

  ijms-23-15454




ijms-23-15454







Int. J. Mol. Sci. 2022, 23(24), 15454; doi:10.3390/ijms232415454




Review



The Generation of Nitric Oxide from Aldehyde Dehydrogenase-2: The Role of Dietary Nitrates and Their Implication in Cardiovascular Disease Management



Jessica Maiuolo 1,*,†, Francesca Oppedisano 2,*,†[image: Orcid], Cristina Carresi 2[image: Orcid], Micaela Gliozzi 2, Vincenzo Musolino 1, Roberta Macrì 2[image: Orcid], Federica Scarano 2, Annarita Coppoletta 2, Antonio Cardamone 2[image: Orcid], Francesca Bosco 2, Rocco Mollace 2[image: Orcid], Carolina Muscoli 2[image: Orcid], Ernesto Palma 2,‡[image: Orcid] and Vincenzo Mollace 2,3,‡[image: Orcid]





1



Pharmaceutical Biology Laboratory, in Institute of Research for Food Safety & Health (IRC-FSH), Department of Health Sciences, University “Magna Graecia” of Catanzaro, 88100 Catanzaro, Italy






2



Institute of Research for Food Safety & Health (IRC-FSH), Department of Health Sciences, University “Magna Graecia” of Catanzaro, 88100 Catanzaro, Italy






3



Renato Dulbecco Institute, Lamezia Terme, 88046 Catanzaro, Italy









*



Correspondence: maiuolo@unicz.it (J.M.); oppedisanof@libero.it (F.O.)






†



These authors contributed equally to this work.








‡



Both authors contributed equally to this work.









Academic Editor: Gianfranco Pintus



Received: 26 September 2022 / Accepted: 3 December 2022 / Published: 7 December 2022



Abstract

:

Reduced bioavailability of the nitric oxide (NO) signaling molecule has been associated with the onset of cardiovascular disease. One of the better-known and effective therapies for cardiovascular disorders is the use of organic nitrates, such as glyceryl trinitrate (GTN), which increases the concentration of NO. Unfortunately, chronic use of this therapy can induce a phenomenon known as “nitrate tolerance”, which is defined as the loss of hemodynamic effects and a reduction in therapeutic effects. As such, a higher dosage of GTN is required in order to achieve the same vasodilatory and antiplatelet effects. Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is a cardioprotective enzyme that catalyzes the bio-activation of GTN to NO. Nitrate tolerance is accompanied by an increase in oxidative stress, endothelial dysfunction, and sympathetic activation, as well as a loss of the catalytic activity of ALDH2 itself. On the basis of current knowledge, nitrate intake in the diet would guarantee a concentration of NO such as to avoid (or at least reduce) treatment with GTN and the consequent onset of nitrate tolerance in the course of cardiovascular diseases, so as not to make necessary the increase in GTN concentrations and the possible inhibition/alteration of ALDH2, which aggravates the problem of a positive feedback mechanism. Therefore, the purpose of this review is to summarize data relating to the introduction into the diet of some natural products that could assist pharmacological therapy in order to provide the NO necessary to reduce the intake of GTN and the phenomenon of nitrate tolerance and to ensure the correct catalytic activity of ALDH2.
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1. Introduction


The treatment of cardiovascular diseases involves the use of organic nitrates such as glyceryl trinitrate (GTN). Its clinical effect is delivered via the dilation of large conductance veins and large arteries, as well as by the inhibition of platelet aggregation [1]. At the level of vascular smooth muscle cells (SMCs) and platelets, this action involves—first of all—the bio-activation of GTN and other nitrates in order to release nitric oxide (NO) or S-nitrosothiol, together with high levels of cGMP (cyclic guanosine monophosphate) [1,2]. However, the chronic use of organic nitrates generates a phenomenon known as “nitrate tolerance” [1,3], which could be reduced by intermittent administration—but such an approach would reduce the therapeutic effect [1]. Furthermore, it has been shown that such tolerance is accompanied by an increase in oxidative stress, endothelial dysfunction, and sympathetic activation [1]. Which pathophysiological events are responsible for these conditions is still not very clear; however, what can be determined with more certainty is the involvement of the mitochondrial isoform of aldehyde dehydrogenase 2 (ALDH2), which is an enzyme that catalyzes the bio-activation of GTN to NO [1,4,5]. The latter activates guanylate cyclase (GC)-cGMP-protein kinase G (PKG) signal transduction, which leads to the vasodilation and inhibition of platelet aggregation [1,6]. Vasodilation involves both the arterial and venous systems. In particular, at the level of the arterial system, the role of GTN is to reduce the afterload, dilate the coronary arteries, and prevent vasospasms. At the level of the venous system, GTN vasodilates the veins, reducing the preload. In doing so, GTN has a dual hemodynamic action, thereby allowing the heart to have the right balance between oxygen consumption and supply [6]. In regard to the ischemic heart, GTN is able to restore the balance between the supply and demand of oxygen and nutrients [7]. Moreover, it has also been shown that the catalytic activity of ALDH2 is reduced in the presence of a free radical species [1,8]. In particular, the NO released by the reaction catalyzed by ALDH2 reacts with the superoxide and causes the formation of peroxynitrite, which could lead to nitration of the ALDH2, as well as causing a loss of its catalytic activity and the subsequent generation of nitrate tolerance [1,9]. As a consequence of this tolerance, a higher dosage of GTN is necessary in order to obtain the same vasodilatory and antiplatelet effects [1]. Due to the fact that continuous treatment with GTN can lead to nitrate tolerance, it would be preferable to administer natural products that can modulate the concentration of NO without developing side effects. It has been amply demonstrated that proper nutrition protects human health from various pathologies. In addition, the consistent intake of fruits and vegetables can increase NO levels. Therefore, the purpose of this review is to describe the main products of plant origin that can be used to increase NO in assistance of drug therapy, in order to reduce GTN administration and the consequent onset of nitrate tolerance and maintain the unaltered catalytic activity of ALDH2. This need derives from a study of the literature present in PubMed, which has shown that in the last 10 years there has not been a review that addresses this fundamental topic for cardiovascular disease therapy, considering both the mechanisms involved and the possible natural products present in the diet.




2. Vascular Endothelium and Endothelial Dysfunction


The endothelium is a cell monolayer composed of approximately 1013 endothelial cells (ECs). This layer covers the inner surface of the blood vessels, lymphatic vessels, and heart. In relation to the mesenchymal derivation, the endothelium is the largest tissue in the body, with a total weight of around 1.0–1.8 kg. Furthermore, its cells represent about 1.5% of total body mass [10]. Until the early 1980s, the endothelium of the vascular tree was believed to play a passive role in forming the shell of the vascular shaft, dealing only with selective permeability to water and electrolytes. Today, it is known that the endothelium carries out numerous functions, including regulation of the tone and the structure of the vessels [11]; regulation of vasal permeability [12]; angiogenesis [13]; hemostasis checks [14]; control of inflammation and recruitment of neutrophils [15]; and endocrine–metabolic functions [16]. It is possible to define the endothelium as an endocrine, paracrine, and autocrine organ, which is capable of releasing a wide variety of substances in the blood and interstitial space (including vasoactive compounds, growth factors, inflammation mediators, adhesion molecules, hemostatic system proteins, and extracellular molecules). These substances can act remotely (via endocrine activity), on nearby cells (via paracrine activity), or on the cell that produced them (thereby demonstrating an autocrine activity); it is these activities that are responsible for the balance maintained by the endothelium [17]. In particular, blood flow is regulated through the secretion and absorption of vasoactive substances by the endothelium, which act in a paracrine fashion to shrink and dilate specific vascular beds [18,19]. When the endothelium is working normally, all the appointed functions are carried out adequately, which consequently also involves a proper immune response. On the other hand, endothelial dysfunction characterized by reduced vasodilation—which is a pro-inflammatory state and when active pro-thrombic properties are present—is associated with most forms of cardiovascular diseases, such as coronary heart disease, hypertension, diabetes, chronic kidney failure, peripheral vascular disease, and severe viral infections [20,21]. Endothelial dysfunction is involved in other regions [22,23] and also causes considerable damage to the nervous system [24,25,26,27]. Vascular tone is defined by the balance between the degree of constriction of the blood vessel and its maximum dilation; in addition, it is modulated by the release of relaxing as well as constrictive factors derived from the endothelium. In fact, ECs physiologically synthesize and release several relaxing factors derived from the endothelium—including vasodilator prostaglandins, endothelium-dependent hyperpolarization factors, and NO, but also contraction factors such as thromboxane A2, endothelin, angiotensin II, superoxide, and the correct balance between the production of vasodilators and vasoconstrictors (which ensures proper maintenance of vascular tone) [10]. NO is a soluble gas that demonstrates important vaso-relaxant protective functions and is regulated by nitric oxide endothelial synthase (e-NOS), which is an enzymatic isoform constitutively expressed in ECs. In particular, this enzyme catalyzes the conversion of L-arginine to L-citrulline and NO. When NO is synthesized, it spreads into smooth vascular muscle cells, stimulating soluble guanylate cyclase and the increasing of cyclic guanosine monophosphate (which is an NO effector that promotes vasodilation) [28]. Reactive oxygen species (ROS) are reactive oxygen intermediates that form physiologically as byproducts of cell metabolism. When present at physiological concentrations, ROS are very useful for cellular homeostasis, acting as second messengers in the transduction of cellular signals and predisposing toxicity reactions against bacterial infections [29]. On the other hand, when ROS levels exceed the antioxidant capacities of the cell or when the antioxidant enzymes have reduced activity, the onset of oxidative stress occurs. This condition is extremely dangerous, as ROS can react with major biological macromolecules and alter them accordingly [30,31]. Cell membranes are particularly susceptible to oxidative damage caused by ROS and can encounter “lipid peroxidation”, a process in which ROS remove electrons from lipids and damage phospholipids. This alteration can also lead the cell to apoptotic death [32,33]. ROS accumulation is involved in the onset of several diseases, including cancer, as well as many metabolic diseases such as diabetes and obesity, neurodegenerative disorders, lung diseases, and kidney diseases [34,35,36,37], among others. It has recently been shown that there is a close correlation between accumulation of ROS and increased inflammation and endothelial dysfunction [38,39,40]. For example, the reduction in bioavailability of NO can occur not only for decreased e-NOS protein expression, but also as a result of an increased level of ROS and, especially, of superoxide anions (O•−), which are responsible for the formation of peroxynitrite (ONOO−). The latter promotes protein nutrition by contributing to endothelial dysfunction and cellular death [41,42]. In most instances, the physiological antioxidant mechanisms of the human body are able to neutralize ROS [43]. However, in their absence endothelium lesions, relative dysfunctions, and alterations in the content of NO can occur [44,45]. Endothelial dysfunction—which is related to the production and accumulation of ROS, as well as reactive nitrogen species (RNS)—is particularly involved in some pathologies, such as hypertension, hyperlipidemia, atherosclerosis, and diabetes mellitus, which all have connections with vascular damage as a common denominator [46]; in fact, endothelial dysfunction can be considered an early marker of cardiovascular events [47,48]. In smooth muscles, the listed pathologies or bad habits—including smoking and alcohol intake—can lead to activation of the enzyme NADPH oxidase, which is responsible for the desensitization of soluble guanyl cyclase and the breakdown of cyclic guanosine monophosphate [49]. The close correlation between endothelial damage and cardiovascular risk is also associated with decreased NO bioavailability, as well as impaired activity of endothelial NO synthase [50,51]. Today, it is known that endothelial dysfunction also involves the alteration of ALDH2 expression, thereby resulting in the alteration of the oxidative state and the onset of inflammation [52]. Due to the fact that, as already described, ALDH2 protects endothelial cells from oxidative stress, these cells are thus able to turn their physiological function on or off [53,54]. A representation of this double control of the endothelium regarding ALDH2 is shown in Figure 1.



Nitrates, Cardiovascular Diseases, and Tolerance


Reduced bioavailability of the NO signaling molecule due to its reduced synthesis or excessive consumption has been associated with the occurrence of cardiovascular diseases. For this reason, its restoration guarantees a mechanism that has a positive effect on these pathologies [55]. In addition, it is important to act on the reduced availability of substrates and cofactors, on the generation of ROS, and on the oxidation of NOS, which are factors that disturb the signaling NO and accentuate the development and pathogenesis of cardiovascular diseases [56]. A highly interesting source of indirect syntheses of NOs is provided by the inorganic anions nitrate (NO3−) and nitrite (NO2−). In fact, nitrates and nitrites are physiologically transformed in the blood and tissues to form NO and other oxides of bioactive nitrogen; moreover, they should be considered a reserve of NO. Nitrates are transformed into nitrites in the gastrointestinal tract. This is achieved through the reducing power of some intestinal bacteria. On the other hand, nitrites are reduced to NO in the oral cavity and stomach, where the pH is particularly acidic. In this way, the nitrate–nitrite–NO path becomes complete [57]. The trinomial nitrate–nitrite–NO is fundamental in restoring the health of the cardiovascular system and generating NO-similar protective effects. This is in addition to the fact that it is widely used as a treatment in myocardial infarction, hypertension, and peripheral artery diseases [58]. The hypothesis that nitrates could produce an effect similar to that of NO was confirmed in 2006 by a research group who demonstrated that the administration of sodium nitrate for 3 days was able to reduce blood pressure in young, healthy individuals [59]. Subsequently, these protective effects of nitrates were confirmed in animal and human models of hypertension, oxidative stress, ischemia-reperfusion, and tolerance to hypoxia [60]. At the same time, the effects of nitrites on cardiovascular function were also examined [61], and with the same protective effect as NO, the nitrate–nitrite–NO pathway has become a therapeutic opportunity to be exploited in the event of cardiovascular disorders [62]. For example, Stokes et al. showed that dietary nitrite intake in mice with endothelial dysfunction (which was induced by dietary hypercholesterolemia) was able to preserve endothelial function, inhibit microvascular inflammation, and reduce increased expression of the C-reactive protein [63]. Another group found that nitrite intake reduced arterial stiffening and oxidative stress in a mouse model of endothelial dysfunction related to aging [64]. Moreover, sodium nitrate ingestion was able to mitigate endothelial function on ischemia-induced effects [65], reduce blood pressure [66], and attenuate cardiac hypertrophy and fibrosis in chronic models of hypertension [67,68]. Webb et al. showed, in an ex vivo mouse model of myocardial infarction, that nitrite could reduce the damaged area via a mechanism that involved the formation of NO [69]. Having said this, not only the heart was affected, but also other organs including the brain [70], kidneys [71], liver [72], and the hind limbs [73]. The mechanism of cytoprotective action carried out by nitrite appears to be the inhibition of mitochondrial respiration, with consequent reduction in the formation of ROS [74,75]. The encouraging effects of nitrates and nitrites as substrates for an in vivo formation of NO and its related oxides of nitrogen bioactives have stimulated the study of these clinical compounds in animal models; in particular, the beneficial effects justified considering these molecules as an opportunity for the development of drugs against cardiovascular and metabolic diseases. For this reason, phase II studies have been initiated on a model of acute myocardial infarction [76]. The use of organic nitrite was replaced by an organic nitrate, GTN, which was easier to administer and had a longer duration of action. GTN has been used in the treatment of angina pectoris and heart failure for over 150 years. The use of GTN results in the release of NO, the activation of guanyl cyclase, and the relaxation of blood vessels [77]. Although the protective effects of organic nitrates on cardiovascular dysfunction are undisputed, it is also known that chronic therapy with these compounds leads to long-term multifactorial effects that can be summarized as the development of a tolerance to nitrates; the onset of profound changes in vascular homeostasis with oxidative stress; and a suspicion that organic nitrate therapy may be associated with an increase in coronary events and neurohumoral adaptations [78]. Nitrate tolerance is defined as the loss of the hemodynamic effects of organic nitrates and the need for higher dosages in order to maintain the same effects. It is the consequence of a series of phenomena, both vascular and extravascular, which can generate important clinical implications [79]. In the development of nitrate tolerance, the role of mitochondrial oxidative stress was described in a mouse model that had a heterozygous deletion of the enzyme manganese superoxide dismutase (MnSOD), which is the mitochondrial isoform of this enzyme. In addition, ROS has been shown to be responsible for disrupting cross-talk to the cytoplasm and mitochondria [80]. Interestingly, nitrates are responsible for inhibiting ALDH2, which is responsible for decreasing or canceling the protective mechanism against oxidative stress [81]. GTN can potently and rapidly inactivate ALDH2, which is an even earlier effect of nitrate tolerance. It was shown, for example, that in knockout mice for ALDH2, nitrate tolerance occurs more easily [82]. The severity of the tolerance is responsible for several effects, as is represented in Figure 2. Due to the discomfort of long-term administration of nitrates, it is essential to select a storage form of NO that may have an important therapeutic potential and advantages over organic nitrates.





