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Abstract

:

Reactive oxygen species (ROS) play a physiological role in the modulation of several functions of the vascular wall; however, increased ROS have detrimental effects. Hence, oxidative stress has pathophysiological impacts on the control of the vascular tone and cardiac functions. Recent experimental studies reported the involvement of increased ROS in the mechanism of hypertension, as this disorder associates with increased production of pro-oxidants and decreased bioavailability of antioxidants. In addition, increased ROS exposure is found in ischemia-reperfusion, occurring in acute myocardial infarction and cardiac surgery with extracorporeal circulation, among other settings. Although these effects cause major heart damage, at present, there is no available treatment. Therefore, it should be expected that antioxidants counteract the oxidative processes, thereby being suitable against cardiovascular disease. Nevertheless, although numerous experimental studies agree with this notion, interventional trials have provided mixed results. A better knowledge of ROS modulation and their specific interaction with the molecular targets should contribute to the development of novel multitarget antioxidant effective therapeutic strategies. The complex multifactorial nature of hypertension, acute myocardial infarction, and postoperative atrial fibrillation needs a multitarget antioxidant strategy, which may give rise to additive or synergic protective effects to achieve optimal cardioprotection.
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1. Introduction


Cardiovascular diseases are a group of heterogeneous heart and circulatory disorders, asymptomatic for a long time yet evolving throughout life. Both ethnic and geographic factors are involved in its prevalence, together with risk factors such as smoking habits, lack of physical activity, increased body mass index, hypertension, dyslipidemia, and diabetes mellitus. Cardiovascular diseases are the first cause of mortality in western countries. By 2030, it was estimated that 23.6 million people per year would die due to these diseases (WHO). Hypertension is a major independent and progressive risk factor for cardiovascular disease. It remains a leading cause of morbidity and mortality worldwide, causing 10.4 million deaths a year. Hypertension is the most important contributor to cardiovascular disease burden and associated premature death globally [1]. Although considerable effort has been devoted to study the pathophysiology of hypertension, the underlying mechanisms need to be further elucidated. It has been indicated by experimental evidence that reactive oxygen species (ROS) play an important role in the pathophysiology of hypertension [2]. Indeed, oxidative stress plays a central role in cardiovascular diseases. Accordingly, conditions associated with the occurrence of ischemia followed by reperfusion lead to the development of oxidative stress, such as acute myocardial infarction or cardiac surgery with extracorporeal circulation. Consequently, structural and functional remodeling, together with functional effects could cause severe damage, even reaching cell death and increase of infarct size in the case of acute myocardial infarction. Despite antioxidants are molecules able to counteract the effects of oxidative stress, experimental studies and clinical trials have not provided convincing data until now. This inconsistency could be since the fact that the biological and health effects of any given antioxidant depend on numerous factors, such as the chemical reactivity toward radicals or another target related to oxidative stress, absorption, and distribution in body tissue. In addition, diverse models, molecules, and dosage of administration makes it difficult to draw definitive conclusions. In fact, more studies are still lacking to support the bases for a rational antioxidant therapy.



At present, the available studies involving the relationship between oxidative stress and the therapy of cardiovascular diseases have been mainly focused on the administration of antioxidants as monotherapies; however, the results of clinical studies remain disappointing. Recently, based on the fact that the pathophysiological nature of ischemia-reperfusion cardiac injury seems to be multifactorial, it was suggested that it requires multitarget therapeutic strategies [3]. Accordingly, it should be expected that an association of antioxidant agents could lead to an improvement in the pharmacological response, based on the combination of additive and/or synergistic effects. Nevertheless, this paradigm has not been explored enough.



In the following sections of this narrative review, we will present an update of the relationship between oxidative stress and the pathophysiology of hypertension, acute myocardial infarction and postoperative atrial fibrillation, as clinical models targeted with antioxidant therapy according to the available data.




2. Oxidative Stress and Antioxidant Defense System


Oxidative stress represents a common pathway leading to pathophysiological cascades in cardiovascular diseases [4]. The mechanism against the challenge of oxidative stress is composed of antioxidant enzymes, and molecules aimed to counteract the deleterious effect of ROS and reactive nitrogen species (RNS) on biomolecules (e.g., proteins, DNA, and lipids). The activity of antioxidant enzymes is subjected to genomic regulation according to the cell redox signaling mediated by the transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2) on the antioxidant response elements. The operation of this protective response occurs with a low increase of hydrogen peroxide concentration (1 to 10 nM), but higher ones (>100 nM) lead to the activation of the NFκB pathway [5], thereby resulting in deleterious cell effects. Under oxidative conditions leading to the development of oxidative stress, the endogenous system fails to keep normal redox homeostasis. Hence, supplementation with antioxidant molecules is necessary to scavenge the free radicals and other reactive molecules [6]. There is evidence from prospective cohort studies and clinical trials that there is a protective effect by plasma/dietary antioxidants against the risk of cardiovascular events [7]. However, studies in humans remain inconsistent according to the findings of clinical trials, and more studies are still lacking.



2.1. Pathophysiological Effects of Ischemia Followed by Reperfusion


The configuration of ischemia-reperfusion events is unavoidable in several clinical settings, such as acute myocardial infarction, organ transplantation, stroke, and cardiac surgery with extracorporeal circulation, among others.



