhythmia 1. An animal
model of treatment with MitoTEMPO ((2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-
oxoethyltriphenylphosphonium chloride, a specific scavenger of mitochondrial superoxide) revealed decreased
spontaneous PVCs and VT inducibility and reduced SCD by reducing mitochondrial ROS levels. MitoTEMPO
treatment also increased the Cx-43 level at the gap junctions to 62% of the control value and increased the gap
junction conduction 41, Cx43 is the major structural protein of ventricular gap junctions. A significant decrease in
Cx43 expression causes sudden arrhythmic death 42, In a guinea pig model, MitoTEMPO eliminated SCD by
decreasing dispersion of repolarisation (indexed by the QT variability index) and VAs [, Moreover, treatment with
MitoTEMPO preserved cardiac function and prevented the onset of HF [ A model of I/R-induced arrhythmia in
cats demonstrated that injections of NOS inhibitor—L-NAME (NG-nitro-L-arginine methyl ester)—decreased the
incidence of arrhythmias by 40% and eliminated reperfusion-induced VT/VF 43, _-NAME can also counteract the
proarrhythmic effects of carbon monoxide [44l. Unfortunately, there are not many new studies on NOS inhibitors,
and the data on L-NAME are inconclusive. Some studies indicate a possible proarrhythmic effect of L-NAME.
Inhibition of NO increases VF in isolated rat hearts subjected to I/R 2. MitoTEMPO and L-NAME are not used in
clinical practice (especially MitoTEMPQO), and most results come from animal model studies. Although it is
traditionally not classified as an antioxidant, L-NAME affects NO synthesis and redox balance. Magnolol, an active
component of Magnolia officinalis is about 1000-times more potent than a-tocopherol in inhibiting lipid peroxidation.
It was shown in 1996 that magnolol significantly reduced the incidence and duration of I/R-induced VT/VF in rats
during 30 min of coronary ligation and 10 min of reperfusion 8. A similar effect was observed using honokiol
(polyphenolic compound, similar to magnolol traditionally used in medical practice) 2. Other antioxidants, found in
pomegranates (Punica granatum L.), may cause a significant reduction in the occurrence of arrhythmias 48, Rat
hearts perfused with Krebs solution with pomegranate lyophilised juice (1.8 mg/mL, 2% v/v) had a lower incidence
and shorter duration of VF during ischaemia and reperfusion phases. Single salvo VT was significantly lower in the
pomegranate group compared to the control. Antioxidant enzymes, such as SOD, GPx and catalase, demonstrated
a significant increase in the group with pomegranate juice. The addition of L-NAME reduced these effects [48l,
Arctigenin (a natural lignan compound extracted from Arctium lappa) also shows antiarrhythmic activity. In an I/R
injured rat heart model, arctigenin significantly reduced the incidence and duration of VT, VF and ventricular ectopic
beats 49, Rats treated with arctigenin had no VF during reperfusion and markedly enhanced activities of SOD and
GPx, as well as reduced MDA levels. Administration of arctigenin (50 mg/kg/day and 200 mg/kg/ day) significantly
increased the expression of Nrf2 (nuclear factor erythroid 2-related factor 2), Trx1 (thioredoxin-1) and Nox1
(NADPH Oxidase 1) 49, Interesting research also concerns melatonin, which appears as a key molecule in heart
ageing. Melatonin was shown to have an antiarrhythmic effect through a decrease in OS, the stimulation of

antioxidant enzymes % and a decrease in fibrosis and apoptosis associated with AT1 (angiotensin 1) reduction
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and HSP70-VDR (heat shock protein 70—vitamin D receptor) increase 21, Melatonin cardioprotection against OS
and arrhythmias could also be explained by modulation of ion channels and Cx43 expression 2. A detailed
description of the molecular mechanisms can be found in Segovia-Roldan et al. B3l. One of the latest studies from
2021 demonstrates that melatonin protects against the development of early VF in the myocardial infarction animal
model B4, A randomised controlled trial indicated that melatonin might help modulate OS and the duration of AF
following CABG surgery 32, The feasibility of using antioxidative effects was also noticed in ICD patients, who form
a specific group. It often includes people with HF who avoid physical exercises and have increased OS
parameters. Some observations indicate that patients with chronic HF who also had ICDs or cardiac
resynchronisation therapy-defibrillators (CRT-D), and who performed different stretching exercises (30 s per
stretching exercise on a floor mat or chair, followed by 20 s of relaxation, with each exercise being performed twice
and with all 7 stretches amounting to 20 min in total), had significantly decreased ROS and malondialdehyde-
modified low-density lipoprotein cholesterol (MDA-LDL) level B8l Exercise causes the increase in intracellular
antioxidants in skeletal muscles and attenuation of oxidative stress. During the study, patients had no ICD shocks.

This may indicate a positive role of antioxidants in this group of patients.
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