3. The Role of ALDH2


ALDH2 is considered a cardioprotective enzyme [83,84,85] that is capable of both preventing the onset of ischemic damage (during myocardial infarction) and also in reducing the infarct area [83]. In humans, the aldehyde dehydrogenase (ALDH) superfamily consists of nineteen NAD(P)+-dependent isozymes. These catalyze the oxidation of both exogenous (such as alcohol) and endogenous (such as lipids and amino acids) aldehydes into carboxylic acids [86,87,88,89,90,91]. This protects the cells from damage caused by active aldehydes and plays an important role in ROS elimination. In fact, high concentrations of non-metabolized aldehydes cause enzyme inactivation, DNA damage, and cell death [88]. Among these, ALDH2 is present in various organs, including the heart; in particular, it is localized at the level of mitochondria, organelles that are important for ROS and reactive aldehyde generation [92,93]. It is a tetrameric allosteric enzyme involved in the metabolism of ethanol. The latter is first converted to acetaldehyde in a reaction catalyzed by alcohol dehydrogenase (ADH) and then forms acetic acid in a reaction catalyzed by ALDH2 [92]. In addition to its dehydrogenase activity, ALDH2 also possesses esterase and reductase activity. Furthermore, its role in GTN-induced vasodilation is linked to its reductase activity [7]. The mechanism by which ALDH2 catalyzes the bioactivation of GTN to NO has been studied in recent years by various research groups. In particular, Lang et al. (2012), by means of crystallography and mass spectrometry studies conducted on wild-type ALDH2 and on the triple mutant of the protein with reduced denitration activity (E268Q/C301S/C303S), tried to elucidate this mechanism. Indeed, it has been established that the denitration of GTN begins with the nucleophilic attack of Cys-302, present in the catalytic site of the enzyme, on a terminal nitrogen of GTN. This results in the formation of a thionitrate adduct as the first reaction intermediate and the release of 1,2-glyceryl dinitrate (1,2-GDN). At this point, the intermediate can undergo nucleophilic attack by the flanking cysteines, Cys-301 or Cys-303, with the formation of nitrites and a disulfide bond in the active site of the enzyme, which would lead to the reversible inhibition of ALDH2. The released nitrite would subsequently be reduced to NO, or ALDH2 could be irreversibly inhibited with the formation of sulfinic acid in the active site, mediated by the presence of Glu-268. This pathway could play a fundamental role in the development of nitrate tolerance. A third pathway leads to the direct production of NO and the reversible inhibition of ALDH2 [94].



3.1. Oxidative Stress, Toxic Aldehydes, and ALDH2


Certain studies conducted in vivo by performing pretreatments with nitroglycerin for 8 days (as well as in vitro studies on isolated rat thoracic aortas and on human umbilical vein endothelial cells (HUVECs) treated with nitroglycerin) have shown that, during the nitrate tolerance process, an increased ROS formation reduces ALDH2 activity. This phenomenon results in a reduction in the release of the endogenous calcitonin gene-related peptide (CGRP) [95]. Hence, chronic nitroglycerin treatment results in an increase in mitochondrial and vascular oxidative stress, as well as a reduction in ALDH2 activity in the aorta and cardiac mitochondria at the same time [96]. In fact, during heart failure (HF), ROS and oxidative stress play a fundamental role both in the phase of myocardial remodeling and in the condition of overt HF. It is known that the intracellular ROS sources are due to the activities of NADPH oxidase (NOX), an enzyme that with its two isoforms NOX1 and NOX4 generates superoxide, clinically associated with atherosclerosis and therefore cardiovascular disorders [97], xanthine oxidase, and nitric oxide synthase [98]. This is in addition to the activity of an enzyme localized in the external mitochondrial membrane, monoamine oxidase (MAO)—of which there are two isoforms, MAO-A and -B. MAO-catalyzed oxidative deamination reactions produce hydrogen peroxide and aldehydes, which can be eliminated by ALDH2 [98]. A reduction (or an inhibition) in ALDH2 activity leads to the accumulation of toxic aldehydes generated by MAO, thereby causing mitochondrial dysfunction and consequent myocardial failure. This supports the fundamental role of ALDH2 in eliminating toxic aldehydes in the myocardium in order to protect the heart from oxidative stress [98]. It is reported that in the vascular endothelium, the loss of ALDH2 activity leads to endothelial dysfunction, as there is an increase in ROS levels, an accumulation of 4-hydroxy-2-nonenal (4-HNE) protein adducts, and a loss of mitochondrial bioenergetic functions. Therefore, senescence of the endothelium with loss of regenerative capacity can be a defensive response to the damage caused by the accumulation of toxic aldehydes, thus leading to a loss of function in the vascular system [53]. Furthermore, in a study conducted on cell model RAW264.7 that was treated with oxidized low-density lipoprotein (ox-LDL), it was determined that ALDH2 activation reduces ox-LDL-induced 4-HNE production. Therefore, oxidative stress in atherosclerosis could be reduced through the inhibition of activation of the NLRP3 inflammasome by ALDH2, making it a potential target for anti-inflammatory therapies [99,100].




3.2. ALDH2 and Ischemia-Reperfusion Injury (IRI)


It is known that ALDH2 has a cardioprotective function, which also limits ischemia-reperfusion injury (IRI) [92,93,101,102]. This condition arises as a consequence of reperfusion, which is a necessary treatment to reduce the magnitude of myocardial infarction, as well as the direct manifestation of coronary artery disease (CAD). IRI is also generated following cardiac arrest due to open-heart surgery with cardiopulmonary bypass (CPB), in which there is an increase in the synthesis of superoxide, ROS, and aldehydes. ALDH2 activation has been reported to reduce ischemic cardiac damage. Furthermore, there are various mechanisms underlying the cardioprotective effects of ALDH2. Among these, ALDH2 acts downstream of protein kinase C type ε (εPKC). In particular, it reduces the production of reactive aldehydes, such as 4-HNE, that are produced during the peroxidation lipid process. The cardioprotective effect of ALDH2, through its action on reactive aldehydes, has positive consequences in regard to ROS production, mitochondrial kATP channel regulation, and mitochondrial permeability transition pore (MPTP) openings [92,93,103,104,105]. In addition, the apoptotic process in cardiomyocytes also increases during IRI following an increase in ROS production. ALDH2, by reducing ROS production, reduces the activation of the JNK signaling pathway and the expression of c-Jun [92,93]. The autophagic process also increases during IR. Furthermore, ALDH2 protects cardiomyocytes by activating the LKB1/AMPK/mTOR pathway during the ischemic phase, as well as by acting on the PTEN/Akt/mTOR pathway during the reperfusion process, which in turn reduces excessive autophagy. Another cardioprotective mechanism of ALDH2 during IR is carried out through the reduction in the formation of reactive carbonyl species (RCS) that causes the carbonylation of proteins, with a consequent loss of activity [92]. In addition to this, in patients with CAD, ALDH2 plays a fundamental role in nitroglycerin metabolism, specifically for its bioconversion into NO in order to obtain a vasodilating effect [92]. It is known that after myocardial infarction, the co-administration of nitroglycerin and Alda-1—an activator of ALDH2—has positive effects on the metabolism of reactive aldehyde adducts by reducing the cardiac dysfunction generated by the use of nitroglycerin [7]. Indeed, in an animal model of IR, it has been shown that Alda-1, when administered before prolonged treatment with GTN, protects against heart damage from GTN-induced ALDH2 inactivation [106].




3.3. ALDH2 Polymorphism


In the liver, alcohol that is consumed is metabolized into acetaldehyde in a reaction catalyzed by ADH. In the subsequent reaction catalyzed by ALDH, acetaldehyde is converted to acetate. The latter leaves the liver and is metabolized in the heart and muscles. As an aside, acetaldehyde is a very toxic intermediate. Moreover, there are two isoforms of ALDH; one is cytosolic and encoded by the ALDH1 gene and the other is mitochondrial and encoded by the ALDH2 gene. The mitochondrial isoform is very important to this process due to its great affinity for acetaldehyde (Km = 0.20 μM) [107,108]. The polymorphism of the ALDH2 gene is linked to the role that the enzyme plays in the oxidation of alcohol. In fact, in exon 12, there is a single nucleotide polymorphism (SNP) that determines the substitution, at residue 504, of glutamic acid with lysine. The first condition corresponds to the ALDH2*1 allele, while the 504 Lys allele is referred to as ALDH2*2 and gives rise to a less active isozyme with a reduced ability to eliminate acetaldehyde. In regard to the people carrying this allele, the accumulation of acetaldehyde after alcohol consumption generates flushing, nausea, or vomiting, thereby increasing the risk of developing alcohol-related diseases [107]. The two isozymes are present in the Caucasian population, while about 30–50% of the East Asian population inherited the mutant ALDH2*2 allele [109]. ALDH2 is considered the most important enzyme for GTN bioactivation, as it activates GTN at clinically relevant plasma concentrations, i.e., below 1 μM. Despite this, forearm blood flow (FBF) responses to a brachial artery infusion of nitroglycerin in subjects with and without ALDH2 Glu504Lys polymorphism showed that ALDH2 is not the only enzyme responsible for the bioactivation of nitroglycerin at therapeutically relevant or higher concentrations. Studies of ALDH2 Glu504Lys polymorphism are important, as Glu504Lys is a common genetic variant that greatly reduces ALDH2 activity [110]. Taking into account that the enzymatic activities of the wild type (Glu504, encoded by ALDH2*1) and mutant (Lys504, encoded by ALDH2*2) proteins vary as a function of the functional genetic polymorphism of the protein [6,111], Miura et al. conducted a study on the vasodilator effect of GTN sublingual tablets administered to three different Japanese genotypic groups (ALDH2*1/*1, ALDH2*1/*2, and ALDH2*2/*2). The results of in vivo vasodilation determined by sublingual GTN did not show differences between the genotypes, even with respect to the degree of vasodilation. Having said this, the enzymatic activity of ALDH2 was different between the various groups studied, thus indicating the presence of other pathways aside from that of ALDH2 for the purposes of nitroglycerin bioactivation [6]. In addition, a study was conducted on patients with coronary spastic angina (CSA) in order to determine any differences in the response of nitroglycerin-mediated dilation (NMD) and flow-mediated dilation (FMD) between the wild type ALDH2*1/*1 and mutant ALDH2*2 (E487K point mutation). The results obtained by Mizuno et al. demonstrated that all patients reported comparable endothelial dysfunction as well as nitrate tolerance following continued GTN administration for 48 h. In patients with the ALDH2*2 mutation, however, tolerance was more severe, with a lower response to GTN at baseline [112]. Thus, treatment of coronary heart disease with GTN in ALDH2*2 subjects is clinically ineffective. Therefore, a reduced ALDH2 activity determines an inefficient elimination of reactive aldehydes with a consequent increase in cytotoxicity and oxidative stress [113]. In ALDH2*2 mutant mice, the administration of empagliflozin (EMP), a sodium–glucose cotransporter (SGLT) 2 inhibitor, has been shown to reduce the onset of diabetic cardiomyopathy via limiting the formation of 4HNE protein adducts, due to the condition of hyperglycemia. This improvement in cardiomyopathy occurs despite the mutant mice possessing low ALDH2 activity. The action of EMP is also reported in diabetic patients with the same mutation [114]. A study conducted in ALDH2*2 mutant mice demonstrated that coenzyme Q10—in addition to improving mitochondrial oxidative stress and preserving bioenergetics—is effective in protecting against attacks of atrial fibrillation (AF). The multi-omics studies conducted have made it possible to establish that coenzyme Q10 could be administered in humans who are characterized by the ALDH2*2 genotype in order to ensure protection from AF attacks [115].





4. Treatment of Nitrate Tolerance


Experiments conducted on rat aortas have shown that treatment with serelaxin and low-dose GTN reduces GTN-induced tolerance. Serelaxin represents a new vasoprotective peptide capable of reducing oxidative stress and improving endothelial function. In particular, within the study conducted by Leo et al., it is reported that serelaxin co-treatment with low-dose GTN reduces superoxide production and increases ALDH2 expression. Most likely, serelaxin acts on the signaling mechanism of the eNOS pathway by regulating the expression of Dhfr [116]. For some years it has seemed that the onset of nitrate tolerance could be overcome by the use of co-therapies with antioxidant compounds rather than being overcome with therapeutic plans that foresee a “nitrate-free interval” [117]. In this context, the use of antioxidants—such as Mn (III) tetrakis (4-Benzoic acid) porphyrin (MnTBAP)—antagonize the development of nitrate tolerance as they reduce ALDH2 nitration and restore NO production as well as the consequent therapeutic effects on cardiovascular diseases [1]. Furthermore, it has been shown that nitrate tolerance, due to oxidation of the sulfhydryl groups present in the active site of ALDH2 (specifically the oxidation of cysteine 302, which is the critical catalytic amino acid of ALDH2 [106]), may not develop due to the pre-administration of lipoic acid, which can prevent or modify the oxidative inhibition of the enzyme. In fact, within the mitochondria, lipoic acid is enzymatically reduced to dihydrolipoic acid, which is capable of reducing the disulfides at the ALDH2 active site [118]. Furthermore, in vitro studies conducted on rat aorta rings have shown that freeze-dried (dealcoholized) red wine (FDRW), due to its polyphenol content, may be partially effective against GTN tolerance. The FDRW was used at a concentration equal to that reached by the total polyphenols in the plasma after drinking 100 mL of red wine. Moreover, its effect on nitrate tolerance is probably linked to the antioxidant properties of and the action on the endothelial function of the polyphenols present in it. In particular, the mechanism does appear to be mediated by superoxide dismutase (SOD) [119,120]. As such, in order to clarify the link between oxidative stress and the development of tolerance to organic nitrates, which is as a consequence of the administration of GTN, ex vivo experiments were conducted on rat thoracic aortas. This was conducted in order to test new synthesized organic nitrates with and without antioxidant properties. The results obtained showed that the vasodilation and tolerance profiles of the tested molecules varied according to their ability to interact with ALDH2 (which is responsible for their bioactivation), thereby confirming the fundamental role of ALDH2 in the development of nitrate tolerance. Another important result was that of relating the nitrooxy derivatives to possessing antioxidant properties. In fact, despite the fact that they were bioactivated by ALDH2, they did not inactivate the enzyme, thus demonstrating the involvement of ROS in deactivating ALDH2 [81]. Another way to prevent and modify GTN tolerance, as well as its subsequent endothelial dysfunction, could be a change in ALDH2 expression. In this sense, a study was conducted in HUVECs that were transfected with the ALDH2 gene, thereby inducing GTN tolerance. The results obtained demonstrated that the overexpression of ALDH2 protects cells from death, due to the fact that it reduces GTN-induced cytotoxicity and the oxidative damage that results from nitrate tolerance. In addition, lower ROS production and lower heme oxygenase 1 expression have also been reported [121].




5. Nitrates–Nitrites–Nitric Oxide in Fruits and Vegetables


Nitrogen is a fundamental chemical element necessary to ensure the survival of living organisms. In fact, it not only constitutes 78% of the atmosphere, but is contained in the main macromolecules necessary to ensure life on earth: DNA, RNA, and proteins. Nucleic acids (DNA and RNA) are macromolecules formed by long nucleotide chains, in which nitrogen and phosphorus are particularly relevant; in particular, DNA depends on the order in which the four nitrogenous bases, adenine (A), thymine (T), cytosine (C), and guanine (G) are arranged. Proteins are also polymers: individual monomers are made of nitrogen, carbon, hydrogen, and oxygen [122]. However, nitrogen would not be available without some important chemical processes that transform atmospheric nitrogen into organic compounds. These chemical transformations are guaranteed by the nitrogen cycle, a “gaseous” biogeochemical cycle whose main reservoir is the atmosphere. Atmospheric nitrogen, whose molecular formula is N2, is formed by two nitrogen atoms strongly bound together to generate an inert gas, that is, a poorly reactive compound that hardly reacts with the surrounding environment. Because of this inertia, nitrogen is difficult to assimilate in the world of the living, making its organication necessary. In this process, known as “nitrogen fixation”, molecular nitrogen (N2) is split and made available for living beings who convert it into oxides of nitrogen (NOx) and ammonia (NH3). A subsequent process known as “ammonification”, carried out by fungi and various soil bacteria, is responsible for the acquisition of a proton by the ammonia, which generates the ammonium ion (NH4+). The latter can be nitrified by some bacteria free in the soil; initially, nitrosanct bacteria will transform ammonium into nitrite; later, nitrifying bacteria will transform nitrites into nitrates. Nitrates represent the most bioavailable form of nitrogen for plants: in fact, they are absorbed at a radical level, transformed into vegetable proteins and used as a source of nitrogen for the whole trophic network. The nitrogen cycle ends with the “denitrification” phase where some bacterial species perform an anaerobic respiration, in which nitrate represents the electron acceptor instead of oxygen, leading again to the formation of bimolecular nitrogen [123]. In Figure 3, a representation of the biogeochemical nitrogen cycle is represented.