2.1.1. Ischemia


During the ischemia phase, the absence of oxygen activates anaerobic respiration, leading to intracellular accumulation of lactic acid and a drop in the production of adenosine triphosphate (ATP) and metabolic activity (Krebs cycle). The decrease in intracellular pH leads to Na+ influx through the Na+/H+ exchanger, and ATP depletion contributes to intracellular Na+ accumulation, thereby activating Na+/Ca2+ exchanger in the reverse direction, which results in cytosolic Ca2+ overload. This event in the cardiac tissue overwhelms the sarcoplasmic reticulum Ca2+ uptake through Ca2+-ATPase. Acidosis and low ATP levels reduce myocardial contractile activity. In turn, increased cytosolic Ca2+ levels can activate several enzymes, including xanthine dehydrogenase, further increasing oxidative stress.




2.1.2. Reperfusion


During the first minutes of reperfusion, a burst of ROS occurs in accordance with several experiments demonstrating direct evidence of free radicals in isolated hearts and in vivo ischemia-reperfusion models. In the ischemic phase, xanthine oxidase (XO) activation and ATP catabolism to hypoxanthine occur, generating high ROS levels and uric acid when blood flow is restored. Cardiolipin peroxidation and cytochrome oxidase uncoupling in the ischemic period resulted in the inhibition of electron flux through mitochondrial electron transport chain, ATP depletion, and increased superoxide anion generation, which persists in the reperfusion phase, where the Krebs cycle is reactivated and high levels of tissue oxygen can lead to further increased ROS production [8]. In addition, in prolonged ischemia tetrahydrobiopterin (BH4), an endothelial NOS (eNOS) coupling factor, suffers oxidation to dihydrobiopterin, resulting in loss of eNOS enzyme affinity by the substrate L-arginine together with a shift in the generation of nitric oxide, a potent vasodilator, to superoxide anion instead during reperfusion.



The integrative mechanisms involved in these diseases are depicted in Figure 1.






3. Hypertension


Firstly, it is of interest to note that hypertension may be the most important contributor to cardiovascular disease burden [1]. Unfortunately, it remains a silent killer since about one-third of hypertensive patients are unaware of having this condition, thereby increasing the risk of stroke and heart disease, among other deleterious effects.



The relationship between hypertension and oxidative stress arises from the modulation of the vasomotor tone at the level of the vascular wall. The imbalance of vasodilator and vasoconstrictor forces may be caused by the imbalance between antioxidants and pro-oxidants. Several studies have suggested that this redox imbalance is involved in the pathogenesis of blood pressure elevation [9,10,11] as a part of the occurrence of endothelial dysfunction [12].



The role of ROS can be involved in several contributory mechanisms leading to the development of hypertension, such as increased intracellular calcium concentration or decreased NO bioavailability. Recent advances in the redox-sensitive cell signaling metabolic pathways may provide new therapeutic targets in the treatment of this pathology.



In turn, basic and clinical studies have demonstrated the association of oxidative stress and essential hypertension. Thus, subjects with hypertension produce excessive amounts of ROS and show abnormal antioxidant profiles [13]. It is worth noting that these associations are expressed in the values of biomarkers of oxidative stress as both systolic and diastolic blood pressures of hypertensive and normotensive are positively correlated with plasma F2-isoprostane levels and negatively correlated with plasma total antioxidant capacity [14]. In addition, cultured vascular smooth muscle cells and isolated arteries from hypertensive rats and humans show enhanced ROS production, amplified redox-dependent signaling, and reduced antioxidant bioactivity. Therefore, it is plausible to consider the role of antioxidants within the available therapeutic resources for hypertensive patients. Moreover, it is of interest that the effects of classical antihypertensive drugs, such as β-adrenergic blockers, ACE inhibitors, angiotensin receptor blockers, and calcium channel blockers, may be partly mediated by decreasing vascular oxidative stress.



3.1. Experimental Approach between Hypertension and Oxidative Stress


Several experimental models have contributed to establishing a relationship between ROS and blood pressure elevation, such as those involving the role of NADPH oxidase in the development of salt-sensitive hypertension [15]. Thus, it was found that the expression of the subunit p67(phox) of this enzyme was increased in response to a high-salt diet in the outer medulla of Dahl rats. At the genetic level, mutations in the promoter region of the SS allele p67 account for higher promoter activity. Interestingly, angiotensin II type 1 receptor antagonists protected against vascular damage to subjects having genetically enhanced sodium-sensitive blood pressure [16]. The vascular impairment has been related to the increased production of superoxide anion radical since this ROS reacts extremely rapidly with NO to produce peroxynitrite, thereby inducing vasoconstriction by elevating vascular resistance [17].



Recent studies indicate that increased oxidative stress at the level of the vascular wall is the major mediator of endothelial injury in the pathology of hypertension. Accordingly, increased production of pro-oxidants such as superoxide anion and hydrogen peroxide, reduced nitric oxide synthesis, and decreased bioavailability of antioxidants are associated to inflammation, hypertrophy, proliferation, apoptosis, fibrosis, and angiogenesis, among other vascular wall impairments, all of which are important processes contributing to endothelial dysfunction and cardiovascular remodeling in hypertension.