The reduction of nitrites and nitrates in NO has been discovered in the last decade and is becoming increasingly important, as it is involved in the prevention or reduction of cardiovascular, metabolic, and muscle disorders associated with decreasing NO levels. For this reason, it is important to estimate the amount of NO and its metabolites in different bodily regions, such as blood, urine, fluids, and various tissues [124]. Among them, blood, thanks to its easy accessibility, is the component chosen for the estimation of NO metabolites. Concentrations of nitrites in the blood (and in most organs and tissues) are represented in a low nanomolar or micromolar range. Nitrate is usually present in much higher amounts—in the micromolar range [125,126]. To date, the methodologies used to quantify NO and its metabolites, nitrates and nitrites, in various biological samples are multiple, although methods based on the Griess reaction, originally described in 1879, remain the most reliable. However, despite modern modifications, the limit is always in the sensitivity of the test [127,128]. Cardiovascular disorders are also related to numerous bad habits, such as smoking; excessive alcohol consumption; excessive body weight; a sedentary lifestyle; a low intake of fruits and vegetables; excessive sodium intake; lack of certain vitamins (folic acid, riboflavin, and vitamins C and D); and concomitant pathological forms (diabetes, hypertension, hypercholesterolemia, hypertriglyceridemia, and cardiac dysfunction) [129,130,131]. In addition, cardiovascular disorders are associated with endothelial dysfunction and a vascular endothelium alteration that precedes the development of cardiovascular events and promotes pathological amplification [132]. No effect produced by endothelium and nitrates–nitrites is capable of generating NO, as has already been widely described. Moreover, a substantial effect on the maintenance of vascular homeostasis, thanks to its powerful dilator effect, is found in the substantial delay of atherogenesis, blood pressure control, etc. [133]. One limitation, however, is provided by the knowledge that the chronic exogenous intake of nitrate–nitrites–NO inhibits the onset of tolerance. For this reason, it has been hypothesized in recent years that vegetable intake—which can release NO—could reduce the incidence of cardiovascular disease [134]. A diet rich in fruits and vegetables has increased interest in so-called “functional foods” and their application in health and disease [135]. The current acceptable daily intake for nitrites is 0.07 mg per kilogram of body weight per day (mg/kg body weight/day), while for nitrates it is 3.7 mg/kg body weight/day [136]. If these doses are exceeded, toxic nitrosamines can be generated; furthermore, these compounds are inhibited by antioxidant substances when the molar ratio of antioxidants/nitrites is greater than 2:1 [137]. The most nitrate-rich foods are vegetables and fruits (81–83%), due to the fact that plants accumulate these compounds easily. The factors contributing to a high nitrate content in vegetables are plant treatment with fertilizers, the growing conditions of the plant, the humidity level of the soil, the amount of rain, the intensity of light, nitrate reductase activity, seasonality, and cultivation systems, among others [138]. It has been shown that heat treatments, storage conditions, and some production processes (acidification, pasteurization, brining, and the shelf-stable process) are responsible for reducing nitrate content. For this reason, it is preferable and recommended that there is a greater consumption of fresh products [139]. The transformation of nitrates, taken with food, is represented in Figure 4.



It is worth remembering, however, that an indiscriminate increase in nitrates/nitrites through nutrition leads to systemic damage. The toxic action of nitrates and nitrites results mainly in metemoglobinemia (more frequently in children) and nitrosation of amines responsible for the onset of carcinogenic effects. When these compounds bind with hemoglobin, they form methemoglobin: in this case, the hemoglobin is unable to release oxygen effectively to body tissues, thereby inducing serious damage to the body up to death. Children are particularly affected by methemoglobinemia when ingesting water contaminated with large levels of nitrates [140]. A preventive strategy could be to check the concentration of nitrates in the water used in advance and thus avoid the consumption of vegetables, which are rich in nitrates, up to 4–6 months of age. Subsequently, in adult nutrition, the concentration of nitrate–nitrites is particularly high in meat and processed meat, in which these compounds are used as substances capable of protecting foods against the deadly bacteria Clostridium botulinum [141]. Often, the nitrites that are ingested, or formed as a result of nitrate reduction, can react with amines and amides. Furthermore, they can generate highly carcinogenic N-nitroso compounds [142]. As the transformation of dietary nitrates and nitrites to nitric oxide has beneficial effects in cardiovascular diseases, and, at the same time, due to the fact that high concentrations are toxic, it is advisable to not exceed the amounts recommended by experts in the field [143]. In the NO3−/NO2− couple, the nitrite ion represents the greatest toxicological problem. In fact, being particularly reactive chemically, it can react with many functional groups, act as a reducing agent, or oxidize many reduced substrates [144]. In humans, nitrates in the digestive tract can be transformed into nitrite by the bacterial nitrate-reductase enzyme, generating robust toxicity phenomena due to the low pH. In the intestine, nitrates are responsible for the movement of chlorine ions and, at the same time, the elimination of sodium ions, which leads to a decrease in extracellular space. Finally, nitrates also appear to be responsible for thyroid dysfunction, nutritional effects, and reproduction [145,146]. In general, as already stated, the current acceptable daily intake for nitrites is 0.07 mg per kilogram of body weight per day, while that for nitrates is 3.7 mg/kg body weight/day.



Main Plant Products Rich in Nitrates


Beetroot (Beta vulgaris) belongs to the Amaranthaceae family and is cultivated all over the world. However, it does prefer the subtropical and tropical climates of Africa, Asia, and the Mediterranean countries [147]. Its roots contain numerous minerals, (K, P, Na, Mg, Cu, Ca, Zn, and Mg), vitamins, and phytochemicals (such as polyphenols and carotenoids). Today, beetroot is regularly consumed as part of a healthy diet and is also commonly used for the production of a food-coloring agent known as E162 [148]. Beetroot is rich in different bioactive compounds that can provide health benefits. In particular, it is helpful in treating disorders characterized by oxidative stress, chronic inflammation, endothelial dysfunction, and cognition. For this reason, the consumption of beetroot is especially recommended in regard to treating hypertension, type 2 diabetes, and dementia [149,150,151,152]. Beetroot juice (BTJ) triggers a continuous process responsible for a high concentration of nitrate and nitrite ions [153,154]. It increases nitrate concentration and promotes the production of NO, which can spread in vascular smooth muscle cells by binding to guanylyl cyclase, as well as allowing the production of c-GMP. This second messenger activates protein kinase G, thereby modulating smooth muscles and inducing relaxation [155]. Although there is no evidence of the association between a regular intake of beetroot and hypertensive patients, its consumption is considered a complementary and alternative strategy in hypertension. In fact, it has been proposed that the high concentration of inorganic nitrates that are contained in beetroot can compensate for the amount of NO reduced during hypertension, thereby assisting in regulating blood pressure [156]. The main results were provided by trials conducted between 2009 and 2017, in which the effect of beetroot juice on both physical performance and pressure levels was investigated [157,158,159]. The daily doses of beetroot juice consumed ranged from 70 to 500 mL, providing varying doses of NO3− from 316 to 860 mg/100 mL of beetroot juice. The participants were aged between 21 and 67 years and the duration of the tests varied from 2 to 56 days. Overall, the results showed that groups ingesting beetroot juice had better results in physical exercise competitions, as well as lower pressure values, than the control group. Further, these differences appeared more marked in cases of prolonged treatment [160,161]. However, beetroot not only contains nitrate, but also many phytochemical compounds that can have beneficial health effects. These compounds include phenolic acids, ascorbic acid, flavonoids, carotenoids, and a group of highly bioactive pigments known as betalains [162,163]. In vitro and in vivo investigations have indicated that betalains possess antioxidant and anti-inflammatory capacities [164]; in fact, beetroot treatment is recommended in clinical conditions characterized by oxidative stress and chronic inflammation, such as in arthritis, liver disease, and cancer [165,166,167].



Spinach (Spinacia oleracea L.) belongs to the Amaranthaceae family and is an economically significant leafy vegetable grown worldwide [168]. To date, spinach is considered one of the most nutritious vegetables thanks to the presence of substances beneficial to human health, including vitamins A, E, C, K, folic acid, oxalic acid, and lutein, as well as minerals such as potassium, calcium, phosphorus, iron, magnesium, and manganese. Moreover, spinach also contains polyphenols, most notably lutein, zeaxanthin, and β-carotene [169]. The composition of spinach is responsible for many beneficial properties, including antioxidant and anti-inflammatory activities, protective effects against DNA oxidation, anticancer action, and defensive properties against atrial stiffness as well as intrahepatic stones and gallstones [170,171,172,173,174]. In recent years, numerous data have been published showing that dietary nitrate supplementation was able to induce a significant influence on arterial hemodynamics by means of nitric oxide supplementation [175,176]. In particular, vegetable-rich dietary models—i.e., featuring green leafy vegetables such as the Mediterranean diet or other dietary approaches against hypertension (DASH)—are associated with a decrease in the risk of cardiovascular disease, as well as in the reduction in arterial pressure and arterial stiffness [177,178]. Due to the fact that spinach is a source of high dietary nitrates (˃250 mg NO3/100 g), specific studies on arterial stiffness as well as central and peripheral blood pressure were conducted in healthy patients who were fed for 7 days with a daily high-spinach intake (~845 mg). The results showed that the administration of a high nitrate content reduced postprandial arterial rigidity and blood pressure values. Moreover, these results were even maintained after at least one week of continuous integration [179].



Lettuce (Lactuca sativa L.) belongs to the Asteraceae family and its origins coincide with the Mediterranean region. In general, the family of the Asteraceae is extremely vast, characterized by about 23,000–30,000 species [180]. The composition of lettuce shows a very high water content (94–95%), which is what makes this vegetable a low-calorie food. In addition, lettuce contains minerals, vitamins, glycosylated flavonoids, phenolic acids, tocopherols, carotenoids, polyphenols, and sesquiterpene lactones [181,182,183,184]. The intake of lettuce is the basis of various healthy effects. In fact, this plant exerts beneficial actions that aid in reducing the risk of the onset of chronic diseases (i.e., cardiovascular disorders, diabetes, cancer, and neurodegenerative diseases), as well as oxidative and inflammatory damage [185,186,187]. Lettuce ingestion has recently been shown to significantly increase both nitrates and total nitrites in saliva and urine samples when compared to a control group [188]. Furthermore, as reported in the literature, they contain the most well-known compounds that are part of the common diet [189].



Polyphenols are secondary metabolites of plants and are represented by a large number of compounds (about 10,000) that exercise protective activities for human health. In plants, polyphenols—in addition to being involved in the maintenance of the organoleptic properties of plants and food—operate certain defensive strategies, thereby acting as protectors against multiple types of stress, including pathogens, oxygen and nitrogen species, parasites and plant predators, UV light, and oxygen and nitrogen species, among others. In contrast, the main properties exercised in humans include those of the antioxidative, anti-inflammatory, anti-cancer, and cardio-protective variety [190,191,192,193,194,195,196]. A successful strategy of administering polyphenols is to be found not only in the prevention/treatment of various pathologies, but also in the slowing of the progression of pathologies and in promoting the healing process [197]. There is substantial epidemiological evidence that a diet rich in polyphenolic compounds protects against the development of several cardiovascular diseases [198,199]. In addition, these natural compounds increase endothelial function [200,201], reduce blood pressure [202] and arterial stiffness [203], and inhibit platelet aggregation [204], thereby suggesting that they can restore the correct concentration of NO as well as trigger vascular protection [205,206]. Finally, polyphenols are able also to promote the reduction in nitrates/nitrites to NO, thereby intervening in the modulation of post-translational reactions of nitric oxide. In this case, therefore, the local and systemic effects of NO are entrusted to polyphenols [207]. Among the countless polyphenols that exercise vascular protection, we will look deeper, in particular, at those contained in citrus. Bergamot (Citrus bergamia, Risso et Poiteau), is a citrus belonging to the Rutaceae family and to the genus Citrus that grows in southern Italy. Those of the best quality are found in the province of Reggio Calabria, Italy [208,209]. Bergamot, similar to other citrus fruits, is mainly rich in flavonoids and has beneficial properties for human health, including antioxidant and anti-inflammatory properties [210,211]. In addition, other activities are well-known, including the modulation of immunological, anti-cholesterolemic, and cardioprotective properties [212,213]. A fraction of bergamot, which is obtained both in its juice and albedo, is the polyphenolic fraction of bergamot (BPF). This fraction is enriched with polyphenols, reaching a concentration of 40%. The main components are naringin, neohesperidin, and neoerythocyte, as well as glycosylated polyphenols such as melitidine and bruteridine [214]. Recent data have shown that bergamot polyphenols are also able to exert a reduction in the levels of glucose, cholesterol, serum triglycerides, and systemic inflammation, as well as an improvement in endothelial function [134,215,216,217,218,219]. Due to the fact that naringin, hesperidin, and neoeriocitrin are all closely related to the modulation of nitrates/nitrites/NO [220,221,222,223,224,225], it is reasonable to assume that the abovementioned BPF can be considered a nutritional supplement to ensure the correct concentration of NO. This hypothesis arises from total speculation, though one that is justified by the theoretical study of the current literature, and for this reason it is an indispensable idea that deserves to be investigated in numerous (and appropriate) in vitro, in vivo, and clinical studies. In conclusion, it is possible to say that nitrates ingested in the diet can turn into nitrites and then NO, avoiding in most cases the formation of harmful N-nitroso compounds. On the other hand, the intake of nitrites, present in some processed foods, can generate nitroso-amines, which are harmful and carcinogenic. The meat industry uses nitrates/nitrites as additives during processing, as these compounds produce beneficial outcomes related to antioxidant effects, color enhancement, their antimicrobial role, and achievement of the typical flavor of sausages [226]. However, 10–20% of the originally added nitrite remains in the final product, is ingested in the diet, and added to the other endogenous and exogenous sources of these compounds. The International Agency for Research on Cancer (IARC) recently stated that nitrites can be considered carcinogens and have increased cancer rates [60]. In general, nitrites, and the NO derived from them, perform important physiological activities related to blood pressure and immune response. However, they can be considered dangerous under oxidative stress conditions as they can be converted into reactive nitrogen species (RNS) [227,228]. An increase in RNS promotes the occurrence of many acute and chronic diseases [229]. Nitrosative stress levels are mainly related to the time and concentration of exposure to RNS as well as to the ability of cellular antioxidants to remove these compounds [230]. Its uncontrolled intracellular presence produces significant toxicity as it interacts with biomolecules including proteins, DNA, lipids, and carbohydrates [231]. RNS-related toxic events can culminate in cytotoxicity, genotoxicity, and carcinogenesis. A representation of the protective and harmful role of nitrogen compounds ingested through the diet is shown in Figure 5.



As mentioned above, nitric oxide (NO) plays a particularly key role in the cardiovascular system [232]. In fact, the reduced bioavailability of NO, both from reduced production and increased consumption, has been associated with endothelial dysfunction and the onset of numerous cardiovascular diseases (CVDs), including atherosclerosis, ischemia–reperfusion injury, hypertension, and diabetes [233]. To date, it is known that restoration of the NO supply is able to positively affect CVD. Moreover, it has recently been accepted that the production of NO can also take place with the reduction of nitrate and nitrite inorganic anions [234]. These compounds are also present in the diet, particularly nitrate in green leafy vegetables [235]. It has been shown that intake of nitrite and nitrate (in the correct concentrations) has the ability to generate NO-like effects in the cardiovascular system. In particular, diets with a higher nitrate intake such as the Mediterranean diet are recommended for myocardial infarction and treatment of hypertension, peripheral artery disease, and pulmonary hypertension. Historically, nitrate has been used to relieve the symptom of chest pain in a heart attack by placing it under the tongue. At the same time, inorganic nitrite, in the form of potassium nitrite, has been used as a treatment for angina since 1883. Sodium nitrite in injectable form has become prevalent for the treatment of angina and hypertension [236]. After initial enthusiasm, these drugs were prescribed and used indiscriminately, generating a substantial number of side effects including hypotension and lethal methemoglobinemia [237]. It is precisely for this reason that nitrites and nitrates must be used consciously, without exceeding the permitted and previously indicated limits.





6. Discussion and Conclusions


GTN is widely used for the treatment of acute heart disease, including acute heart failure and coronary heart disease [238,239]. Its beneficial effects are associated with its ability to dilate arteries and veins, as well as in its ability to reduce the work of the myocardium. The mechanism of action underlying vasodilation is found in the release of NO, which is in response to the intracellular biotransformation of GTN by the enzyme ALDH2. In fact, mice that are deficient in mitochondrial ALDH2 were demonstrated to show impaired relaxation following administration with GTN [240]. Furthermore, long-term administration of organic nitrates causes tolerance and subsequent endothelial dysfunction. It is important to note that the reduction in vascular expression of ALDH2, induced by increased production of ROS, induces the early onset of tolerance. This is even after treatment with GTN for 48 h [115]. Tolerance to nitrates also involves soluble guanylyl cyclase (sGC), a heterodimeric enzyme that represents an important receptor for NO, which by binding to the heme of the H-NOX domain causes conformational changes, following which the enzyme is activated and catalyzes the conversion of GTP to cGMP. Furthermore, NO can form a covalent bond with the SH group of a Cys residue (S-nitrosylation), in particular the C122 present in the H-NOX domain, responsible for negative regulation by NO, determining the desensitization of sGC. In fact, following S-nitrosylation, conformational changes occur in the vicinity of the S-nitrosylated C122 residue that can prevent heme incorporation or the NO-activation of sGC, thus becoming mechanisms responsible for the desensitization of sGC. This is due to the aberrant NO responsiveness and is one of the mechanisms responsible for the onset of nitrate tolerance [241]. This is in addition to an altered biotransformation of organic nitrates to NO and a significant increase in the production of reactive superoxide species in the vascular system, which is responsible for a further inactivation of ALDH2 [242]. To date, the scientific community agrees that it would be advisable to remove nitrates from the human diet, as this would increase the concentration of NO. This would also help to avoid treatments of GTN being required, the induction of tolerance, the required increased GTN concentrations that would be needed otherwise, and the possible inhibition/alteration of the ALDH2 enzyme (which aggravates the issue with a positive feedback mechanism) [243,244]. In the context of diet, nitrates are mainly contained in fresh vegetables; having said this, how much is present depends on the specific vegetable [245]. It is also important to point out that the content of these compounds varies in relation to the parts of the plant in question. For example, Hord et al. have indicated that the content of NO3− in the different organs of plants can be classified from the highest to the lowest as petiole > leaf > stem > root > tuber bulb > fruit > seed [136]. Beet, arugula, and spinach are the richest vegetables in NO3− and have shown better effects on cardiovascular performance, reducing blood pressure and improving vascular function [246]. However, it is unthinkable that the introduction of nitrates into the diet would solve NO deficiency, as the change in the content of these compounds in the same vegetable occurs for several reasons. Among them, it is important to remember the conditions of growth, the season, the temperature, the meteorological conditions, the luminosity, the humidity, the age of the plants, the composition of the soil, the pH, the number of applications of fertilizers to increase the fertility of the soil, and the conditions of conservation of the collected plants [247,248]. For example, instant freezing induces a slight reduction in the amount of nitrate, within a period of seven days; boiling is able to reduce nitrate levels in vegetables by 47–59%; and finally, the process of frying in soybean oil increased nitrate content by 159–309% [249]. These innumerable variables constitute the main criticality of this topic. An interesting perspective for future development would be to be able to standardize the protocols of extraction of nitrates from different plants, reducing or eliminating all these changing conditions. Another important prospect could be to avoid the intake of nitrites that can turn into toxic nitrosamines—such as those contained in processed foods including meat and sausages—as these can aggravate, as already mentioned, human health [250]. To date, scientists have concluded that nitrates are both harmful and healthy, thus constituting the “paradox of nitrates”: to increase their beneficial role, it would be advisable to consume fresh and various vegetables and roots, which are rich in these compounds.