3.2. Antihypertensive Effects of Antioxidants


Together with taking into account the role of ROS in the pathophysiology of hypertension, the view of the potential effects of antioxidants as pharmacological agents leading to counteract blood pressure elevation has been suggested from various sources [18]. Thus, antioxidant-rich diets have resulted in lowering blood pressure in hypertensive subjects, and supplements of antioxidant vitamins reduced both systolic and diastolic blood pressure in patients with essential hypertension [19]. Naturally occurring antioxidants, such as wine polyphenols have also been considered as positive modulators of endogenous antioxidant defense systems [20]. Several preclinical studies and clinical trials have indicated that antioxidant therapy is important for the management of hypertension, using antioxidant compounds such as ascorbic acid (vitamin C), alpha-tocopherol (vitamin E) and polyphenols, and some antihypertensive drugs are now in clinical use (e.g., ACEIs, ARBs, novel B-blockers, dihydropyridine CCBs), which have anti-oxidative pleiotropic effects. The antihypertensive effects of some of the most important antioxidants will be provided below.



3.2.1. Vitamin C


Most of the studies in hypertensive patients have communicated an inverse relationship between plasma vitamin C levels and values of arterial pressure. This is consistent with experimental data showing that ascorbate exerts up-regulation of eNOS and down-regulation of NADPH oxidase, two enzymes closely related to the modulation of vasomotor tone [21]. In a randomized, double-blind, placebo-controlled study, it was demonstrated that treatment of hypertensive patients with vitamin C lowered blood pressure. More recently, it was found that vitamin C supplementation resulted in a significant vasodilatory effect in patients with essential hypertension [22]. The reduction of blood pressure could be explained based on the ability of vitamin C to augment the formation of PGE1, PGI2, NO, lipoxin A4, and restoring arachidonic acid content to normal. These effects are in agreement with the cytoprotective, vasodilator, and anti-aggregator actions of vitamin C in type 2 diabetes mellitus and hypertension [23]. It has been suggested that ascorbate increases intracellular concentrations of BH4, an eNOS co-factor that promotes the production of nitric oxide [24]. However, the results of clinical trials are inconsistent, probably because their methods are heterogeneous. Thus, more studies are still lacking to support robust data making suitable the clinical use of vitamin C as an antihypertensive agent.




3.2.2. Vitamin E


Alpha-tocopherol is a lipid-soluble molecule able to modulate mitochondrial generation of free radicals in a dose-dependent manner to exert its antioxidant effect. In addition, from epidemiological data, it has been reported that high vitamin E intake associates with a lower incidence of cardiovascular diseases [25]. Nevertheless, other studies could not demonstrate the beneficial effects of vitamin E in patients having cardiovascular diseases. Unexpectedly, a clinical trial demonstrated that vitamin E supplementation caused an increase in blood pressure and cardiac frequency in type 2 diabetic patients [26]. Likely, vitamin E itself is not capable of counteracting all components of oxidative stress acting in the development of hypertension. In accordance with this view, attempts to treat blood pressure elevation have been made through a trial with the associations of vitamins C and E administered to never-treated patients with essential hypertension [27]. Following the administration of vitamins C+E, patients with essential hypertension showed lower levels of both systolic and diastolic pressures, thus suggesting intervention with antioxidants as an adjunct therapy for hypertension. Although emerging evidence suggests that vitamin E may contribute to blood pressure improvement, data are still controversial, and more studies are needed to draw definitive conclusions.




3.2.3. Polyphenols


Polyphenols might protect the cardiovascular system by improving endothelial function. The mechanism whereby these compounds could be able to counteract vasoconstriction include an increase in eNOS activity, prevention of cyclooxygenase-dependent formation of endothelium –derived contracting factors [28], ROS scavenging, inhibition of NADPH, and xanthine oxidases, and chelation of metal ions, processes altogether aimed to increase the NO bioavailability [29]. Activation of eNOS is mostly caused by an increase in the free cytosolic calcium concentration in endothelial cells. The activation of eNOS is mediated by the PI3-kinase/Akt pathway, responsible for the response to shear stress, a mechanism triggered by eNOS phosphorylation at SER 1177 position. Resveratrol, or 3,5,4′-trihydroxy-trans-stilbene, a phenolic substance present in grapes, wine, peanuts, and berries, suitable to attenuate oxidative stress and inflammation, has demonstrated numerous vasculoprotective effects. It was demonstrated that resveratrol moderately diminishes systolic blood pressure in hypertensive patients [30]. However, there are still many unknowns, such as safety, dosage, and mechanism.




3.2.4. Antioxidant Effects of Antihypertensive Therapy


Although the mechanisms underlying the pathological process of blood pressure elevation are not well elucidated, cumulated data point out that oxidative stress plays a key role in the pathophysiology of hypertension [31]. In addition, the pharmacological effect of antihypertensive drugs is linked to an interference of the cell signaling process leading to a prooxidant condition. However, up to date, data do not allow to recommend the antihypertensive use of a single antioxidant as a monotherapy. Nevertheless, data seems to suggest that the adjunct administration of antioxidant supplements could lead to a reinforcement of the therapeutic effects of the current antihypertensive drugs. This resource could be useful to be applied in resistant hypertension, a condition needing the optimally tolerated doses of 3 or even more different classes of pharmacological agents, including a diuretic. Interestingly, most antihypertensive drugs are able to exert antioxidant effects (Table 1). Therefore, it seems reasonable to expect an additive or synergistic effect between antioxidants and antihypertensive drugs, a paradigm warranting further exploration.





3.3. Combined Antioxidants Strategy


Although an association of different antioxidants providing individual mechanisms should be expected, and therein possible enhanced cardioprotection, this principle has not been appropriately applied in clinical studies. In addition, the drug resistance to antihypertensive effects has been extensively counteracted through the association of 2 or more drugs, and no attempts to include antioxidants in these associations have been made, even though it is well known that most of the currently used antihypertensive drugs have antioxidant properties. Therefore, the association of drugs with naturally occurring innocuous antioxidants, such as vitamins C and E or some polyphenols, needs to be tested to achieve additive or synergistic cardioprotection and optimize the antihypertensive effects of the pharmacological therapy. Moreover, the association of vitamin C (1 g/day) plus vitamin E (400 IU/day) resulted in significant blood pressure lowering in never-treated men with essential hypertension [27], thus supporting this proposal and suggesting the antioxidant combination as an adjunct antihypertensive therapy. Nevertheless, more clinical trials are still lacking in drawing definitive conclusions.





4. Acute Myocardial Infarction


Acute myocardial infarction (AMI) is the leading cause of death worldwide. AMI complications have decreased with the development of percutaneous coronary angioplasty (PCA) treatment, which effectively restores the blood flow to the area previously subjected to ischemia [48]. Paradoxically, the restoration of blood flow to the ischemic zone leads to a massive ROS production, which generates rapid and severe damage to biomolecules, in a phenomenon called myocardial reperfusion injury (MRI) [49]. MRI is associated with multiple complications such as lethal reperfusion, no-reflow phenomenon, myocardial stunning, and reperfusion arrhythmias. Despite significant advances achieved in the understanding of the mechanisms accounting for MRI, it remains an unsolved problem.



ROS not only exert their actions by directly modifying organic molecules but are also involved in the regulation of the expression of several genes [50]. NF-ĸB and AP-1, both of which can experience ROS-mediated activation, stimulate the transcription of pro-inflammatory cytokines that activate several cell death pathways [51]. Oxidative stress and inflammation have important molecular bridges that are activated in the presence of ROS, leading to the activation of mechanisms that cause MRI and heart tissue remodeling. Among those molecules, the most studied has been the transcriptional factor NF-ĸB, a factor that responds to changes of the cellular oxidative state, ischemia-reperfusion, and inflammatory molecules [52]. When NF-ĸB is activated, for example, in the presence of ROS by phosphorylation of its inhibitory cofactor (Iĸ-B), it bonds to a DNA response element and promotes the transcription of genes involved in inflammatory and pro-fibrotic response, such as IL-6, which transforms growth factors TGF-β and TNF-α [53].



Despite a molecular basis and in vitro evidence supporting the use of antioxidants to prevent MRI, clinical evidence continues to be controversial. Many antioxidants have been used for the prevention of MRI, and those with the most evidence are ascorbate, N-acetylcysteine, and deferoxamine.



4.1. Ascorbate


Ascorbate is an essential antioxidant that performs its roles in different cell locations by acting in water-soluble components [54]. The most studied mechanism in which vitamin C acts is partly based on its ability to directly reduce ROS [55]. Besides its ROS scavenging actions, ascorbate exerts a complex modulation of numerous enzymes involved in ROS production, endothelial dysfunction, platelet aggregation, and smooth muscle cell tone regulation [56]. The four most important mechanisms whereby ascorbate modulates the endothelial function are NADPH down-regulation and the up-regulation of eNOS, phospholipase A2, and antioxidant enzymes. NADPH oxidase can be directly down-regulated by ascorbate [57]. Ascorbate could be involved in the transcriptional and post-transcriptional modulation of NADPH oxidase [58] as well as in its synthesis [59]. In the presence of oxidative stress, eNOS is mostly in its uncoupled form, which leads to endothelial dysfunction. In this context, ascorbate has been shown to increase eNOS activity by preventing the oxidation of BH4 and by inhibiting the p47phox subunit expression [59]. Therefore, ascorbate increases NO synthesis, reduces ROS formation, and contributes to vascular tone regulation [56]. Some studies have demonstrated a positive correlation between antioxidant vitamin and antioxidant enzyme activity, particularly SOD. The mechanisms underlying these findings are not well explained, but it is plausible to hypothesize the existence of transcriptional and post-transcriptional events involved in the up-regulation of those antioxidant enzymes [55].



Ascorbate counteracts and prevents the oxidation of lipids, proteins, and DNA, subsequently protecting their structure and biological function. Together with glutathione, ascorbate constitutes a primary line of defense against ROS [58]. Ascorbate can recycle α-tocopherol in membranes by reducing the α-tocopheroxyl radical back to α-tocopherol.



Our group developed a randomized clinical trial (RCT) in patients with AMI undergoing PCA, where massive doses of ascorbate (or placebo) were administered prior to PCA. Patients treated with ascorbate prior to myocardial reperfusion showed a better recovery of ejection fraction at 2–3 months (measured by cardiac magnetic resonance) and significantly higher myocardial perfusion after PCA (TIMI-myocardial perfusion grade) than placebo patients, with no differences in infarct size [60].