Author Contributions


J.M., F.O. and V.M. conceptualized and designed the manuscript; J.M., F.O., C.C., M.G., V.M., R.M. (Roberta Macrì), F.S., A.C. (Annarita Coppoletta), A.C. (Antonio Cardamone), F.B., R.M. (Rocco Mollace), C.M. and E.P. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Funding was provided by MIUR to V.M.: grant numbers PON-MIUR 03PE000_78_1, PON-MIUR 03PE000_78_2, and PONa3 00359.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mollace, V.; Muscoli, C.; Dagostino, C.; Giancotti, L.A.; Gliozzi, M.; Sacco, I.; Visalli, V.; Gratteri, S.; Palma, E.; Malara, N.; et al. The effect of peroxynitrite decomposition catalyst MnTBAP on aldehyde dehydrogenase-2 nitration by organic nitrates: Role in nitrate tolerance. Pharmacol. Res. 2014, 89, 29–35. [Google Scholar] [CrossRef]

	



Salvemini, D.; Mollace, V.; Pistelli, A.; Anggard, E.; Vane, J. Metabolism of glyceryl trinitrate to nitric oxide by endothelial cells and smooth muscle cells and its induction by Escherichia coli lipopolysaccharide. Proc. Natl. Acad. Sci. USA 1992, 89, 982–986. [Google Scholar] [CrossRef]

	



Salvemini, D.; Pistelli, A.; Mollace, V. Release of nitric oxide from glyceryl trinitrate by captopril but not enalaprilat: In vitro and in vivo studies. Br. J. Pharmacol. 1993, 109, 430–436. [Google Scholar] [CrossRef]

	



Arif, S.; Borgognone, A.; Lin, E.L.; O’Sullivan, A.G.; Sharma, V.; Drury, N.E.; Menon, A.; Nightingale, P.; Mascaro, J.; Bonser, R.S.; et al. Role of aldehyde dehydrogenase in hypoxic vasodilator effects of nitrite in rats and humans. Br. J. Pharmacol. 2015, 172, 3341–3352. [Google Scholar] [CrossRef] [PubMed]

	



Kimura, M.; Yokoyama, A.; Higuchi, S. Aldehyde dehydrogenase-2 as a therapeutic target. Expert Opin. Ther. Targets 2019, 23, 955–966. [Google Scholar] [CrossRef]

	



Miura, T.; Nishinaka, T.; Terada, T.; Yonezawa, K. Vasodilatory effect of nitroglycerin in Japanese subjects with different aldehyde dehydrogenase 2 (ALDH2) genotypes. Chem. Biol. Interact. 2017, 276, 40–45. [Google Scholar] [CrossRef]

	



Ferreira, J.C.; Mochly-Rosen, D. Nitroglycerin use in myocardial infarction patients. Circ. J. 2012, 76, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Münzel, T.; Daiber, A. The potential of aldehyde dehydrogenase 2 as a therapeutic target in cardiovascular disease. Expert Opin. Ther. Targets 2018, 22, 217–231. [Google Scholar] [CrossRef]

	



Panisello-Roselló, A.; Lopez, A.; Folch-Puy, E.; Carbonell, T.; Rolo, A.; Palmeira, C.; Adam, R.; Net, M.; Roselló-Catafau, J. Role of aldehyde dehydrogenase 2 in ischemia reperfusion injury: An update. World J. Gastroenterol. 2018, 24, 2984–2994. [Google Scholar] [CrossRef] [PubMed]

	



Godo, S.; Shimokawa, H. Endothelial Functions. Arterioscler. Thromb. Vasc. Biol. 2017, 37, e108–e114. [Google Scholar] [CrossRef]

	



Krüger-Genge, A.; Blocki, A.; Franke, R.P.; Jung, F. Vascular Endothelial Cell Biology: An Update. Int. J. Mol. Sci. 2019, 20, 4411. [Google Scholar] [CrossRef]

	



Jamwal, S.; Sharma, S. Vascular endothelium dysfunction: A conservative target in metabolic disorders. Inflamm. Res. 2018, 67, 391–405. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X.; Wang, J.J.; Wang, J.; Abboud, H.E.; Chen, Y.; Zhang, S.X. Endothelium-specific deletion of Nox4 delays retinal vascular development and mitigates pathological angiogenesis. Angiogenesis 2021, 24, 363–377. [Google Scholar] [CrossRef]

	



Lichota, A.; Szewczyk, E.M.; Gwozdzinski, K. Factors Affecting the Formation and Treatment of Thrombosis by Natural and Synthetic Compounds. Int. J. Mol. Sci. 2020, 21, 7975. [Google Scholar] [CrossRef] [PubMed]

	



Dehghani, T.; Panitch, A. Endothelial cells, neutrophils and platelets: Getting to the bottom of an inflammatory triangle. Open Biol. 2020, 10, 200161. [Google Scholar] [CrossRef]

	



Suganya, N.; Bhakkiyalakshmi, E.; Sarada, D.V.; Ramkumar, K.M. Reversibility of endothelial dysfunction in diabetes: Role of polyphenols. Br. J. Nutr. 2016, 116, 223–246. [Google Scholar] [CrossRef] [PubMed]

	



Triggle, C.R.; Ding, H.; Marei, I.; Anderson, T.J.; Hollenberg, M.D. Why the endothelium? The endothelium as a target to reduce diabetes-associated vascular disease. Can. J. Physiol. Pharmacol. 2020, 98, 415–430. [Google Scholar] [CrossRef]

	



Xu, S. Therapeutic potential of blood flow mimetic compounds in preventing endothelial dysfunction and atherosclerosis. Pharmacol. Res. 2020, 155, 104737. [Google Scholar] [CrossRef]

	



Morales-Acuna, F.; Ochoa, L.; Valencia, C.; Gurovich, A.N. Characterization of blood flow patterns and endothelial shear stress during flow-mediated dilation. Clin. Physiol. Funct. Imaging 2019, 39, 240–245. [Google Scholar] [CrossRef]

	



Xu, S.; Ilyas, I.; Little, P.J.; Li, H.; Kamato, D.; Zheng, X.; Luo, S.; Li, Z.; Liu, P.; Han, J.; et al. Endothelial Dysfunction in Atherosclerotic Cardiovascular Diseases and Beyond: From Mechanism to Pharmacotherapies. Pharmacol. Rev. 2021, 73, 924–967. [Google Scholar] [CrossRef]

	



Domingueti, C.P.; Dusse, L.M.; Carvalho, M.D.; de Sousa, L.P.; Gomes, K.B.; Fernandes, A.P. Diabetes mellitus: The linkage between oxidative stress, inflammation, hypercoagulability and vascular complications. J. Diabetes Complicat. 2016, 30, 738–745. [Google Scholar] [CrossRef] [PubMed]

	



Maiuolo, J.; Mollace, R.; Gliozzi, M.; Musolino, V.; Carresi, C.; Paone, S.; Scicchitano, M.; Macrì, R.; Nucera, S.; Bosco, F.; et al. The Contribution of Endothelial Dysfunction in Systemic Injury Subsequent to SARS-Cov-2 Infection. Int. J. Mol. Sci. 2020, 21, 9309. [Google Scholar] [CrossRef] [PubMed]

	



Maiuolo, J.; Carresi, C.; Gliozzi, M.; Mollace, R.; Scarano, F.; Scicchitano, M.; Macrì, R.; Nucera, S.; Bosco, F.; Oppedisano, F.; et al. The Contribution of Gut Microbiota and Endothelial Dysfunction in the Development of Arterial Hypertension in Animal Models and in Humans. Int. J. Mol. Sci. 2022, 23, 3698. [Google Scholar] [CrossRef] [PubMed]

	



Maiuolo, J.; Gliozzi, M.; Musolino, V.; Scicchitano, M.; Carresi, C.; Scarano, F.; Bosco, F.; Nucera, S.; Ruga, S.; Zito, M.C.; et al. The "Frail" Brain Blood Barrier in Neurodegenerative Diseases: Role of Early Disruption of Endothelial Cell-to-Cell Connections. Int. J. Mol. Sci. 2018, 19, 2693. [Google Scholar] [CrossRef] [PubMed]

	



Maiuolo, J.; Gliozzi, M.; Musolino, V.; Carresi, C.; Nucera, S.; Macrì, R.; Scicchitano, M.; Bosco, F.; Scarano, F.; Ruga, S.; et al. The Role of Endothelial Dysfunction in Peripheral Blood Nerve Barrier: Molecular Mechanisms and Pathophysiological Implications. Int. J. Mol. Sci. 2019, 20, 3022. [Google Scholar] [CrossRef] [PubMed]

	



Maiuolo, J.; Gliozzi, M.; Musolino, V.; Carresi, C.; Scarano, F.; Nucera, S.; Scicchitano, M.; Bosco, F.; Ruga, S.; Zito, M.C.; et al. From Metabolic Syndrome to Neurological Diseases: Role of Autophagy. Front. Cell Dev. Biol. 2021, 9, 651021. [Google Scholar] [CrossRef]

	



Maiuolo, J.; Muscoli, C.; Gliozzi, M.; Musolino, V.; Carresi, C.; Paone, S.; Ilari, S.; Mollace, R.; Palma, E.; Mollace, V. Endothelial Dysfunction and Extra-Articular Neurological Manifestations in Rheumatoid Arthritis. Biomolecules 2021, 11, 81. [Google Scholar] [CrossRef]

	



Vanhoutte, P.M.; Shimokawa, H.; Feletou, M.; Tang, E.H. Endothelial dysfunction and vascular disease—A 30th anniversary update. Acta Physiol. 2017, 219, 22–96. [Google Scholar] [CrossRef]

	



Abdul-Muneer, P.M.; Chandra, N.; Haorah, J. Interactions of oxidative stress and neurovascular inflammation in the pathogenesis of traumatic brain injury. Mol. Neurobiol. 2015, 51, 966–979. [Google Scholar] [CrossRef]

	



Kattoor, A.J.; Pothineni, N.V.K.; Palagiri, D.; Mehta, J.L. Oxidative Stress in Atherosclerosis. Curr. Atheroscler. Rep. 2017, 19, 42. [Google Scholar] [CrossRef]

	



Sies, H. Oxidative stress: A concept in redox biology and medicine. Redox Biol. 2015, 4, 180–183. [Google Scholar] [CrossRef] [PubMed]

	



Su, L.J.; Zhang, J.H.; Gomez, H.; Murugan, R.; Hong, X.; Xu, D.; Jiang, F.; Peng, Z.Y. Reactive Oxygen Species-Induced Lipid Peroxidation in Apoptosis, Autophagy, and Ferroptosis. Oxid. Med. Cell. Longev. 2019, 2019, 5080843. [Google Scholar] [CrossRef]

	



Senoner, T.; Dichtl, W. Oxidative Stress in Cardiovascular Diseases: Still a Therapeutic Target? Nutrients 2019, 11, 2090. [Google Scholar] [CrossRef] [PubMed]

	



Khan, T.A.; Hassan, I.; Ahmad, A.; Perveen, A.; Aman, S.; Quddusi, S.; Alhazza, I.M.; Ashraf, G.M.; Aliev, G. Recent Updates on the Dynamic Association Between Oxidative Stress and Neurodegenerative Disorders. CNS Neurolrgets 2016, 15, 310–320. [Google Scholar]

	



Saha, S.K.; Lee, S.B.; Won, J.; Choi, H.Y.; Kim, K.; Yang, G.M.; Dayem, A.A.; Cho, S.G. Correlation between Oxidative Stress, Nutrition, and Cancer Initiation. Int. J. Mol. Sci. 2017, 18, 1544. [Google Scholar] [CrossRef]

	



Lin, Y.C.; Chang, Y.H.; Yang, S.Y.; Wu, K.D.; Chu, T.S. Update of pathophysiology and management of diabetic kidney disease. J. Formos. Med. Assoc. 2018, 117, 662–675. [Google Scholar] [CrossRef]

	



Vermot, A.; Petit-Härtlein, I.; Smith, S.M.E.; Fieschi, F. NADPH Oxidases (NOX): An Overview from Discovery, Molecular Mechanisms to Physiology and Pathology. Antioxidants 2021, 10, 890. [Google Scholar] [CrossRef]

	



Bulua, A.C.; Simon, A.; Maddipati, R.; Pelletier, M.; Park, H.; Kim, K.Y.; Sack, M.N.; Kastner, D.L.; Siegel, R.M. Mitochondrial reactive oxygen species promote production of proinflammatory cytokines and are elevated in TNFR1-associated periodic syndrome (TRAPS). J. Exp. Med. 2011, 208, 519–533. [Google Scholar] [CrossRef]

	



Prestes, E.B.; Alves, L.S.; Rodrigues, D.A.S.; Dutra, F.F.; Fernandez, P.L.; Paiva, C.N.; Kagan, J.C.; Bozza, M.T. Mitochondrial Reactive Oxygen Species Participate in Signaling Triggered by Heme in Macrophages and upon Hemolysis. J. Immunol. 2020, 205, 2795–2805. [Google Scholar] [CrossRef] [PubMed]

	



Mittal, M.; Sánchez-Rodríguez, R.; Spera, I.; Venegas, F.C.; Favia, M.; Viola, A.; Castegna, A. Reactive Oxygen Species in Macrophages: Sources and Targets. Front. Immunol. 2021, 12, 734229. [Google Scholar]

	



Mussbacher, M.; Salzmann, M.; Brostjan, C.; Hoesel, B.; Schoergenhofer, C.; Datler, H.; Hohensinner, P.; Basílio, J.; Petzelbauer, P.; Assinger, A.; et al. Cell Type-Specific Roles of NF-κB Linking Inflammation and Thrombosis. Front. Immunol. 2019, 10, 85. [Google Scholar] [CrossRef]

	



Theofilis, P.; Sagris, M.; Oikonomou, E.; Antonopoulos, A.S.; Siasos, G.; Tsioufis, C.; Tousoulis, D. Inflammatory Mechanisms Contributing to Endothelial Dysfunction. Biomedicines 2021, 9, 781. [Google Scholar] [CrossRef]

	



Zhao, J.; Pan, L.; Zhou, M.; Yang, Z.; Meng, Y.; Zhang, X. Comparative Physiological and Transcriptomic Analyses Reveal Mechanisms of Improved Osmotic Stress Tolerance in Annual Ryegrass by Exogenous Chitosan. Genes 2019, 10, 853. [Google Scholar] [CrossRef]

	



Fukai, T.; Ushio-Fukai, M. Cross-Talk between NADPH Oxidase and Mitochondria: Role in ROS Signaling and Angiogenesis. Cells 2020, 9, 1849. [Google Scholar] [CrossRef] [PubMed]

	



Cyr, A.R.; Huckaby, L.V.; Shiva, S.S.; Zuckerbraun, B.S. Nitric Oxide and Endothelial Dysfunction. Crit. Care Clin. 2020, 36, 307–321. [Google Scholar] [CrossRef] [PubMed]

	



Mickiewicz, A.; Kreft, E.; Kuchta, A.; Wieczorek, E.; Marlęga, J.; Ćwiklińska, A.; Paprzycka, M.; Gruchała, M.; Fijałkowski, M.; Jankowski, M. The Impact of Lipoprotein Apheresis on Oxidative Stress Biomarkers and High-Density Lipoprotein Subfractions. Oxid. Med. Cell. Longev. 2020, 2020, 9709542. [Google Scholar] [CrossRef]

	



Gokce, N.; Keaney, J.F., Jr.; Hunter, L.M.; Watkins, M.T.; Nedeljkovic, Z.S.; Menzoian, J.O.; Vita, J.A. Predictive value of noninvasively determined endothelial dysfunction for long-term cardiovascular events in patients with peripheral vascular disease. J. Am. Coll. Cardiol. 2003, 41, 1769–1775. [Google Scholar] [CrossRef] [PubMed]

	