4.2. N-Acetylcysteine (NAC)


Despite numerous studies and clinical trials, the effects of NAC are clouded in controversy, and its pharmacological mechanism has not yet been fully clarified. However, there is plenty of evidence regarding its mechanism of action. First of all, NAC’s main feature is its capacity to act as a precursor for the synthesis of reduced glutathione (GSH) synthesis, thus replenishing GSH that has become depleted through the use of this peptide in detoxification routes [61]. NAC acts indirectly through the chelation of metal ions such as catalytic iron [62], suppressing its capability of mediating Fenton’s reaction, thus ameliorating the possibility of the formation of hydroxyl radicals. Current evidence agrees on the capability of NAC to act as an inhibitor of NF-κB [63].



NAC has been widely used in different experimental and clinical settings to counteract oxidative stress. It has been demonstrated that NAC in combination with nitroglycerin and streptokinase is associated with significantly less oxidative stress and improved preservation of left ventricular function [64]. However, it has also been reported that a high-dose of NAC prior to PCA, although it reduces oxidative stress, does not provide an additional advantage in the prevention of myocardial reperfusion injury [65]. Additionally, an interesting study showed that administration of NAC in combination with streptokinase significantly diminishes oxidative stress and improves left ventricular function in patients with acute myocardial infarction [66]. A study using a rat model of myocardial ischemia-reperfusion injury demonstrates that treatment with continuous infusion of NAC before and after coronary occlusion produces a significant limitation of the infarct and allows the recovery of the decreased total glutathione [67]. The NACIAM trial [68] demonstrated a protective effect with the use of high doses of NAC in combination with a nitric oxide donor in patients with AMI. Ascorbate consumes GSH to exert its antioxidant activity. High doses of ascorbate might be associated with a decrease in cellular GSH reserves [69]. For this reason, NAC—a known GSH-donor—may also have synergistic effects with high doses of ascorbate [70].




4.3. Deferoxamine (DFO)


Given the known role of iron in lethal reperfusion, iron chelators have been tested to ameliorate this injury. One of the most frequently used drugs for this purpose is DFO. Some performed studies reported a decrease in the infarct size when they used DFO during the reperfusion, suggesting that iron-catalyzed production of ROS contributes to cardiomyocyte necrosis in MRI. Studies have described the improved recovery of myocardial function after ischemia, by using iron chelation. Paraskevaidis et al. suggested that DFO infusion was able to reduce myocardial stunning after elective coronary artery bypass grafting and to improve long-term ejection fraction [71]. Chan et al. studied patients with STEMI to intravenous DFO during PCA. The serum iron levels and lipid peroxidation biomarkers were reduced in the DFO-group without differences in the infarct size [72]. These results are in agreement with the involvement of ferroptosis, an iron-dependent form of non-apoptotic cell death [73,74] in the cardiac injury occurring during reperfusion, as demonstrated in a rat model [75], a relevant finding for the preventive therapy in AMI patients subjected to PCA.




4.4. Other Antioxidants


Allopurinol, a xanthine oxidase inhibitor, can decrease infarct size and improve the recovery of left ventricular function in animal models of MRI [76]. Melatonin is an endogenously produced molecule that protects against oxidative stress. Melatonin efficiently detoxifies ROS and RNS, and it also up-regulates antioxidant enzymes and down-regulates pro-oxidant enzymes [77]. The mechanism of protection of melatonin appears to involve the inhibition of mitochondrial permeability transition pore opening via prevention of cardiolipin peroxidation [78]. Melatonin reduces the infarct size area and the incidence of reperfusion arrhythmias [79] in acute myocardial infarction. Adenosine triphosphate sensitive potassium channel openers (KATP channel) exert cardioprotective effects in AMI, and these effects are mediated through mimicking of ischemic preconditioning [80]. Nicorandil is a nicotinamide ester that possesses K- ATP channel-activating and nitrate-like properties. Several studies have demonstrated that nicorandil could reduce infarct size and improve functional and clinical outcomes after AMI when administered adjunctively to PCA [81].




4.5. Combined Antioxidants Strategy


There is major evidence with respect to the contribution of oxidative stress to reperfusion injury in AMI. Despite the many significant advances in the understanding of the mechanisms of MRI, it remains an unsolved problem. Although promising results have been obtained in experimental studies, these benefits have not been translated into clinical settings. It is possible that a combined approach, based on the pharmacokinetic properties of antioxidants could be successful in preventing MRI. We propose that the association of ascorbate, NAC, and DFO could be a promising combination of antioxidants to prevent MRI, which warrants evaluation in RCT.





5. Postoperative Atrial Fibrillation


Atrial fibrillation (AF) frequently occurs after cardiac surgery with extracorporeal circulation, ranging from approximately 20–30% for patients in the early postoperative period of a coronary artery bypass graft surgery [82], 30–45% after valve surgery [83], up to 45–65% for combined valve and coronary artery procedures [83]. Postoperative atrial fibrillation has major adverse consequences for patients and the healthcare system, with increased risk of perioperative complications such as stroke, kidney failure, infections, longer intensive care unit and total hospital stay, higher in-hospital mortality, as well impaired long-term prognosis with increased rates of death after hospital discharge [84,85,86]. The problem of POAF is extensively acknowledged, yet the underlying mechanisms that lead to the onset and persistence of AF have been difficult to elucidate, and highly effective interventions are still lacking. Considering the relative inefficacy and side effects of classic antiarrhythmic drugs, novel efforts focus on preventive strategies targeting the AF substrate.