Chirkov, Y.Y.; Nguyen, T.H.; Horowitz, J.D. Impairment of Anti-Aggregatory Responses to Nitric Oxide and Prostacyclin: Mechanisms and Clinical Implications in Cardiovascular Disease. Int. J. Mol. Sci. 2022, 23, 1042. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Li, P.; Liu, H.; Prokosch, V. Oxidative Stress, Vascular Endothelium, and the Pathology of Neurodegeneration in Retina. Antioxidants 2022, 11, 543. [Google Scholar] [CrossRef] [PubMed]

	



Förstermann, U.; Li, H. Therapeutic effect of enhancing endothelial nitric oxide synthase (eNOS) expression and preventing eNOS uncoupling. Br. J. Pharmacol. 2011, 164, 213–223. [Google Scholar] [CrossRef]

	



Kumar, S.; Verma, R.; Tyagi, N.; Gangenahalli, G.; Verma, Y.K. Therapeutics effect of mesenchymal stromal cells in reactive oxygen species-induced damages. Hum. Cell 2022, 35, 37–50. [Google Scholar] [CrossRef] [PubMed]

	



Nannelli, G.; Ziche, M.; Donnini, S.; Morbidelli, L. Endothelial Aldehyde Dehydrogenase 2 as a Target to Maintain Vascular Wellness and Function in Ageing. Biomedicines 2020, 8, 4. [Google Scholar] [CrossRef] [PubMed]

	



Nannelli, G.; Terzuoli, E.; Giorgio, V.; Donnini, S.; Lupetti, P.; Giachetti, A.; Bernardi, P.; Ziche, M. ALDH2 Activity Reduces Mitochondrial Oxygen Reserve Capacity in Endothelial Cells and Induces Senescence Properties. Oxid. Med. Cell Longev. 2018, 2018, 9765027. [Google Scholar] [CrossRef] [PubMed]

	



Wu, B.; Yu, L.; Wang, Y.; Wang, H.; Li, C.; Yin, Y.; Yang, J.; Wang, Z.; Zheng, Q.; Ma, H. Aldehyde dehydrogenase 2 activation in aged heart improves the autophagy by reducing the carbonyl modification on SIRT1. Oncotarget 2016, 7, 2175–2188. [Google Scholar] [CrossRef] [PubMed]

	



Infante, T.; Costa, D.; Napoli, C. Novel Insights Regarding Nitric Oxide and Cardiovascular Diseases. Angiology 2021, 72, 411–425. [Google Scholar] [CrossRef]

	



Farah, C.; Michel, L.Y.M.; Balligand, J.L. Nitric oxide signalling in cardiovascular health and disease. Nat. Rev. Cardiol. 2018, 15, 292–316. [Google Scholar] [CrossRef]

	



Rocha, B.S.; Gago, B.; Barbosa, R.M.; Cavaleiro, C.; Laranjinha, J. Ethyl nitrite is produced in the human stomach from dietary nitrate and ethanol, releasing nitric oxide at physiological pH: Potential impact on gastric motility. Free Radic. Biol. Med. 2015, 82, 160–166. [Google Scholar] [CrossRef]

	



Wan, S.H.; Pandey, A. Targeting the nitrate-nitrite-nitric oxide pathway in heart failure with preserved ejection fraction: Too soon to say no to nitric oxide? Eur. J. Heart Fail. 2021, 23, 824–825. [Google Scholar] [CrossRef]

	



Larsen, F.J.; Ekblom, B.; Sahlin, K.; Lundberg, J.O.; Weitzberg, E. Effects of dietary nitrate on blood pressure in healthy volunteers. N. Engl. J. Med. 2006, 355, 2792–2793. [Google Scholar] [CrossRef]

	



Weitzberg, E.; Lundberg, J.O. Novel aspects of dietary nitrate and human health. Annu. Rev. Nutr. 2013, 33, 129–159. [Google Scholar] [CrossRef]

	



Weitzberg, E.; Hezel, M.; Lundberg, J.O. Nitrate-nitrite-nitric oxide pathway implications for anesthesiology and intensive care. Anesthesiology 2010, 113, 1460–1475. [Google Scholar] [CrossRef]

	



Lundberg, J.O.; Weitzberg, E. NO-synthase independent NO generation in mammals. Biochem. Biophys. Res. Commun. 2010, 396, 39–45. [Google Scholar] [CrossRef] [PubMed]

	



Stokes, K.Y.; Dugas, T.R.; Tang, Y.; Garg, H.; Guidry, E.; Bryan, N.S. Dietary nitrite prevents hypercholesterolemic microvascular inflammation and reverses endothelial dysfunction. Am. J. Physiol. Heart Circ. Physiol. 2009, 296, H1281–H1288. [Google Scholar] [CrossRef]

	



Sindler, A.L.; Fleenor, B.S.; Calvert, J.W.; Marshall, K.D.; Zigler, M.L.; Lefer, D.J.; Seals, D.R. Nitrite supplementation reverses vascular endothelial dysfunction and large elastic artery stiffness with aging. Aging Cell 2011, 10, 429–437. [Google Scholar] [CrossRef] [PubMed]

	



Webb, A.J.; Patel, N.; Loukogeorgakis, S. Acute blood pressure lowering, vasoprotective, and antiplatelet properties of dietary nitrate via bioconversion to nitrite. Hypertension 2008, 51, 784–790. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, D.A.; Schultz, D.S.; Carlstrom, M.; Persson, A.E.; Larsson, E. Dietary nitrate attenuates oxidative stress, prevents cardiac and renal injuries, and reduces blood pressure in salt-induced hypertension. Cardiovasc. Res. 2011, 89, 574–585. [Google Scholar]

	



Gao, X.; Yang, T.; Liu, M. NADPH oxidase in the renal microvasculature is a primary target for blood pressure lowering effects by inorganic nitrate and nitrite. Hypertension 2015, 65, 161–170. [Google Scholar] [CrossRef]

	



Fleenor, B.S.; Seals, D.R.; Zigler, M.L.; Sindler, A.L. Superoxide-lowering therapy with TEMPOL reverses arterial dysfunction with aging in mice. Aging Cell 2012, 11, 269–276. [Google Scholar] [CrossRef]

	



Webb, A.; Bond, R.; McLean, P.; Uppal, R.; Benjamin, N.; Ahluwalia, A. Reduction of nitrite to nitric oxide during ischemia protects against myocardial ischemia-reperfusion damage. Proc. Natl. Acad. Sci. USA 2004, 101, 13683–13688. [Google Scholar] [CrossRef]

	



Jung, K.H.; Chu, K.; Ko, S.Y. Early intravenous infusion of sodium nitrite protects brain against in vivo ischemia-reperfusion injury. Stroke 2006, 37, 2744–2750. [Google Scholar] [CrossRef]

	



Tripatara, P.; Patel, N.S.; Webb, A. Nitrite-derived nitric oxide protects the rat kidney against ischemia/reperfusion injury in vivo: Role for xanthine oxidoreductase. J. Am. Soc. Nephrol. 2007, 18, 570–580. [Google Scholar] [CrossRef] [PubMed]

	



Duranski, M.R.; Greer, J.J.; Dejam, A. Cytoprotective effects of nitrite during in vivo ischemia-reperfusion of the heart and liver. J. Clin. Investig. 2005, 115, 1232–1240. [Google Scholar] [CrossRef]

	



Kumar, D.; Branch, B.G.; Pattillo, C.B. Chronic sodium nitrite therapy augments ischemia-induced angiogenesis and arteriogenesis. Proc. Natl. Acad. Sci. USA 2008, 105, 7540–7545. [Google Scholar] [CrossRef]

	



Shiva, S.; Sack, M.N.; Greer, J.J. Nitrite augments tolerance to ischemia/reperfusion injury via the modulation of mitochondrial electron transfer. J. Exp. Med. 2007, 204, 2089–2102. [Google Scholar] [CrossRef] [PubMed]

	



Chouchani, E.T.; Methner, C.; Nadtochiy, S.M. Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial complex I. Nat. Med. 2013, 19, 753–759. [Google Scholar] [CrossRef] [PubMed]

	



Jones, D.A.; Pellaton, C.; Velmurugan, S. Randomized phase 2 trial of intra-coronary nitrite during acute myocardial infarction. Circ. Res. 2015, 116, 437–447. [Google Scholar] [CrossRef]

	



Jabs, A.; Oelze, M.; Mikhed, Y.; Stamm, P.; Kröller-Schön, S.; Welschof, P.; Jansen, T.; Hausding, M.; Kopp, M.; Steven, S.; et al. Effect of soluble guanylyl cyclase activator and stimulator therapy on nitroglycerin-induced nitrate tolerance in rats. Vascul. Pharmacol. 2015, 71, 181–191. [Google Scholar] [CrossRef]

	



Münzel, T.; Daiber, A. Inorganic nitrite and nitrate in cardiovascular therapy: A better alternative to organic nitrates as nitric oxide donors? Vascul. Pharmacol. 2018, 102, 1–10. [Google Scholar] [CrossRef]

	



Munzel, T.; Gori, T. Nitrate therapy and nitrate tolerance in patients with coronary artery disease. Curr. Opin. Pharmacol. 2013, 13, 251–259. [Google Scholar] [CrossRef]

	



Gao, J.; Hao, Y.; Piao, X.; Gu, X. Aldehyde Dehydrogenase 2 as a Therapeutic Target in Oxidative Stress-Related Diseases: Post-Translational Modifications Deserve More Attention. Int. J. Mol. Sci. 2022, 23, 2682. [Google Scholar] [CrossRef]

	



Marini, E.; Giorgis, M.; Rolando, B.; Chegaev, K.; Lazzarato, L.; Bertinaria, M.; Vincenti, M.; Di Stilo, A. Multitarget Antioxidant NO-Donor Organic Nitrates: A Novel Approach to Overcome Nitrates Tolerance, an Ex Vivo Study. Antioxidants 2022, 11, 166. [Google Scholar] [CrossRef]

	



Yager, N.; Konduru, S.; Torosoff, M. Nitrates as a Marker of Multiple Co-morbidities and Increased Mortality in Patients Undergoing Percutaneous Coronary Intervention (PCI). Cureus 2022, 14, e23520. [Google Scholar] [CrossRef]

	



Brandt, M.; Garlapati, V.; Oelze, M.; Sotiriou, E.; Knorr, M.; Kröller-Schön, S.; Kossmann, S.; Schönfelder, T.; Morawietz, H.; Schulz, E.; et al. NOX2 amplifies acetaldehyde-mediated cardiomyocyte mitochondrial dysfunction in alcoholic cardiomyopathy. Sci. Rep. 2016, 6, 32554. [Google Scholar] [CrossRef]

	



Roy, B.; Palaniyandi, S.S. Aldehyde dehydrogenase 2 inhibition potentiates 4-hydroxy-2-nonenal induced decrease in angiogenesis of coronary endothelial cells. Cell Biochem. Funct. 2020, 38, 290–299. [Google Scholar] [CrossRef] [PubMed]

	



Kang, P.; Wang, J.; Fang, D.; Fang, T.; Yu, Y.; Zhang, W.; Shen, L.; Li, Z.; Wang, H.; Ye, H.; et al. Activation of ALDH2 attenuates high glucose induced rat cardiomyocyte fibrosis and necroptosis. Free Radic. Biol. Med. 2020, 146, 198–210. [Google Scholar] [CrossRef]

	



Jang, A.J.; Lee, J.H.; Yotsu-Yamashita, M.; Park, J.; Kye, S.; Benza, R.L.; Passineau, M.J.; Jeon, Y.J.; Nyunoya, T. A Novel Compound, "FA-1" Isolated from Prunus mume, Protects Human Bronchial Epithelial Cells and Keratinocytes from Cigarette Smoke Extract-Induced Damage. Sci. Rep. 2018, 8, 11504. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Chen, W.; Wang, X.; Ge, W. Impact of mitochondrial aldehyde dehydrogenase 2 on cognitive impairment in the AD model mouse. Acta Biochim. Biophys. Sin. 2021, 53, 837–847. [Google Scholar] [CrossRef] [PubMed]

	



Chu, A.; Najafzadeh, P.; Sullivan, P.; Cone, B.; Elshimali, R.; Shakeri, H.; Janzen, C.; Mah, V.; Wadehra, M. Aldehyde dehydrogenase isoforms and inflammatory cell populations are differentially expressed in term human placentas affected by intrauterine growth restriction. Placenta 2019, 81, 9–17. [Google Scholar] [CrossRef] [PubMed]

	



Huddle, B.C.; Grimley, E.; Buchman, C.D.; Chtcherbinine, M.; Debnath, B.; Mehta, P.; Yang, K.; Morgan, C.A.; Li, S.; Felton, J.; et al. Structure-Based Optimization of a Novel Class of Aldehyde Dehydrogenase 1A (ALDH1A) Subfamily-Selective Inhibitors as Potential Adjuncts to Ovarian Cancer Chemotherapy. J. Med. Chem. 2018, 61, 8754–8773. [Google Scholar] [CrossRef]

	



Puttini, S.; Plaisance, I.; Barile, L.; Cervio, E.; Milano, G.; Marcato, P.; Pedrazzini, T.; Vassalli, G. ALDH1A3 Is the Key Isoform That Contributes to Aldehyde Dehydrogenase Activity and Affects in Vitro Proliferation in Cardiac Atrial Appendage Progenitor Cells. Front. Cardiovasc. Med. 2018, 5, 90. [Google Scholar] [CrossRef]

	



Deza-Ponzio, R.; Herrera, M.L.; Bellini, M.J.; Virgolini, M.B.; Hereñú, C.B. Aldehyde dehydrogenase 2 in the spotlight: The link between mitochondria and neurodegeneration. Neurotoxicology 2018, 68, 19–24. [Google Scholar] [CrossRef]

	



Ding, J.; Yang, Z.; Ma, H.; Zhang, H. Mitochondrial Aldehyde Dehydrogenase in Myocardial Ischemic and Ischemia-Reperfusion Injury. Adv. Exp. Med. Biol. 2019, 1193, 107–120. [Google Scholar]

	



Liu, X.Z.; Sun, X.; Shen, K.P.; Jin, W.J.; Fu, Z.Y.; Tao, H.R.; Xu, Z.X. Aldehyde dehydrogenase 2 overexpression inhibits neuronal apoptosis after spinal cord ischemia/reperfusion injury. Neural Regen. Res. 2017, 12, 1166–1171. [Google Scholar] [PubMed]

	



Lang, B.S.; Gorren, A.C.; Oberdorfer, G.; Wenzl, M.V.; Furdui, C.M.; Poole, L.B.; Mayer, B.; Gruber, K. Vascular bioactivation of nitroglycerin by aldehyde dehydrogenase-2: Reaction intermediates revealed by crystallography and mass spectrometry. J. Biol. Chem. 2012, 287, 38124–38134. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.R.; Nie, S.D.; Shan, W.; Jiang, D.J.; Shi, R.Z.; Zhou, Z.; Guo, R.; Zhang, Z.; Li, Y.J. Decrease in endogenous CGRP release in nitroglycerin tolerance: Role of ALDH-2. Eur. J. Pharmacol. 2007, 571, 44–50. [Google Scholar] [CrossRef]

	



Daiber, A.; Wenzel, P.; Oelze, M.; Schuhmacher, S.; Jansen, T.; Münzel, T. Mitochondrial aldehyde dehydrogenase (ALDH-2)-maker of and marker for nitrate tolerance in response to nitroglycerin treatment. Chem. Biol. Interact. 2009, 178, 40–47. [Google Scholar] [CrossRef] [PubMed]

	



Panday, A.; Sahoo, M.K.; Osorio, D.; Batra, S. NADPH oxidases: An overview from structure to innate immunity-associated pathologies. Cell. Mol. Immunol. 2015, 12, 5–23. [Google Scholar] [CrossRef]

	



Manni, M.E.; Rigacci, S.; Borchi, E.; Bargelli, V.; Miceli, C.; Giordano, C.; Raimondi, L.; Nediani, C. Monoamine Oxidase Is Overactivated in Left and Right Ventricles from Ischemic Hearts: An Intriguing Therapeutic Target. Oxid. Med. Cell. Longev. 2016, 2016, 4375418. [Google Scholar] [CrossRef]

	



Xu, Y.; Yuan, Q.; Cao, S.; Cui, S.; Xue, L.; Song, X.; Li, Z.; Xu, R.; Yuan, Q.; Li, R. Aldehyde dehydrogenase 2 inhibited oxidized LDL-induced NLRP3 inflammasome priming and activation via attenuating oxidative stress. Biochem. Biophys. Res. Commun. 2020, 529, 998–1004. [Google Scholar] [CrossRef]

	



Ge, W.; Yuan, M.; Ceylan, A.F.; Wang, X.; Ren, J. Mitochondrial aldehyde dehydrogenase protects against doxorubicin cardiotoxicity through a transient receptor potential channel vanilloid 1-mediated mechanism. Biochim. Biophys. Acta 2016, 1862, 622–634. [Google Scholar] [CrossRef]

	



Pan, G.; Munukutla, S.; Kar, A.; Gardinier, J.; Thandavarayan, R.A.; Palaniyandi, S.S. Type-2 diabetic aldehyde dehydrogenase 2 mutant mice (ALDH 2*2) exhibiting heart failure with preserved ejection fraction phenotype can be determined by exercise stress echocardiography. PLoS ONE 2018, 13, e0195796. [Google Scholar]

	



Roy, B.; Sundar, K.; Palaniyandi, S.S. 4-hydroxy-2-nonenal decreases coronary endothelial cell migration: Potentiation by aldehyde dehydrogenase 2 inhibition. Vascul. Pharmacol. 2020, 131, 106762. [Google Scholar] [CrossRef] [PubMed]