Inflammation and oxidative stress have long been associated with AF in animal and clinical settings, and several studies have further supported this notion in recent years [87,88,89,90,91,92,93,94,95]. In on-pump cardiac surgery, particularly, a yet growing body of evidence underscores the major role of inflammation and oxidative stress [96,97,98,99] as likely key pathophysiologic pathways promoting atrial electrical remodeling, which leads to a shortened atrial refractory period and delayed atrial conduction [100], thus increasing susceptibility to atrial fibrillation [101,102]. Because in on-pump cardiac surgery ischemia-reperfusion inevitably occurs, the formation of ROS takes place accordingly, causing oxidative stress and systemic inflammatory response. ROS-induced lipid peroxidation, protein carbonylation and/or nitration, and DNA oxidation are well-established mediating mechanisms of oxidative damage in cardiac tissue. Of note, oxidative stress-induced proinflammatory pathways further amplify the deleterious consequences of ischemia-reperfusion. Myocardial oxidative mechanisms and high ROS-induced cell death ultimately lead to cardiomyocyte alterations, structural modifications in cardiac tissue, and atrial remodeling with aberrations in impulse generation, propagation, duration, and configuration of individual cardiac action potentials.



Noteworthy, end of surgery and postoperative day 2 biomarkers demonstrated relatively linear associations with POAF in 551 cardiac surgery patients of the OPERA Trial [103]. These important data add to the expanding evidence that oxidative stress contributes to the mechanism of POAF development [104,105], accounting for the cellular basis of this cardiac rhythm disorder [106,107]. Thus, several studies [108,109,110,111,112,113] aimed to modulate oxidative stress by means of antioxidant-driven strategies, which have shown promising yet inconsistent results. Herein we discuss findings on the therapeutic potential of antioxidants-based pharmacological strategies aimed at reducing the incidence of POAF.



5.1. Omega-3 Polyunsaturated Fatty Acids (n-3 PUFA)


For the prevention of POAF, numerous attempts have been made to introduce the cardioprotective potential of n-3 PUFA against ischemia-reperfusion injury [114,115,116,117,118,119]. The supporting rationale is that, among other mechanisms [120], omega-3 PUFA are known to induce low to moderate increments in ROS levels, which leads to a heightened endogenous antioxidant capacity by up-regulating cardiac antioxidant enzymes, e.g., catalase and glutathione peroxidase, through activation of the nuclear factor erythroid 2–related factor 2 transcription factor.



Previous observational and interventional studies [121] suggesting beneficial effects of marine-derived n-3 PUFA on the risk of cardiac arrhythmias supported the performance of several randomized controlled trials (RCT) to reduce the incidence of POAF over the last 15 years [122,123,124,125,126,127,128,129,130,131]. The results have been rather contradictory, with studies reporting a significant inverse association [122,123,124,130] or neutral findings [125,126,127,128,129,131]. Further analyses combining data from two of these interventional studies originally reporting neutral findings, have also suggested a U-shaped association, as observed between red blood cells levels of docosahexaenoic acid (DHA) and risk of POAF incidence [132]. Even a negative association came to the attention of researchers from an observational study performed around the time most of the interventional studies tended to suggest a lack of a beneficial effect [133,134], leaving unanswered the question of whether n-3 PUFA could prevent POAF.



Nine meta-analyses have aimed to answer this question [135,136,137,138,139,140,141,142,143], in turn, providing contradictory conclusions. While the first meta-analyses tended to suggest a beneficial effect of n-3 PUFA supplementation on POAF incidence [137,140,141], after the OPERA Trial —which is the RCT with the largest study population—was published, the conclusion and overall impression temporarily tipped towards no impact of n-3 PUFA supplementation on POAF incidence [135,137,138,141,142,143]. It should be taken into account, however, that the OPERA Trial [129], largely driving this seemingly settled conclusion, as well as other RCT with negative findings [126,128], performed n-3 PUFA supplementation only postoperatively or insufficiently before cardiac surgery to result in adequate incorporation of n-3 PUFA in sarcolemmal myocardial membranes [144]. The lack of findings may also be explained by the EPA:DHA supplementation ratio. It should be realized that several studies have shown a greater anti-arrhythmic potential of DHA compared to EPA [145,146,147,148], which in the cardiac postoperative context is supported by the observation that the EPA:DHA ratio 1:2 was used in studies with positive findings [123] whereas higher ratios were used in studies with negative findings [126,127,129,130]. This notion has also been supported by observations derived from a subgroup analysis of meta-analyses published thereafter [141,143]. Furthermore, considering the proposed upper threshold for the anti-arrhythmic effect of n-3 PUFA [149], it may also be proposed that pre-treatment levels—not investigated in the relevant RCT—may have worked as effect-modifier of the intervention [150], limiting the effect size observed by supplementing study populations with relatively higher –closer to the threshold– n-3 PUFA levels at baseline.



Most recently, the debate has been resumed due to the report of two meta-analysis, including 17 RCTs (n = 3611) [151] and 14 RCTs (n = 3570) [152], which found significant POAF reduction with PUFA vs controls [152].




5.2. Vitamin C


Vitamin C counterbalances oxidative stress due to its superoxide anion scavenging activity and its capacity to limit ROS production via down-regulation of NADPH oxidase, which is the major cardiovascular enzymatic source of ROS. Several studies have aimed to validate its ability to counterbalance oxidative damage and decrease POAF incidence, with positive [153,154,155,156,157] and neutral findings [158,159,160,161,162].



In a previous systematic review [139] and in 4 different meta-analyses, including 8 to 15 RCTs conducted between 2016 and 2017 [163,164,165,166], vitamin C was shown to significantly reduce the occurrence of POAF. Noteworthy, although Baker et al. concluded that perioperative administration of ascorbic acid to patients undergoing cardiac surgery was associated with a reduced frequency of POAF [166], it came to the attention of the research community [167] that two seemingly large RCTs [168,169] performed in the United States (USA) were not included in these analyses. It should be realized, however, that the results of those RCTs were actually not published because the corresponding research groups did not seek publication due to their negative findings [167]. In fact, the results of these unpublished RCTs were obtained and reported by Hemilä [167] upon personal request and communication with the corresponding researchers. Failing to account for the results of these studies, as well as the results of a negative RCT published solely in the form of an abstract [170], introducing publication bias, may have, in turn, biased the overall results of the aforementioned meta-analyses [167]. The influence of study location on the beneficial effect of vitamin C intervention strategies was thereafter clearly distinguished in the following meta-analyses by Hemilä et al. [171]. It was shown that vitamin C reduced the incidence of POAF outside the USA, however, this finding did not hold true for studies performed in the USA, underscoring a context-dependency of the proposed effect, which should be taken into account in future studies [171]. Next, the most recent and comprehensive meta-analyses studying the effect of vitamin C in cardiac surgery patients was recently published [172], including a total of 2008 patients in 19 RCT, herein accounting for the results of the RCTs performed in the USA, either published in the form of an abstract [170] or unpublished [168,169]. Hill et al. found that vitamin C lowered the incidence of atrial fibrillation, as well as other relevant parameters closely related to the patient’s recovery (e.g., ventilation time, length of stay in the intensive care unit, and total hospital stay), underscoring the pleiotropic potential of vitamin C [172], further supporting a preceding and similarly designed meta-analysis [173]. It should be noted that due to heterogeneity regarding types of open-heart surgery and vitamin C administration, an overall summary of average treatment effect across trials was provided by means of random-effects meta-analyses, yet the overall quality of available evidence remains limited by heterogeneity in outcome definition, measurement, and reporting [172]. A subgroup analysis according to the route of vitamin C administration found that the effect of the intervention was statistically significant in the group receiving intravenous vitamin C, while it was not in patients receiving oral vitamin C [172]. On the other hand, subgroup analyses to investigate any possible influence of the control group (placebo or standard of care) found no evidence of a treatment effect between subgroups, as the treatment effect was significant in both groups.



Hence, the current body of evidence supports the recommendation of intravenous vitamin C interventional strategies for the prevention of POAF in on-pump cardiac surgery as an adjunct to the current standard of care.




5.3. Combined Antioxidants Strategy


Our group has previously shown that combination therapy of n-3 PUFA with vitamins C and E is effective in reducing oxidative stress and inflammation biomarkers in patients undergoing on-pump cardiac surgery and effective in the prevention of POAF [174,175,176]. In 2013 our group published the results of a study performed in 203 cardiac surgical patients randomized to a combined regimen of n-3 PUFA, vitamin C, and vitamin E [176]. A significantly reduced incidence of POAF was found in the group receiving the combined antioxidant strategy therapy compared to controls (9.7% vs. 32%, RR 0.28, 95% CI 0.14–0.56, p < 0.001). These findings were further supported by a meta-analysis of 11 RCTs with 3137 patients showing that the use of n-3 PUFA alone did not reduce the incidence of POAF compared with the control (OR: 0.76; 95% confidence interval [CI]: 0.57–1.03; p = 0.08; I(2) = 52%) [143]. The authors concluded that a combined antioxidants strategy with n-3 PUFA, vitamin C, and vitamin E was effective in the prevention of POAF while PUFA alone is not.



We propose to test the hypothesis that the simultaneous use of these antioxidants should enhance the effectiveness of the treatment of the diseases hereby reviewed through the use of these safe, low-cost, well-characterized, and easily available substances. Accordingly, further studies are being performed by us to investigate this paradigm.