	



Hellenthal, K.E.M.; Brabenec, L.; Gross, E.R.; Wagner, N.M. TRP Channels as Sensors of Aldehyde and Oxidative Stress. Biomolecules 2021, 11, 1401. [Google Scholar] [CrossRef] [PubMed]

	



Papatheodorou, I.; Galatou, E.; Panagiotidis, G.D.; Ravingerová, T.; Lazou, A. Cardioprotective Effects of PPARβ/δ Activation against Ischemia/Reperfusion Injury in Rat Heart Are Associated with ALDH2 Upregulation, Amelioration of Oxidative Stress and Preservation of Mitochondrial Energy Production. Int. J. Mol. Sci. 2021, 22, 6399. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.H.; Ferreira, J.C.B.; Mochly-Rosen, D. ALDH2 and Cardiovascular Disease. Adv. Exp. Med. Biol. 2019, 1193, 53–67. [Google Scholar] [PubMed]

	



Chang, B.; Hao, S.; Zhang, L.; Gao, M.; Sun, Y.; Huang, A.; Teng, G.; Li, B.; Crabb, D.W.; Kusumanchi, P.; et al. Association Between Aldehyde Dehydrogenase 2 Glu504Lys Polymorphism and Alcoholic Liver Disease. Am. J. Med. Sci. 2018, 356, 10–14. [Google Scholar] [CrossRef]

	



Chen, C.C.; Lu, R.B.; Chen, Y.C.; Wang, M.F.; Chang, Y.C.; Li, T.K.; Yin, S.J. Interaction between the functional polymorphisms of the alcohol-metabolism genes in protection against alcoholism. Am. J. Hum. Genet. 1999, 65, 795–807. [Google Scholar] [CrossRef]

	



Jung, S.J.; Hwang, J.H.; Park, E.O.; Lee, S.O.; Chung, Y.J.; Chung, M.J.; Lim, S.; Lim, T.J.; Ha, Y.; Park, B.H.; et al. Regulation of Alcohol and Acetaldehyde Metabolism by a Mixture of Lactobacillus and Bifidobacterium Species in Human. Nutrients 2021, 13, 1875. [Google Scholar] [CrossRef]

	



He, J.D.; Lytvyn, Y.; Zhou, K.; Parker, J.D. Role of Mitochondrial Aldehyde Dehydrogenase in Nitroglycerin-Mediated Vasodilation: Observations Concerning the Dose-Response Relationship. J. Cardiovasc. Pharmacol. 2019, 73, 359–364. [Google Scholar] [CrossRef]

	



Yamaki, N.; Matsushita, S.; Hara, S.; Yokoyama, A.; Hishimoto, A.; Higuchi, S. Telomere shortening in alcohol dependence: Roles of alcohol and acetaldehyde. J. Psychiatr. Res. 2019, 109, 27–32. [Google Scholar] [CrossRef]

	



Mizuno, Y.; Harada, E.; Kugimiya, F.; Shono, M.; Kusumegi, I.; Yoshimura, M.; Kinoshita, K.; Yasue, H. East Asians Variant Mitochondrial Aldehyde Dehydrogenase 2 Genotype Exacerbates Nitrate Tolerance in Patients With Coronary Spastic Angina. Circ. J. 2020, 84, 479–486. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Wang, C. Glu504Lys Single Nucleotide Polymorphism of Aldehyde Dehydrogenase 2 Gene and the Risk of Human Diseases. Biomed. Res. Int. 2015, 2015, 174050. [Google Scholar] [CrossRef] [PubMed]

	



Pan, G.; Deshpande, M.; Pang, H.; Palaniyandi, S.S. Precision medicine approach: Empagliflozin for diabetic cardiomyopathy in mice with aldehyde dehydrogenase (ALDH) 2*2 mutation, a specific genetic mutation in millions of East Asians. Eur. J. Pharmacol. 2018, 839, 76–81. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.F.; Wu, C.H.; Lai, T.C.; Chang, Y.C.; Hwang, M.J.; Chang, T.Y.; Weng, C.H.; Chang, P.M.; Chen, C.H.; Mochly-Rosen, D.; et al. ALDH2 deficiency induces atrial fibrillation through dysregulated cardiac sodium channel and mitochondrial bioenergetics: A multi-omics analysis. Biochim. Biophys. Acta Mol. Basis Dis. 2021, 1867, 166088. [Google Scholar] [CrossRef]

	



Leo, C.H.; Fernando, D.T.; Tran, L.; Ng, H.H.; Marshall, S.A.; Parry, L.J. Serelaxin Treatment Reduces Oxidative Stress and Increases Aldehyde Dehydrogenase-2 to Attenuate Nitrate Tolerance. Front. Pharmacol. 2017, 8, 141. [Google Scholar] [CrossRef]

	



Daiber, A.; Münzel, T. Nitrate reductase activity of mitochondrial aldehyde dehydrogenase (ALDH-2) as a redox sensor for cardiovascular oxidative stress. Methods Mol. Biol. 2010, 594, 43–55. [Google Scholar]

	



McCarty, M.F. Nutraceutical strategies for ameliorating the toxic effects of alcohol. Med. Hypotheses 2013, 80, 456–462. [Google Scholar] [CrossRef]

	



Fusi, F.; Sgaragli, G. Reversion of nitrate tolerance in rat aorta rings by freeze-dried red wine. Phytother. Res. 2015, 29, 628–631. [Google Scholar] [CrossRef]

	



Hu, X.Y.; Fang, Q.; Ma, D.; Jiang, L.; Yang, Y.; Sun, J.; Yang, C.; Wang, J.S. Aldehyde dehydrogenase 2 protects human umbilical vein endothelial cells against oxidative damage and increases endothelial nitric oxide production to reverse nitroglycerin tolerance. Genet. Mol. Res. 2016, 15, 2. [Google Scholar] [CrossRef]

	



Luo, Z.; Zhong, Q.; Han, X.; Hu, R.; Liu, X.; Xu, W.; Wu, Y.; Huang, W.; Zhou, Z.; Zhuang, W.; et al. Depth-dependent variability of biological nitrogen fixation and diazotrophic communities in mangrove sediments. Microbiome 2021, 9, 212. [Google Scholar] [CrossRef]

	



Stein, L.Y.; Klotz, M.G. The nitrogen cycle. Curr. Biol. 2016, 26, R94–R98. [Google Scholar] [CrossRef] [PubMed]

	



Piknova, B.; Won Park, J.; Cassel, K.S.; Gilliard, C.N.; Schechter, A.N. Measuring Nitrite and Nitrate, Metabolites in the Nitric Oxide Pathway, in Biological Materials using the Chemiluminescence Method. J. Vis. Exp. 2016, 118, 54879. [Google Scholar] [CrossRef] [PubMed]

	



Nagababu, E.; Rifkind, J.M. Measurement of plasma nitrite by chemiluminescence without interference of S-, N-nitroso and nitrated species. Free Radic. Biol. Med. 2007, 42, 1146–1154. [Google Scholar] [CrossRef] [PubMed]

	



Smárason, A.K.; Allman, K.G.; Young, D.; Redman, C.W. Elevated levels of serum nitrate, a stable end product of nitric oxide, in women with pre-eclampsia. Br. J. Obstet. Gynaecol. 1997, 104, 538–543. [Google Scholar] [CrossRef] [PubMed]

	



Beckman, J.S.; Congert, K.A. Direct Measurement of Dilute Nitric Oxide in Solution with an Ozone Chemiluminescent Detector. Methods 1995, 7, 35–39. [Google Scholar] [CrossRef]

	



Bates, J.N. Nitric oxide measurements by chemiluminescence detection. Neuroprotocols 1992, 1, 141–149. [Google Scholar] [CrossRef]

	



McCartney, D.M.A.; Byrne, D.G.; Turner, M.J. Dietary contributors to hypertension in adults reviewed. Ir. J. Med. Sci. 2015, 184, 81–90. [Google Scholar] [CrossRef]

	



Eckel, R.H.; Jakicic, J.M.; Ard, J.D.; De Jesus, J.M.; Houston Miller, N.; Hubbard, V.S.; Lee, I.M.; Lichtenstein, A.H.; Loria, C.M.; Millen, B.E.; et al. 2013 AHA/ACC guideline on lifestyle management to reduce cardiovascular risk: A report of the American college of cardiology/American heart association task force on practice guidelines. J. Am. Coll. Cardiol. 2014, 63, 2960–2984. [Google Scholar] [CrossRef]

	



Lloyd-Jones, D.M.; Morris, P.B.; Ballantyne, C.M.; Birtcher, K.K.; Daly, D.D.; DePalma, S.M.; Minissian, M.B.; Orringer, C.E.; Smith, S.C., Jr. 2017 Focused Update of the 2016 ACC Expert Consensus Decision Pathway on the Role of Non-Statin Therapies for LDL-Cholesterol Lowering in the Management of Atherosclerotic Cardiovascular Disease Risk: A Report of the American College of Cardiology Task Force on Expert Consensus Decision Pathways. J. Am. Coll. Cardiol. 2017, 70, 1785–1822. [Google Scholar]

	



Konukoglu, D.; Uzun, H. Endothelial Dysfunction and Hypertension. Adv. Exp. Med. Biol. 2017, 956, 511–540. [Google Scholar]

	



Lara, J.; Ashor, A.W.; Oggioni, C.; Ahluwalia, A.; Mathers, J.C.; Siervo, M. Effects of inorganic nitrate and beetroot supplementation on endothelial function: A systematic review and meta-analysis. Eur. J. Nutr. 2016, 55, 451–459. [Google Scholar] [CrossRef] [PubMed]

	



Bonilla Ocampo, D.A.; Paipilla, A.F.; Marín, E.; Vargas-Molina, S.; Aorge, L.P.; Pérez-Idárraga, A. Dietary Nitrate from Beetroot Juice for Hypertension: A Systematic Review. Biomolecules 2018, 8, 134. [Google Scholar] [CrossRef] [PubMed]

	



Clifford, T.; Howatson, G.; West, D.J.; Stevenson, E.J. The Potential Benefits of Red Beetroot Supplementation in Health and Disease. Nutrients 2015, 7, 2801–2822. [Google Scholar] [CrossRef] [PubMed]

	



Karwowska, M.; Kononiuk, A. Nitrates/Nitrites in Food-Risk for Nitrosative Stress and Benefits. Antioxidants 2020, 9, 241. [Google Scholar] [CrossRef]

	



Ding, Z.; Johanningsmeier, S.D.; Price, R.; Reynolds, R.; Truong, V.-D.; Payton, S.C.; Breidt, F. Evolution of nitrate and nitrite content in pickled fruit and vegetable products. Food Control 2018, 90, 304–311. [Google Scholar] [CrossRef]

	



Hord, N.G.; Tang, Y.; Bryan, N.S. Food sources of nitrates and nitrites: The physiologic context for potential health benefits. Am. J. Clin. Nutr. 2009, 90, 1–10. [Google Scholar] [CrossRef]

	



Gahlaut, A.; Hooda, V.; Gothwal, A.; Hooda, V. Enzyme-Based Ultrasensitive Electrochemical Biosensors for Rapid Assessment of Nitrite Toxicity: Recent Advances and Perspectives. Crit. Rev. Anal. Chem. 2019, 49, 32–43. [Google Scholar] [CrossRef]

	



Gao, X.Q.; Fei, F.; Huo, H.H.; Huang, B.; Meng, X.S.; Zhang, T.; Liu, W.B.; Liu, B.L. Exposure to nitrite alters thyroid hormone levels and morphology in Takifugu rubripes. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2019, 225, 108578. [Google Scholar] [CrossRef]

	



Ward, M.H.; Jones, R.R.; Brender, J.D.; de Kok, T.M.; Weyer, P.J.; Nolan, B.T.; Villanueva, C.M.; van Breda, S.G. Drinking Water Nitrate and Human Health: An Updated Review. Int. J. Environ. Res. Public Health 2018, 15, 1557. [Google Scholar] [CrossRef]

	



Prasad, S.; Chetty, A.A. Flow injection assessment of nitrate contents in fresh and cooked fruits and vegetables grown in Fiji. J. Food Sci. 2011, 76, C1143–C1148. [Google Scholar] [CrossRef]

	



Hickey, T.B.M.; MacNeil, J.A.; Hansmeyer, C.; Pickup, M.J. Fatal methemoglobinemia: A case series highlighting a new trend in intentional sodium nitrite or sodium nitrate ingestion as a method of suicide. Forensic. Sci. Int. 2021, 326, 110907. [Google Scholar] [CrossRef]

	



Salam, T.; Lyngdoh, R.H.D. Clues to the non-carcinogenicity of certain N-Nitroso compounds: Role of alkylated DNA bases. Biophys. Chem. 2021, 271, 106539. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, E. Dietary nitrates and nitrites-harmful? Helpful? Or paradox? J. Acad. Nutr. Diet. 2013, 113, 1268. [Google Scholar] [CrossRef] [PubMed]

	



Tropea, T.; Renshall, L.J.; Nihlen, C.; Weitzberg, E.; Lundberg, J.O.; David, A.L.; Tsatsaris, V.; Stuckey, D.J.; Wareing, M.; Greenwood, S.L.; et al. Beetroot juice lowers blood pressure and improves endothelial function in pregnant eNOS-/- mice: Importance of nitrate-independent effects. J. Physiol. 2020, 598, 4079–4092. [Google Scholar] [CrossRef]

	



Romeiras, M.M.; Vieira, A.; Silva, D.N.; Moura, M.; Santos-Guerra, A.; Batista, D.; Paulo, O.S. Evolutionary and biogeographic Insights on the macaronesian Betapatellifolia species (Amaranthaceae) from a time-scaled molecular phylogeny. PLoS ONE 2016, 11, e0152456. [Google Scholar] [CrossRef] [PubMed]

	



Fu, Y.; Shi, J.; Xie, S.Y.; Zhang, T.Y.; Soladoye, O.P.; Aluko, R.E. Red Beetroot Betalains: Perspectives on Extraction, Processing, and Potential Health Benefits. J. Agric. Food Chem. 2020, 68, 11595–11611. [Google Scholar] [CrossRef]

	



Ninfali, P.; Angelino, D. Nutritional and functional potential of Beta vulgaris cicla and rubra. Fitoterapia 2013, 89, 188–199. [Google Scholar] [CrossRef]

	



Gilchrist, M.; Winyard, P.G.; Fulford, J.; Anning, C.; Shore, A.C.; Benjamin, N. Dietary nitrate supplementation improves reaction time in type 2 diabetes: Development and application of a novel nitrate-depleted beetroot juice placebo. Nitric. Oxide 2014, 40, 67–74. [Google Scholar] [CrossRef]

	



Cui, H.; Wang, Y.; Feng, Y.; Li, X.; Bu, L.; Pang, B.; Jia, M. Dietary nitrate protects skin flap against ischemia injury in rats via enhancing blood perfusion. Biochem. Biophys. Res. Commun. 2019, 515, 44–49. [Google Scholar] [CrossRef]

	



Bosch-Sierra, N.; Marqués-Cardete, R.; Gurrea-Martínez, A.; Grau-Del Valle, C.; Morillas, C.; Hernández-Mijares, A.; Bañuls, C. Effect of Fibre-Enriched Orange Juice on Postprandial Glycaemic Response and Satiety in Healthy Individuals: An Acute, Randomised, Placebo-Controlled, Double-Blind, Crossover Study. Nutrients 2019, 11, 3014. [Google Scholar] [CrossRef]

	



Stultiens, K.; Cruz, S.G.; van Kessel, M.A.H.J.; Jetten, M.S.M.; Kartal, B.; Op den Camp, H.J.M. Interactions between anaerobic ammonium- and methane-oxidizing microorganisms in a laboratory-scale sequencing batch reactor. Appl. Microbiol. Biotechnol. 2019, 103, 6783–6795. [Google Scholar] [CrossRef] [PubMed]

	



Ormesher, L.; Myers, J.E.; Chmiel, C.; Wareing, M.; Greenwood, S.L.; Tropea, T.; Lundberg, J.O.; Weitzberg, E.; Nihlen, C.; Sibley, C.P.; et al. Effects of dietary nitrate supplementation, from beetroot juice, on blood pressure in hypertensive pregnant women: A randomised, double-blind, placebo-controlled feasibility trial. Nitric Oxide 2018, 80, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Velmurugan, S.; Kapil, V.; Ghosh, S.M.; Davies, S.; McKnight, A.; Aboud, Z.; Khambata, R.S.; Webb, A.J.; Poole, A.; Ahluwalia, A. Antiplatelet effects of dietary nitrate in healthy volunteers: Involvement of cGMP and influence of sex. Free Radic. Biol. Med. 2013, 65, 1521–1532. [Google Scholar] [CrossRef] [PubMed]

	



Rocha, B.S. The Nitrate-Nitrite-Nitric Oxide Pathway on Healthy Ageing: A Review of Pre-clinical and Clinical Data on the Impact of Dietary Nitrate in the Elderly. Front Aging 2021, 2, 778467. [Google Scholar] [CrossRef] [PubMed]

	



Bondonno, C.P.; Liu, A.H.; Croft, K.D.; Ward, N.C.; Shinde, S.; Moodley, Y.; Lundberg, J.O.; Puddey, I.B.; Woodman, R.J.; Hodgson, J.M. Absence of an effect of high nitrate intake from beetroot juice on blood pressure in treated hypertensive individuals: A randomized controlled trial. Am. J. Clin. Nutr. 2015, 102, 368–375. [Google Scholar] [CrossRef]

	



Lara, J.; Ogbonmwan, I.; Oggioni, C.; Zheng, D.; Qadir, O.; Ashor, A.; Siervo, M. Effects of handgrip exercise or inorganic nitrate supplementation on 24-h ambulatory blood pressure and peripheral arterial function in overweight and obese middle age and older adults: A pilot RCT. Maturitas 2015, 82, 228–235. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.S.; Stebbins, C.L.; Jung, E.; Nho, H.; Choi, H.M. Effects of chronic dietary nitrate supplementation on the hemodynamic response to dynamic exercise. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R459–R466. [Google Scholar] [CrossRef]

	



Garnacho-Castaño, M.V.; Sánchez-Nuño, S.; Molina-Raya, L.; Pleguezuelos-Cobo, E.; Serra-Payá, N. Circulating nitrate-nitrite reduces oxygen uptake for improving resistance exercise performance after rest time in well-trained CrossFit athletes. Sci. Rep. 2022, 12, 9671. [Google Scholar] [CrossRef]

	



Haider, G.; Folland, J.P. Nitrate supplementation enhances the contractile properties of human skeletal muscle. Med. Sci. Sports Exerc. 2014, 46, 2234–2243. [Google Scholar] [CrossRef] [PubMed]

	



Ashraf, S.; Sayeed, S.A.; Ali, R.; Alam, M.K. Assessment of Potential Benefits of Functional Food Characteristics of Beetroot Energy Drink and Flavored Milk. Biomed. Res. Int. 2022, 2022, 1971018. [Google Scholar] [CrossRef]

	



Milton-Laskibar, I.; Martínez, J.A.; Portillo, M.P. Current Knowledge on Beetroot Bioactive Compounds: Role of Nitrate and Betalains in Health and Disease. Foods 2021, 10, 1314. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-López, I.; Lobo-Rodrigo, G.; Portillo, M.P.; Cano, M.P. Characterization, Stability, and Bioaccessibility of Betalain and Phenolic Compounds from Opuntia stricta var. Dillenii Fruits and Products of Their Industrialization. Foods 2021, 10, 1593. [Google Scholar] [CrossRef] [PubMed]

	



Pietrzkowski, Z.; Nemzer, B.; Spórna, A.; Stalica, P.; Tresher, W.; Keller, R.; Jiminez, R.; Michalowski, T.; Wybraniec, S. Influence of betalin-rich extracts on reduction of discomfort associated with osteoarthritis. New Med. 2010, 1, 12–17. [Google Scholar]

	



Das, S.; Williams, D.S.; Das, A.; Kukreja, R.C. Beet root juice promotes apoptosis in oncogenic MDA-MB-231 cells while protecting cardiomyocytes under doxorubicin treatment. J. Exp. Second. Sci. 2013, 2, 1–6. [Google Scholar]

	



Kapadia, G.J.; Azuine, M.A.; Sridhar, R.; Okuda, Y.; Tsuruta, A.; Ichiishi, E.; Mukainakec, T.; Takasakid, M.; Konoshimad, T.; Nishinoc, H.; et al. Chemoprevention of DMBA-induced UV-B promoted, NOR-1-induced TPA promoted skin carcinogenesis, and DEN-induced phenobarbital promoted liver tumors in mice by extract of beetroot. Pharmacol. Res. 2003, 47, 141–148. [Google Scholar] [CrossRef]

	



Gol, S.; GoKtay, M.; Allmer, J.; Doganlar, S.; Frary, A. Newly developed SSR markers reveal genetic diversity and geographical clustering in spinach (Spinacia oleracea). Mol. Genet. Genom. 2017, 292, 847–855. [Google Scholar] [CrossRef]

	



Roberts, J.L.; Moreau, R. Functional properties of spinach (Spinacia oleracea L.) phytochemicals and bioactives. Food Funct. 2016, 7, 3337–3353. [Google Scholar] [CrossRef]

	



Chao, P.-Y.; Huang, M.-Y.; Chen, S.-Y.; Yang, C.-M. Study of chlorophyll-related compounds from dietary spinach in human blood. Not. Bot. Horti Agrobot. Cluj-Napoca 2018, 46, 309–316. [Google Scholar] [CrossRef]

	



Abedin, M.R.; Barua, S. Isolation and purification of glycoglycerolipids to induce apoptosis in breast cancer cells. Sci. Rep. 2021, 11, 1298. [Google Scholar] [CrossRef] [PubMed]

	



Jamwal, I.E.; Bosco, L.; Khan, K.; Au-Yeung, F.; Ho, H.; Zurbau, A. Efect of spinach, ahigh dietary nitrate source, on arterial stifness and related hemodynamicmeasures: A randomized, controlled trial in healthy adults. Clin. Nutr. Res. 2015, 4, 160–167. [Google Scholar]

	



Mokhtari, E.; Farhadnejad, H.; Salehi-Sahlabadi, A.; Najibi, N.; Azadi, M.; Teymoori, F.; Mirmiran, P. Spinach consumption and nonalcoholic fatty liver disease among adults: A case-control study. BMC Gastroenterol. 2021, 21, 196. [Google Scholar] [CrossRef]

	



Ma, J.; Shi, A.; Mou, B.; Evans, M.; Weng, Y. Association mapping of leaf traits in spinach (Spinacia oleracea L.). Plant Breeding. 2016, 135, 399–404. [Google Scholar] [CrossRef]

	



Chitwood, J.; Shi, A.; Mou, B.; Evans, M.; Hensley, D. Population Structure and Association Analysis of Bolting, Plant Height, and Leaf Erectness in Spinach. HortScience 2016, 51, 481–486. [Google Scholar] [CrossRef]

	



Tucci, M.; Marino, M.; Martini, D.; Porrini, M.; Riso, P.; Del Bo’, C. Plant-Based Foods and Vascular Function: A Systematic Review of Dietary Intervention Trials in Older Subjects and Hypothesized Mechanisms of Action. Nutrients 2022, 14, 2615. [Google Scholar] [CrossRef] [PubMed]

	



Rammos, C.; Hendgen-Cotta, U.B.; Sobierajski, J.; Bernard, A.; Kelm, M.; Rassaf, T. Dietary nitrate reverses vascular dysfunction in older adults with moderately increased cardiovascular risk. J. Am. Coll. Cardiol. 2014, 63, 1584–1585. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.J.; Roe, C.A.; Somani, Y.B.; Moore, D.J.; Barrett, M.A.; Flanagan, M.; Kim-Shapiro, D.B.; Basu, S.; Muller, M.D.; Proctor, D.N. Effects of acute dietary nitrate supplementation on aortic blood pressures and pulse wave characteristics in post-menopausal women. Nitric Oxide 2019, 85, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Funk, V.A.; Bayer, R.J.; Keeley, S.; Chan, R.; Watson, L.; Gemeinholzer, B.; Schilling, E.; Panero, J.L.; Baldwin, B.G.; Garcia-Jacas, N. Everywhere but Antarctica: Using a supertree to understand the diversity and distribution of the Compositae. Biol. Skr. 2005, 55, 343–374. [Google Scholar]

	



Uddin, M.Z.; Rana, M.S.; Hossain, S.; Ferdous, S.; Dutta, E.; Dutta, M.; Emran, T.B. In vivo neuroprotective, antinociceptive, anti-inflammatory potential in Swiss albino mice and in vitro antioxidant and clot lysis activities of fractionated Holigarna longifolia Roxb. bark extract. J. Complement. Integr. Med. 2020, 17, 1–12. [Google Scholar] [CrossRef]

	



Mitra, S.; Lami, M.S.; Uddin, T.M.; Das, R.; Islam, F.; Anjum, J.; Hossain, M.J.; Emran, T.B. Prospective multifunctional roles and pharmacological potential of dietary flavonoid narirutin. Biomed. Pharmacother. 2022, 150, 112932. [Google Scholar] [CrossRef]

	



Mitra, S.; Tareq, A.M.; Das, R.; Emran, T.B.; Nainu, F.; Chakraborty, A.J.; Ahmad, I.; Tallei, T.E.; Idris, A.M.; Simal-Gandara, J. Polyphenols: A first evidence in the synergism and bioactivities. Food Rev. Int. 2022, 2022, 1–23. [Google Scholar] [CrossRef]

	



Mitra, S.; Rauf, A.; Tareq, A.M.; Jahan, S.; Emran, T.B.; Shahriar, T.G.; Dhama, K.; Alhumaydhi, F.A.; Aljohani, A.S.; Rebezov, M. Potential health benefits of carotenoid lutein: An updated review. Food Chem. Toxicol. 2021, 154, 112328. [Google Scholar] [CrossRef]

	



Naseem, S.; Ismail, H. In vitro and in vivo evaluations of antioxidative, anti-Alzheimer, antidiabetic and anticancer potentials of hydroponically and soil grown Lactuca sativa. BMC Complement. Med. Ther. 2022, 22, 30. [Google Scholar] [CrossRef]

	



Kabir, M.; Uddin, M.; Jeandet, P.; Emran, T.B.; Mitra, S.; Albadrani, G.M.; Sayed, A.A.; Abdel-Daim, M.M.; Simal-Gandara, J. Anti-Alzheimer’s molecules derived from marine life: Understanding molecular mechanisms and therapeutic potential. Mar. Drugs 2021, 19, 251. [Google Scholar] [CrossRef]

	



Bahbah, E.I.; Ghozy, S.; Attia, M.S.; Negida, A.; Emran, T.B.; Mitra, S.; Albadrani, G.M.; Abdel-Daim, M.M.; Uddin, M.; SimalGandara, J. Molecular mechanisms of astaxanthin as a potential neurotherapeutic agent. Mar. Drugs 2021, 19, 201. [Google Scholar] [CrossRef]

	



Moazen, M.; Gholipour, S.; Mahaki, B.; Ebrahimi, A. Short Term Impact of Two Kinds of Vegetables to Exogenous Total Nitrate and Nitrite Intake: Is Antibacterial Mouthwash Influential? Int. J. Prev. Med. 2021, 12, 168. [Google Scholar]

	



Ranasinghe, R.; Marapana, R. Nitrate and Nitrite content of vegetables: A Review. J. Pharmacogn. Phytochem. 2018, 7, 322–328. [Google Scholar]

	



Mojzer, E.B.; Hrnčič, M.K.; Škerget, M.; Knez, Z.; Bren, U. Polyphenols: Extraction Methods, Antioxidative Action, Bioavailability and Anticarcinogenic Effects. Molecules 2016, 21, 901. [Google Scholar] [CrossRef]

	



Maiuolo, J.; Gliozzi, M.; Carresi, C.; Musolino, V.; Oppedisano, F.; Scarano, F.; Nucera, S.; Scicchitano, M.; Bosco, F.; Macri, R.; et al. Nutraceuticals and Cancer: Potential for Natural Polyphenols. Nutrients 2021, 13, 3834. [Google Scholar] [CrossRef]

	



Maiuolo, J.; Carresi, C.; Gliozzi, M.; Musolino, V.; Scarano, F.; Coppoletta, A.R.; Guarnieri, L.; Nucera, S.; Scicchitano, M.; Bosco, F.; et al. Effects of Bergamot Polyphenols on Mitochondrial Dysfunction and Sarcoplasmic Reticulum Stress in Diabetic Cardiomyopathy. Nutrients 2021, 13, 2476. [Google Scholar] [CrossRef]

	



Musolino, V.; Gliozzi, M.; Scarano, F.; Bosco, F.; Scicchitano, M.; Nucera, S.; Carresi, C.; Ruga, S.; Zito, M.C.; Maiuolo, J. Bergamot Polyphenols Improve Dyslipidemia and Pathophysiological Features in a Mouse Model of Non-Alcoholic Fatty Liver Disease. Sci. Rep. 2020, 10, 2565. [Google Scholar] [CrossRef]

	



Oppedisano, F.; Maiuolo, J.; Gliozzi, M.; Musolino, V.; Carresi, C.; Nucera, S.; Scicchitano, M.; Scarano, F.; Bosco, F.; Macrì, R.; et al. The Potential for Natural Antioxidant Supplementation in the Early Stages of Neurodegenerative Disorders. Int. J. Mol. Sci. 2020, 21, 2618. [Google Scholar] [CrossRef] [PubMed]

	



Nesci, S.; Palma, E.; Mollace, V.; Romeo, G.; Oppedisano, F. Enjoy your journey: The bergamot polyphenols from the tree to the cell metabolism. J. Transl. Med. 2021, 19, 457. [Google Scholar] [CrossRef] [PubMed]

	



Algieri, C.; Bernardini, C.; Oppedisano, F.; La Mantia, D.; Trombetti, F.; Palma, E.; Forni, M.; Mollace, V.; Romeo, G.; Troisio, I.; et al. The Impairment of Cell Metabolism by Cardiovascular Toxicity of Doxorubicin Is Reversed by Bergamot Polyphenolic Fraction Treatment in Endothelial Cells. Int. J. Mol. Sci. 2022, 23, 8977. [Google Scholar] [CrossRef] [PubMed]

	



Cheynier, V.; Tomas-Barberan, F.A.; Yoshida, K. Polyphenols: From Plants to a Variety of Food and Nonfood Uses. J. Agric. Food Chem. 2015, 63, 7589–7594. [Google Scholar] [CrossRef] [PubMed]

	



Williams, L.D.; Burdock, G.A.; Edwards, J.A.; Beck, M.; Bausch, J. Safety studies conducted on high-purity trans-resveratrol in experimental animals. Food Chem. Toxicol. 2009, 47, 2170–2182. [Google Scholar] [CrossRef] [PubMed]

	



Williams, R.J.; Spencer, J.P.; Rice-Evans, C. Flavonoids: Antioxidants or signalling molecules? Free Radic. Biol. Med. 2004, 36, 838–849. [Google Scholar] [CrossRef]

	



Wong, R.H.; Howe, P.R.; Buckley, J.D.; Coates, A.M.; Kunz, I.; Berry, N.M. Acute resveratrol supplementation improves flow-mediated dilatation in overweight/obese individuals with mildly elevated blood pressure. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 851–856. [Google Scholar] [CrossRef]

	



Wong, Y.T.; Gruber, J.; Jenner, A.M.; Tay, F.E.; Ruan, R. Chronic resveratrol intake reverses pro-inflammatory cytokine profile and oxidative DNA damage in ageing hybrid mice. Age 2011, 33, 229–246. [Google Scholar] [CrossRef]

	



Park, E.; Edirisinghe, I.; Choy, Y.Y.; Waterhouse, A.; Burton-Freeman, B. Effects of grape seed extract beverage on blood pressure and metabolic indices in individuals with pre-hypertension: A randomised, double-blinded, two-arm, parallel, placebo-controlled trial. Br. J. Nutr. 2016, 115, 226–238. [Google Scholar] [CrossRef]

	



Siasos, G.; Tousoulis, D.; Kokkou, E.; Oikonomou, E.; Kollia, M.E.; Verveniotis, A.; Gouliopoulos, N.; Zisimos, K.; Plastiras, A.; Maniatis, K.; et al. Favorable effects of concord grape juice on endothelial function and arterial stiffness in healthy smokers. Am. J. Hypertens. 2014, 27, 38–45. [Google Scholar] [CrossRef]

	



Ostertag, L.M.; O’Kennedy, N.; Kroon, P.A.; Duthie, G.G.; de Roos, B. Impact of dietary polyphenols on human platelet function--a critical review of controlled dietary intervention studies. Mol. Nutr. Food Res. 2010, 54, 60–81. [Google Scholar] [CrossRef] [PubMed]

	



Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr. 2004, 79, 727–747. [Google Scholar] [CrossRef]

	



Middleton, E., Jr.; Kandaswami, C.; Theoharides, T.C. The effects of plant flavonoids on mammalian cells: Implications for inflammation, heart disease, and cancer. Pharmacol. Rev. 2000, 52, 673–751. [Google Scholar]

	



Reis, A.; Rocha, S.; de Freitas, V. Going "Green" in the Prevention and Management of Atherothrombotic Diseases: The Role of Dietary Polyphenols. J. Clin. Med. 2021, 10, 1490. [Google Scholar] [CrossRef] [PubMed]

	



Giuffrè, A.M. Bergamot (Citrus bergamia, Risso): The Effects of Cultivar and Harvest Date on Functional Properties of Juice and Cloudy Juice. Antioxidants 2019, 8, 221. [Google Scholar] [CrossRef] [PubMed]

	



Mannucci, C.; Navarra, M.; Calapai, F.; Squeri, R.; Gangemi, S.; Calapai, G. Clinical Pharmacology of Citrus bergamia: A Systematic Review. Phytother. Res. 2017, 31, 27–39. [Google Scholar] [CrossRef] [PubMed]

	



Da Pozzo, E.; De Leo, M.; Faraone, I.; Milella, L.; Cavallini, C.; Piragine, E.; Testai, L.; Calderone, V.; Pistelli, L.; Braca, A.; et al. Antioxidant and Antisenescence Effects of Bergamot Juice. Oxid. Med. Cell Longev. 2018, 2018, 9395804. [Google Scholar] [CrossRef]

	



Lombardo, G.E.; Cirmi, S.; Musumeci, L.; Pergolizzi, S.; Maugeri, A.; Russo, C.; Mannucci, C.; Calapai, G.; Navarra, M. Mechanisms Underlying the Anti-Inflammatory Activity of Bergamot Essential Oil and Its Antinociceptive Effects. Plants 2020, 9, 704. [Google Scholar] [CrossRef]