6. Discussion


It has been recognized that oxidative stress represents a unifying mechanism that plays a key role in the development of cardiovascular disease. Although ROS and RNS play a physiological modulation of the vascular wall homeostasis, increased ROS levels lead to a cascade of events involving both structural and functional impairments. Here, we reported cumulated evidence for the involvement of oxidative stress in the pathophysiology of hypertension, acute myocardial infarction, and postoperative atrial fibrillation. Ischemia followed by reperfusion can trigger even worst deleterious oxidative damage. Despite the plausibility of antioxidant supplementation as therapeutic agents aimed to attenuate this injury, the translation of experimental data to clinical studies has been disappointing. This lack of coherence is likely due to the characteristics of therapeutic strategies performed in most clinical trials, mainly based on the supplementation with monotherapies of individual antioxidants. Nevertheless, the complex multifactorial nature of cardiac damage caused by ischemia-reperfusion events needs a multitarget antioxidant therapy to achieve optimal cardioprotection caused by various mechanisms that all together might give rise to additive or synergic protective effects. Accordingly, the pharmacological management of resistant hypertension has been successful through the association of 2 or more drugs, sharing the antioxidant effect as a major characteristic associated with their antihypertensive action. In agreement, we have previously shown that a supplementation approach with the association of n-3 PUFA, vitamin C, and vitamin E increased antioxidant potential, attenuated oxidative stress and inflammation, and favorably affected POAF [176] (Table 2). Attempts to reach similar beneficial effects by means of a multitarget antioxidant strategy, which may give rise to additive or synergic protective effects to achieve optimal cardioprotection, need to be further explored, which provides a novel proposal for researchers, as an adjunct safe, easily available, and low-cost therapy to improve or enhance the pharmacological effect of the drugs, as well as the effects of the combination of antioxidants themselves.
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Figure 1. Integrative summary of how oxidative stress could be an underlying mechanism for postoperative atrial fibrillation, acute myocardial infarction, and hypertension. There are four main ROS sources, producing mainly superoxide anion. ROS production can be amplified through the interaction with nitric oxide and iron, to produce peroxynitrite and hydroxyl radical, respectively. CV: Cardiovascular. AMI: Acute myocardial infarction. NO: Nitric oxide. Fe+3: Free ferric iron. OH: Hydroxyl anion. CAT: Catalase. GSH-Px: Gluthathione peroxidase. SOD: Superoxide dismutase. n-3 PUFA: Polyunsatured fatty acids. DFO: Deferoxamine. NAC: N-acetylcysteine. GSH: Glutathione. POAF: Postoperative atrial fibrillation. ONOO-: Peroxynitrite. OH•: Hydroxyl radical. O2•-: superoxide anion. eNOS: Endothelial nitric oxide synthase. 
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Table 1. Antioxidant mechanisms are involved in the pharmacological effects of currently used antihypertensive drugs.
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	Group: Drugs
	Major Antioxidant Mechanism
	Reference





	Angiotensin-converting enzyme inhibitors:

Enalapril

Benazepril
	Free radical scavenging

NADPH oxidase inhibition

Decreased ROS generation

Increased NO bioavailability

Increased SOD activity
	de Cavanagh et al., 2011 [32]

Deoghare and Kantharia, 2013 [33]

Chandran et al., 2014 [34]

Yusoff et al., 2017 [35]



	Angiotensin receptor

Antagonists:

Losartan

Telmisaran
	NADPH oxidase down-regulation

Decreased ROS

Increased NO bioavailability
	Chopra et al., 1990 [36]

Schiffrin et al., 2010 [37]

Cameron et al., 2016 [38]

Donnarumma et al., 2016 [39]



	Novel beta Blockers:

Carvedilol

Nebivolol
	Increased NO bioavailability

NADPH oxidase inhibition

Reduced lipid peroxidation

Reduced leukocyte ROS production
	Bowman et al., 1994 [40]

Mollnau et al., 2003 [41]

Münzel et al., 2009 [42]

Zepeda et al., 2012 [43]



	Dihydropyridine calcium

channel blockers:

Nifedipine

Benidipine
	Decreased ROS

NADPH oxidase inhibition

Reduced lipid peroxidation
	Lupo et al., 1994 [44]

Brovkovych et al., 2001 [45]

Virdis et al., 2011 [46]

Mason 2012 [47]







ACEIs, angiotensin I converting enzyme inhibitors; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; NOS, nitric oxide synthase; ROS, reactive oxygen species; SOD, superoxide dismutase.
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Table 2. Studies using a combined antioxidants strategy.
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	Study
	Design
	Study Population
	Study Size
	Dosage
	Duration





	Rodrigo et al., 2008 [27]
	Randomized, double-blind placebo controlled
	Essential hypertension
	110
	vitamin C (1 g/day)

vitamin E (400 IU/day)
	8 weeks



	Castillo et al., 2010 [174]
	Randomized, double-blind placebo controlled
	Open heart surgery
	95
	n-3 PUFA 2 g/d (EPA/DHA = 1:2) vitamin C (1 g/day) vitamin E (400 IU/day)
	PUFA: 7 days before surgery until discharge Vitamin C and E: 2 days before surgery until discharge



	Rodrigo et al., 2012 [175]
	Randomized, double-blind placebo controlled
	Open heart surgery
	152
	n-3 PUFA 2 g/d (EPA/DHA = 1:2) vitamin C (1 g/day) vitamin E (400 IU/day)
	PUFA: 7 days before surgery until discharge Vitamin C and E: 2 days before surgery until discharge



	Rodrigo et al., 2013 [176]
	Randomized, double-blind placebo controlled
	Open heart surgery
	203
	n-3 PUFA 2 g/d (EPA/DHA = 1:2) vitamin C (1 g/day) vitamin E (400 IU/day)
	PUFA: 7 days before surgery until discharge Vitamin C and E: 2 days before surgery until discharge







n-3 PUFA, omega-3 polyunsaturated fatty acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
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