	



Nauman, M.C.; Johnson, J.J. Clinical application of bergamot (Citrus bergamia) for reducing high cholesterol and cardiovascular disease markers. Integr. Food Nutr. Metab. 2019, 6, 10–15761. [Google Scholar] [CrossRef]

	



Peng, B.; Luo, Y.; Hu, X.; Song, L.; Yang, J.; Zhu, J.; Wen, Y.; Yu, R. Isolation, structural characterization, and immunostimulatory activity of a new water-soluble polysaccharide and its sulfated derivative from Citrus medica L. var. sarcodactylis. Int. J. Biol. Macromol. 2019, 123, 500–511. [Google Scholar] [CrossRef]

	



Mollace, V.; Rosano, G.M.C.; Anker, S.D.; Coats, A.J.S.; Seferovic, P.; Mollace, R.; Tavernese, A.; Gliozzi, M.; Musolino, V.; Carresi, C.; et al. Pathophysiological Basis for Nutraceutical Supplementation in Heart Failure: A Comprehensive Review. Nutrients 2021, 13, 257. [Google Scholar] [CrossRef] [PubMed]

	



Lascala, A.; Martino, C.; Parafati, M.; Salerno, R.; Oliverio, M.; Pellegrino, D.; Mollace, V.; Janda, E. Analysis of proautophagic activities of Citrus flavonoids in liver cells reveals the superiority of a natural polyphenol mixture over pure flavones. J. Nutr. Biochem. 2018, 58, 119–130. [Google Scholar] [CrossRef] [PubMed]

	



Musolino, V.; Gliozzi, M.; Nucera, S.; Carresi, C.; Maiuolo, J.; Mollace, R.; Paone, S.; Bosco, F.; Scarano, F.; Scicchitano, M.; et al. The effect of bergamot polyphenolic fraction on lipid transfer protein system and vascular oxidative stress in a rat model of hyperlipemia. Lipids Health Dis. 2019, 18, 115. [Google Scholar] [CrossRef] [PubMed]

	



Carresi, C.; Gliozzi, M.; Musolino, V.; Scicchitano, M.; Scarano, F.; Bosco, F.; Nucera, S.; Maiuolo, J.; Macrì, R.; Ruga, S.; et al. The Effect of Natural Antioxidants in the Development of Metabolic Syndrome: Focus on Bergamot Polyphenolic Fraction. Nutrients 2020, 12, 1504. [Google Scholar] [CrossRef] [PubMed]

	



Alahakoon, A.U.; Jayasena, D.D.; Ramachandra, S.; Jo, C. Alternatives to nitrite in processed meat: Up to date. Trends Food Sci. Technol. 2015, 45, 37–40. [Google Scholar] [CrossRef]

	



D’Ischia, M.; Napolitano, A.; Manini, P.; Panzella, L. Secondary targets of nitrite-derived reactive nitrogen species: Nitrosation/nitration pathways, antioxidant defense mechanisms and toxicological implications. Chem. Res. Toxicol. 2011, 24, 2071–2092. [Google Scholar] [CrossRef]

	



Dalle-Donne, I.; Rossi, R.; Colombo, R.; Giustarini, D.; Milzani, A. Biomarkers of oxidative damage in human disease. Clin. Chem. 2006, 52, 601–623. [Google Scholar] [CrossRef]

	



Calcerrada, P.; Peluffo, G.; Radi, R. Nitric oxide-derived oxidants with a focus on peroxynitrite: Molecular targets, cellular responses and therapeutic implications. Curr. Pharm. Des. 2011, 17, 3905–3932. [Google Scholar] [CrossRef]

	



Alhasawi, A.; Legendre, F.; Jagadeesan, S.; Appanna, V.; Appanna, V. Chapter 10-Biochemical strategies to counter nitrosative stress: Nanofactories for value-added products. In Microbial Diversity in the Genomic Era; Academic Press: Cambridge, MA, USA, 2019; pp. 153–169. [Google Scholar]

	



Moncada, S.; Higgs, A. The L-arginine-nitric oxide pathway. N. Engl. J. Med. 1993, 329, 2002–2012. [Google Scholar]

	



Napoli, C.; Ignarro, L.J. Nitric oxide and pathogenic mechanisms involved in the development of vascular diseases. Arch. Pharm. Res. 2009, 32, 1103–1108. [Google Scholar] [CrossRef]

	



Lundberg, J.O.; Weitzberg, E.; Gladwin, M.T. The nitrate-nitritenitric oxide pathway in physiology and therapeutics. Nat. Rev. Drug Discov. 2008, 7, 156–167. [Google Scholar] [CrossRef] [PubMed]

	



Wilkins, R.W.; Haynes, F.W.; Weiss, S. The role of the venous system in circulatory collapse induced by sodium nitrite. J. Clin. Investig. 1937, 16, 85–91. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, S.; Wilkins, R.W.; Haynes, F.W. The nature of circulatory collapse induced by sodium nitrite. J. Clin. Investig. 1937, 16, 73–84. [Google Scholar] [CrossRef] [PubMed]

	



Maiuolo, J.; Bava, I.; Carresi, C.; Gliozzi, M.; Musolino, V.; Scarano, F.; Nucera, S.; Scicchitano, M.; Bosco, F.; Ruga, S.; et al. The Effects of Bergamot Polyphenolic Fraction, Cynara cardunculus, and Olea europea L. Extract on Doxorubicin-Induced Cardiotoxicity. Nutrients 2021, 13, 2158. [Google Scholar] [CrossRef]

	



Musolino, V.; Gliozzi, M.; Carresi, C.; Maiuolo, J.; Mollace, R.; Bosco, F.; Scarano, F.; Scicchitano, M.; Maretta, A.; Palma, E.; et al. Lipid-lowering effect of bergamot polyphenolic fraction: Role of pancreatic cholesterol ester hydrolase. J. Biol. Regul. Homeost. Agents 2017, 31, 1087–1093. [Google Scholar]

	



Algieri, C.; Bernardini, C.; Oppedisano, F.; La Mantia, D.; Trombetti, F.; Palma, E.; Forni, M.; Mollace, V.; Romeo, G.; Nesci, S. Mitochondria Bioenergetic Functions and Cell Metabolism Are Modulated by the Bergamot Polyphenolic Fraction. Cells 2022, 11, 1401. [Google Scholar] [CrossRef]

	



Malakul, W.; Pengnet, S.; Kumchoom, C.; Tunsophon, S. Naringin ameliorates endothelial dysfunction in fructose-fed rats. Exp. Ther. Med. 2018, 15, 3140–3146. [Google Scholar] [CrossRef]

	



Ramakrishnan, A.; Vijayakumar, N.; Renuka, M. Naringin regulates glutamate-nitric oxide cGMP pathway in ammonium chloride induced neurotoxicity. Biomed. Pharmacother. 2016, 84, 1717–1726. [Google Scholar] [CrossRef]

	



Schär, M.Y.; Curtis, P.J.; Hazim, S.; Ostertag, L.M.; Kay, C.D.; Potter, J.F.; Cassidy, A. Orange juice-derived flavanone and phenolic metabolites do not acutely affect cardiovascular risk biomarkers: A randomized, placebo-controlled, crossover trial in men at moderate risk of cardiovascular disease. Am. J. Clin. Nutr. 2015, 101, 931–938. [Google Scholar] [CrossRef]

	



Maneesai, P.; Bunbupha, S.; Potue, P.; Berkban, T.; Kukongviriyapan, U.; Kukongviriyapan, V.; Prachaney, P.; Pakdeechote, P. Hesperidin Prevents Nitric Oxide Deficiency-Induced Cardiovascular Remodeling in Rats via Suppressing TGF-β1 and MMPs Protein Expression. Nutrients 2018, 10, 1549. [Google Scholar] [CrossRef]

	



Rizza, S.; Muniyappa, R.; Iantorno, M.; Kim, J.A.; Chen, H.; Pullikotil, P.; Senese, N.; Tesauro, M.; Lauro, D.; Cardillo, C.; et al. Citrus polyphenol hesperidin stimulates production of nitric oxide in endothelial cells while improving endothelial function and reducing inflammatory markers in patients with metabolic syndrome. J. Clin. Endocrinol. Metab. 2011, 96, E782–E792. [Google Scholar] [CrossRef]

	



Daiber, A.; Münzel, T. Organic nitrate therapy, nitrate tolerance and nitrate induced endothelial dysfunction: Emphasis on redox biology and oxidative stress. Antioxid. Redox. Signal. 2015, 23, 899–942. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.; Martin, F.; Hahn, M.G.; Schaefer, M.; Stamler, J.S.; Stasch, J.P.; van den Akker, F. Insights into BAY 60-2770 activation and S-nitrosylation-dependent desensitization of soluble guanylyl cyclase via crystal structures of homologous nostoc H-NOX domain complexes. Biochemistry 2013, 52, 3601–3608. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, D.; Hou, J.; Qian, M.; Jin, D.; Hao, T.; Pan, Y.; Wang, H.; Wu, S.; Liu, S.; Wang, F.; et al. Nitrate-functionalized patch confers cardioprotection and improves heart repair after myocardial infarction via local nitric oxide delivery. Nat. Commun. 2021, 12, 4501. [Google Scholar] [CrossRef] [PubMed]

	



Ashworth, A.; Bescos, R. Dietary nitrate and blood pressure: Evolution of a new nutrient? Nutr. Res. Rev. 2017, 30, 208–219. [Google Scholar] [CrossRef]

	



Bondonno, C.P.; Blekkenhorst, L.C.; Liu, A.H.; Bondonno, N.P.; Ward, N.C.; Croft, K.D.; Hodgson, J.M. Vegetable-derived bioactive nitrate and cardiovascular health. Mol. Aspects Med. 2018, 61, 83–91. [Google Scholar] [CrossRef]

	



van Velzen, A.G.; Sips, A.J.; Schothorst, R.C.; Lambers, A.C.; Meulenbelt, J. The oral bioavailability of nitrate from nitrate-rich vegetables in humans. Toxicol. Lett. 2008, 181, 177–181. [Google Scholar] [CrossRef]

	



Boroujerdnia, M.; Ansari, N.A.; Dehcordie, F.S. Effect of cultivars, harvesting time and level of nitrogen fertilizer on nitrate and nitrite content, yield in Romaine lettuce. Asian J. Plant Sci. 2007. [Google Scholar] [CrossRef]

	



Pavlou, G.C.; Ehaliotis, C.D.; Kavvadias, V.A. Effect of organic and inorganic fertilizers applied during successive croons on growth and nitrate accumulation in lettuce. Sci. Hortic. 2007, 111, 319–325. [Google Scholar] [CrossRef]

	



Prasad, S.; Chetty, A.A. Nitrate-N determination in leafy vegetables: Study of the effects of cooking and freezing. Food Chem. 2008, 106, 772–780. [Google Scholar] [CrossRef]

	



Thresher, A.; Foster, R.; Ponting, D.J.; Stalford, S.A.; Tennant, R.E.; Thomas, R. Are all nitrosamines concerning? A review of mutagenicity and carcinogenicity data. Regul. Toxicol. Pharmacol. 2020, 116, 104749. [Google Scholar] [CrossRef] [PubMed]

	



Yao, L.; Fan, P.; Arolfo, M.; Jiang, K.; Foster Olive, M.; Hee-Yong, K.; Kwan Leung, J.S.; Blackburn, B.; Diamond, I. Inhibition of aldehyde dehydrogenase-2 suppresses cocaine seeking by generating THP, a cocaine use-dependent inhibitor of dopamine synthesis. Nat. Med. 2010, 16, 1024–1028. [Google Scholar] [CrossRef] [PubMed]

	



Arolfo, M.P.; Overstreet, D.H.; Yao, L.; Fan, P.; Lawrence, A.J.; Tao, G.; Keung, W.M.; Vallee, B.L.; Olive, M.F.; Gass, J.T.; et al. Suppression of heavy drinking and alcohol seeking by a selective ALDH-2 inhibitor. Alcohol. Clin. Exp. Res. 2009, 33, 1935–1944. [Google Scholar] [CrossRef] [PubMed]

	



Woessner, M.; VanBruggen, M.D.; Pieper, C.F.; Sloane, R.; Kraus, W.E.; Gow, A.J.; Allen, J.D. Beet the Best? Circ. Res. 2018, 123, 654–659. [Google Scholar] [CrossRef]

	



Henrohn, D.; Björkstrand, K.; Lundberg, J.O.; Granstam, S.O.; Baron, T.; Ingimarsdóttir, I.J.; Hedenström, H.; Malinovschi, A.; Wernroth, M.L.; Jansson, M.; et al. Effects of Oral Supplementation With Nitrate-Rich Beetroot Juice in Patients With Pulmonary Arterial Hypertension-Results From BEET-PAH, an Exploratory Randomized, Double-Blind, Placebo-Controlled, Crossover Study. J. Card. Fail. 2018, 24, 640–653. [Google Scholar] [CrossRef]

	



Chung, J.C.; Chou, S.S.; Hwang, D.F. Changes in nitrate and nitrite content of four vegetables during storage at refrigerated and ambient temperatures. Food Addit. Contam. 2004, 21, 317–322. [Google Scholar] [CrossRef]

	



Tamme, T.; Reinik, M.; Roasto, M.; Meremäe, K.; Kiis, A. Impact of food processing and storage conditions on nitrate content in canned vegetable-based infant foods. J. Food Prot. 2009, 72, 1764–1768. [Google Scholar] [CrossRef]

	



Guo, Z.; Liang, Y.; Yan, J.; Yang, E.; Li, K.; Xu, H. Physiological response and transcription profiling analysis reveals the role of H2S in alleviating excess nitrate stress tolerance in tomato roots. Plant Physiol. Biochem. 2018, 124, 59–69. [Google Scholar] [CrossRef]

	



Deng, S.; Bai, X.; Li, Y.; Wang, B.; Kong, B.; Liu, Q.; Xia, X. Changes in moisture, colour, residual nitrites and N-nitrosamine accumulation of bacon induced by nitrite levels and dry-frying temperatures. Meat Sci. 2021, 181, 108604. [Google Scholar] [CrossRef]








[image: Ijms 23 15454 g001 550] 





Figure 1. Double control of the endothelium regarding ALDH2. Diagram (a) represents a functioning endothelium with a proper mitochondrial expression of the enzyme ALDH2, which has a protective action on the endothelium itself. On the other hand, in diagram (b) the dysfunctional endothelium determines the inhibition of the mitochondrial synthesis of ALDH2, with a consequent negative effect on the endothelium, which is undergoing an alteration of the oxidative state and the onset of inflammation. 
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Figure 2. The severity of nitrate tolerance and its effects. 
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Figure 3. Biogeochemical nitrogen cycle. The difficult assimilation of N2 makes it necessary to organify nitrogen. The first step is known as “nitrogen fixation”, in which N2 is made available as ammonia (NH3). A subsequent process known as “ammonification”, carried out by fungi and various soil bacteria, is responsible for the formation of the ammonium ion (NH4+). Subsequently, this ion can be nitrified by some bacteria free in the soil, which generate nitrites and nitrates. Nitrates represent the most bioavailable form of nitrogen for plants, and they are absorbed at a radical level, transformed into vegetable proteins, and used as a source of nitrogen for the whole trophic network. The nitrogen cycle ends with the “denitrification” phase, in which some bacterial species again lead to the formation of N2. 
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Figure 4. Processing of exogenous nitrates from food. Following exogenous dietary intake (1), most NO3- ions are absorbed by the stomach and duodenum. Furthermore, they undergo reduction reactions, stimulated by low pH values in these regions, which also leads to the formation of NO2− and NO (2). Subsequently, the nitrogen compounds are absorbed by systemic circulation (3), where there follows an increase in NO production and vasodilation (4). Finally, NO3− is normally excreted in the urine by the kidneys (5). In addition, a component of nitrates, concentrated in the salivary glands, undergoes a reduction induced by bacteria in the oral cavity and is transformed into nitrite and NO (6). 






Figure 4. Processing of exogenous nitrates from food. Following exogenous dietary intake (1), most NO3- ions are absorbed by the stomach and duodenum. Furthermore, they undergo reduction reactions, stimulated by low pH values in these regions, which also leads to the formation of NO2− and NO (2). Subsequently, the nitrogen compounds are absorbed by systemic circulation (3), where there follows an increase in NO production and vasodilation (4). Finally, NO3− is normally excreted in the urine by the kidneys (5). In addition, a component of nitrates, concentrated in the salivary glands, undergoes a reduction induced by bacteria in the oral cavity and is transformed into nitrite and NO (6).



[image: Ijms 23 15454 g004]







[image: Ijms 23 15454 g005 550] 





Figure 5. The protective and harmful roles of nitrogen compounds ingested through the diet. In diagram (a) the intake of plant products, which offer a large amount of nitrates, is shown. Subsequently, nitrates are transformed into nitrites and NO. The increased concentration of NO has beneficial effects on health, including vasodilation, reduction in blood pressure, better control of diabetes, better physical activities, reduction in muscle pain, and an improvement in the treatment of erectile dysfunction. In contrast, diagram (b) highlights the main effects from the intake of processed foods. The nitrites present in these foods can form toxic nitrosamines that are able to facilitate the onset of cancer, induce mutagenicity actions, alter biological macromolecules, and promote oxidative stress. 
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